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a  b  s  t  r  a  c  t

Enterovirus  infections  have  been  suspected  to be  involved  in  the  development  of  type  1 diabetes.  How-
ever,  the  pathogenetic  mechanism  of  enterovirus-induced  type  1  diabetes  is  not  known.  Pancreatic  ductal
cells are  closely  associated  with  pancreatic  islets.  Therefore,  enterovirus  infections  in ductal  cells  may  also
affect  beta-cells  and  be  involved  in the  induction  of  type  1 diabetes.  The  aim  of this  study  was  to assess
the  ability  of  different  enterovirus  strains  to infect,  replicate  and  produce  cytopathic  effect  in  human
pancreatic  ductal  cells.  Furthermore,  the  viral  factors  that affect  these  capabilities  were  studied.

The pancreatic  ductal  cells  were  highly  susceptible  to enterovirus  infections.  Both  viral  growth  and
cytolysis  were  detected  for several  enterovirus  serotypes.  However,  the viral  growth  and  capability  to
induce  cytopathic  effect  (cpe)  did  not correlate  completely.  Some  of the  virus  strains  replicated  in  ductal
cells  without  apparent  cpe.  Furthermore,  there  were  strain-specific  differences  in  the  growth  kinetics  and
the ability  to  cause  cpe  within  some  serotypes.  Viral  adaptation  experiments  were  carried  out to study
the  potential  genetic  determinants  behind  these  phenotypic  differences.  The  blind-passage  of  non-lytic
CV-B6-Schmitt  strain  in  HPDE-cells  resulted  in  lytic  phenotype  and  increased  progeny  production.  This
was  associated  with  the  substitution  of  a single  amino  acid  (K257E)  in the  virus  capsid  protein  VP1  and
the  viral  ability  to  use  decay  accelerating  factor  (DAF)  as  a receptor.

This  study  demonstrates  considerable  plasticity  in  the  cell  tropism,  receptor  usage  and  cytolytic  prop-
erties of enteroviruses  and  underlines  the  strong  effect  of  single  or few  amino  acid  substitutions  in cell

tropism  and lytic  capabilities  of  a  given  enterovirus.  Since  ductal  cells  are anatomically  close  to  pancreatic
islets,  the capability  of enteroviruses  to infect  and  destroy  pancreatic  ductal  cells may  also  implicate  in
respect to enterovirus  induced  type 1 diabetes.  In addition,  the  capability  for rapid  adaptation  to different
cell  types  suggests  that,  on occasion,  enterovirus  strains  with  different  pathogenetic  properties  may arise
from less  pathogenic  ancestors.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Enteroviruses (family Picornaviridae, genus Enterovirus) are
mall non-enveloped positive strand RNA viruses. Enterovirus

nfections have been suspected to be involved in the development
f type 1 diabetes, mainly on the basis of seroepidemiologi-
al studies (reviewed in (Yeung et al., 2011)) Human pancreatic
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E-mail address: Teemu.Smura@helsinki.fi (T. Smura).

ttp://dx.doi.org/10.1016/j.virusres.2015.08.003
168-1702/© 2015 Elsevier B.V. All rights reserved.
islets are highly susceptible for enterovirus infections in vitro
(Roivainen et al., 2000; Roivainen et al., 2002) and enterovirus spe-
cific RNA (Ylipaasto et al., 2004) and proteins (Richardson et al.,
2009) have been detected in the pancreatic islets of deceased
type 1 diabetes patients. However, the pathogenetic mecha-
nism of enterovirus-induced type 1 diabetes is not known. The
potential mechanisms, which are not mutually exclusive, include

direct beta-cell damage after cytolytic virus infection, indirect
beta-cell damage due to virus-induced cytokine expression and
virus-induced auto-immune reactions against beta-cells. Direct or
indirect virus-induced beta-cell damage may  lead to exposure of
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equestered beta-cell autoantigens and therefore predispose for
ubsequent auto-immune reactions against beta-cells.

Enteroviruses are a large and genetically diverse group of RNA
iruses. Currently, the genus Enterovirus consists of 12 species,
nterovirus (EV) A–H, EV-J and rhinovirus (RV) A–C (Knowles,
015). Of these, the species EV-A to -D and RV-A to -C contain
erotypes that cause infections in humans. In this article, the term
enterovirus’ refers to the members of EV species A–D (i.e., acid sta-
le primate enteroviruses that are transmitted mostly via fecal–oral
oute). Over 100 EV-A to -D serotypes have been characterized so
ar (Knowles, 2015). Although enteroviruses are often implicated
s triggers of type 1 diabetes, it is not known precisely which of
he enterovirus serotypes or strains are involved in type 1 diabetes
evelopment. In-vitro studies suggest that enterovirus serotypes
nd strains within a given serotype differ in their capability
o induce destruction and cytokine response in human pancre-
tic islets (Anagandula et al., 2014; Paananen et al., 2003, 2013;
oivainen et al., 2002; Sarmiento et al., 2013; Smura et al., 2010;
lipaasto et al., 2012). In addition, virus strain-dependent differ-
nces have been detected in plasmacytoid dendritic cell mediated
mmunogenicity (Hamalainen et al., 2014).

Strain-specific differences in cell tropism, cell destruction
nd immunogenicity have important implications in respect to
nterovirus induced type 1 diabetes. The primary site of enterovirus
nfection is the mucosal tissue of the respiratory or gastroin-
estinal tract. The primary infection can occasionally be followed
y a viremic phase, during which the virus spreads through the

ymphatic system and circulation, and may  gain access to the sec-
ndary target tissues, including pancreas. Most enterovirus-related
iseases are consequences stemming from the viral infection of
econdary target tissues. Pancreatic ductal cells are closely associ-
ted with pancreatic islets (Bertelli and Bendayan, 2005; Zhao et al.,
008). Therefore, enterovirus infections in ductal cells may  affect
lso beta-cells and be involved in the induction of type 1 diabetes.
otably, enterovirus genomes/capsid proteins have been detected

n ductal cells of type 1 diabetes patients (Richardson et al., 2009;
lipaasto et al., 2004).

Hypothetically, enterovirus infection in pancreatic ductal cells
ay  (1) amplify the infection in pancreas leading to higher local

iral loads and more efficient spread of the virus to the beta-
ells, (2) induce local pro-inflammatory environment that may
e directly harmful to pancreatic beta-cells or attract immune
ells, such as autoreactive T-cells, close to pancreatic islets. Lytic
nfection (with necrotic cell death) is likely to induce a strong
nflammatory response that, together with presentation of beta
ell autoantigens, could induce autoimmunity. Non-lytic infection,
n the other hand, may  induce persistent infection, and thus, lead
o sustained stimulation of autoimmunity. In addition, persistent
nterovirus infection in the duct cells has been shown to reduce
uctal cell differentiation (Sane et al., 2013). This may  impede
rans-differentiation of duct cells to beta cells, thus impeding beta
ell replacement (Lysy et al., 2013).

In this study we assessed the tropism of different enterovirus
ypes and strains for pancreatic ductal cells and the factors affecting
uctal cell tropism.

. Material and methods

.1. Viruses

The prototype strains of enterovirus serotypes coxsackievirus

CV) B1-Conn-1, CV-B2-Ohio-1, CV-B3-Nancy, CV-B4-JVB, CV-B5-
aulkner, CV-B6-Schmitt, CV-A9-Griggs, echovirus (E-) 3-Morrisey,
-6-D’Amori, E-9-Hill, E-9-Barty, E-11-Gregory, E-30-Bastianni,
oliovirus (PV-) 1-Sabin, enterovirus (EV-) D68-Fermon and EV-
h 210 (2015) 188–197 189

D70-J670/71 were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and passaged twice in green mon-
key kidney cells (GMK). EV-D94-E210 was originally isolated from
waste water in Egypt (Smura et al., 2007) and passaged twice in
human rhabdomyosarcoma cells (RD). CV-B4-E2 strain was kindly
provided by Prof. J.W. Yoon. The production of CV-B5-DS strain,
mouse pancreas (in vivo) adapted CV-B5-MPA strain and murine
insulinoma cell adapted CV-B5-MCA strain is described elsewhere
(Al-Hello et al., 2005, 2009). The strains E-9-DM (Vreugdenhil et al.,
2000) and E-11-D207 (Al-Hello et al., 2008) were originally iso-
lated from patients at the clinical onset of type 1 diabetes and
passaged twice in GMK  cells. The E-30 strain 14916net87 was origi-
nally isolated from an aseptic meningitis patient in the Netherlands
(Savolainen et al., 2001). CV-B2 strain 94.ST256 was  isolated from
a child participating in the babydiet dietary intervention study
(Schmid et al., 2004) before the onset of beta cell autoantibodies
(Simonen-Tikka et al., 2011). CV-B2 strain 1864 was  isolated from
waste water in Finland using a two-phase concentration method
(World Health Organization (World Health Organization (WHO),
2003) and plaque purified and passaged in GMK  cells.

2.2. Cell lines

The green monkey kidney cell line (GMK) has been maintained
in the laboratory since the 1960s. Human rhabdomyosarcoma
(RD) cell line was provided by the WHO  Polio Labnet. The GMK
and RD cells were maintained in Eagle MEM  growth medium
(Sigma–Aldrich, St. Louis, MO)  supplemented with 10% fetal
bovine serum (FBS). Pancreatic duct epithelial cell line (HPDE)
(Furukawa et al., 1996) was  maintained in RPMI1640 growth
medium (Sigma–Aldrich, St. Louis, MO)  supplemented with 10%
FBS.

2.3. Infection and viral growth curve assessment

The cells were infected with virus strains diluted in Hanks’
balanced salt solution supplemented with 20 mM HEPES, pH 7.4.
Multiplicity of infection (m.o.i.) of 1 was used. After incubation for
1 h at +36 ◦C in a 5% CO2 atmosphere, the cells were washed twice
with Hanks balanced salt solution and growth medium supple-
mented with 20 mM HEPES, pH 7.4, 20 mM MgCl, 1% FBS, 100 U/ml
penicillin, and 0.1 mg/ml  streptomycin was  added to the cultures.
The cultures were incubated at +36 ◦C in 5% CO2 atmosphere.

For virus titration, the cell cultures were harvested at different
intervals and freeze–thawed three times. The total infectivity of
each sample was  determined by end-point titration in microwell
cultures of GMK  or RD cells. RD cells were used for EV-D strains
and GMK  cells for the other enterovirus strains. Cytopathic effect
(cpe) was read on day 6 after infection by light microscope, and 50%
tissue culture infectious dose (TCID50) titers were calculated using
the Kärber formula (Lennette, 1969).

2.4. Antibodies

Polyclonal antibodies against poliovirus receptor (PVR)
(NAETZ8) and integrin �v�3 were produced by immunizing
rabbits with three to four doses of purified PVR or �v�3 proteins
together with Freund’s complete (the first dose) or incomplete
adjuvant (with boosters) (Ylipaasto et al., 2010). Monoclonal
antibodies against decay accelerating factor (DAF) (IH4 and IF7)

(Kinoshita et al., 1985) were provided by T. Kinoshita, Department
of Immunoregulation, Research Institute of Microbial Diseases,
Osaka University, Japan. The monoclonal antibody against human
coxsackievirus and adenovirus receptor (HCAR) (RmcB) (Hsu et al.,
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F PDE cells. The cells were infected and samples were collected 0 h, 5 h, 8 h, 24 h and 48 h
p ation in microwell cultures of GMK  or RD cells. Cytopathic effects (cpe) were read on day
6 rs were calculated using the Kärber formula.
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Fig. 2. The viability of HPDE cells after CVB infection was assessed using Sytox-
green assay (Life Technologies) and spectrophotometer (Wallac 1420 Victor2TM,
PerkinElmer) 24 h post infection. The serotypes that induced visible cpe by 24 h post
ig. 1. Infectious progeny production of selected enterovirus prototype strains in H
ost  infection. The total infectivity of each sample was determined by end-point titr

 after infection by microscope, and 50% tissue culture infectious dose (TCID50) tite

988) was kindly provided by L. Philipson, Karolinska Institute,
tockholm, Sweden.

.5. Receptor antibody-mediated cpe-protection assay

The inhibitory effect of anti-HCAR (RmcB) and anti-DAF (IH4,
F7) antibodies on virus infections was assessed using cell protec-
ion assay. HPDE cells were cultured in 96-well plates for 2 days,
ncubated for 1 hour at room temperature with RmcB, IH4 or IF7
1:50 dilution of ascites fluids) or growth medium without antibod-
es, followed by inoculation with the virus for 1 h in Hanks balanced
alt solution. After infection the cells were washed twice with
anks balanced salt solution and maintained in growth medium

upplemented with 20 mM HEPES, pH 7.4, 20 mM MgCl, 1% FBS,
00 U/ml penicillin, and 0.1 mg/ml  streptomycin. The presence of
ntibodies in the culture medium was maintained throughout the
xperiment.

The inhibitory effect of heparin on virus infection was assessed
y incubating virus (m.o.i. of 1) with porcine intestinal mucosa
eparin (Sigma–Aldrich) diluted in RPMI1640 (concentration 0,
0 and 100 �g/ml) at +36 ◦C for 60 min. After pre-incubation, the
irus–heparin mixture was inoculated on confluent HPDE-cells cul-
ured in 96-well plates. The virus induced cpe was evaluated using
ight microscope 24 h post infection and the surviving cells were
tained with crystal violet.

.6. Immunocytochemistry of cell surface expression of
nterovirus receptors

Expression of enterovirus receptors on cells was  carried out by
taining cells with receptor-specific antibodies for 2 h at +22 ◦C.
fter staining with receptor antibodies, the cells were incubated
ith FITC labeled conjugate (Jackson ImmunoResearch), then fixed

ith paraformaldehyde (PFA) and made permeable with Triton
100 followed by the staining of the cell nuclei with DRAQ5. The
amples were analyzed using a confocal microscope (Leica TCS SPE,

etzlar, Germany).
infection are indicated with solid black bars and the serotypes that did not induce
visible cpe by 24 h are indicated with grey bars. Note that CV-B3 induced visible cpe
in the later time point (by 48 h post infection).

2.7. Cell viability assay

The viability of cells was assessed using Sytox green nucleic
acid stain (Life Technologies, Carlsbad, CA, USA). Sytox green pene-
trates cells with compromised plasma membranes and binds to the
nucleic acids of the dead cells. This binding leads to 500-fold fluo-
rescence enhancement. The cells (five parallel wells per virus) were
incubated for 10 min  in 1 �M Sytox green concentration followed
by fluorescence quantification using a spectrophotometer (Wallac
1420 Victor2TM, PerkinElmer, Waltham, MA).

2.8. Sequencing

The complete genomes of pancreatic ductal cell adapted CV-
B6-DUCT strain and the parental strain CV-B6-Schmitt were
sequenced. Total RNA was extracted from infected cells using Tri-
zol reagent (Life Technologies) according to the manufacturer’s

instructions. The primers for cDNA synthesis and PCRs were
designed on the basis of CV-B6 sequences (AF039205, AF105342
and AF114384) available in the GenBank. The cDNA synthesis
was conducted using SuperScript First-Strand Synthesis System
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Fig. 3. Infectious progeny production of selected prototype vs. other enterovirus
strains in HPDE cells. The infection and viral growth assays were conducted as indi-
cated in Fig. 1. Both CV-B4-JVB and the strain CV-B4-E2 (originally isolated from a
patient after onset of type 1 diabetes (Yoon et al., 1979)) strains formed productive
infection but did not induce cpe. Both virus growth and cytolysis were detected
for CV-B5 prototype strain Faulkner and the strains DS (that is highly cytolytic in
human pancreatic islets in vitro (Ylipaasto et al., 2012)), MPP (in vivo mouse pan-
creas adapted strain that induces chronic pancreatic inflammation, dysregulation
in  glucose metabolism, loss of pancreatic acinar tissue, and mild insulitis in mouse
(Al-Hello et al., 2005)) and MCA  (in vitro adapted to mouse insulinoma cell line,
MIN6 (Al-Hello et al., 2009)), E-9 prototype Hill, laboratory strains Barty and strain
DM isolated from a patient at the onset of type 1 diabetes (Vreugdenhil et al., 2000),
E-11 prototype Gregory and strain D207 isolated from a stool sample of a patient
at  the onset of type 1 diabetes (Al-Hello et al., 2008) as well as for E-30 prototype
T. Smura et al. / Virus R

or RT-PCR kit (Life technologies). SuperScript One-Step RT-PCR
or Long Templates kit (Life Technologies) was used for the PCRs.
CR products were purified using a QIAEXII agarose gel extrac-
ion kit (Qiagen). Sequencing reactions with BigDye Terminator
ycle sequencing ready reaction kit v3.1 (Life Technologies) and
equencing with ABI3730 Automatic DNA Sequencer (Life Tech-
ologies) were performed by Institute for Molecular Medicine
inland (FIMM)  Sequencing Laboratory. The electropherograms
ere analysed using Geneious Pro 5.6 software (Biomatters, Ltd.,
uckland, New Zealand, http://www.geneious.com).

. RESULTS

.1. Susceptibility of ductal cells to enterovirus infections

To assess the capability of enteroviruses to infect and form infec-
ious progeny in pancreatic ductal cells, HPDE cells were infected
ith different enterovirus strains. Both prototype strains and field

solates of enterovirus serotypes that have previously been associ-
ted with type 1 diabetes were used.

Several enterovirus prototype strains were able to grow in HPDE
ells (Fig 1). However, infectious progeny production and appear-
nce of classical cytopathic effect (cpe), as detected using light
icroscope, did not correlate completely. Both infectious progeny

roduction and cytopathic effect were detected for CV-B1-Conn-5,
V-B2-Ohio-1, CV-B3-Nancy, CV-B5-Faulkner, CV-A9-Griggs, E-
-Morrisey, E-6-D’Amori, E-9-Hill, PV-1-Sabin, EV-D70-J670/71
nd EV-D94-E210. Progeny production without apparent cpe was
etected for CV-B4-JVB and CV-B6-Schmitt. CV-B3-Nancy induced
elayed cytolysis that appeared, at earliest, by 48 h post infection.
o definitive progeny production was detected for EV-D68-
ermon. The cell viabilities after infection with the six Coxsackie B
irus serotypes (CV-B1 to CV-B6) were further assessed using Sytox
reen assay (Fig 2). The Sytox Green assay indicated congruent

esults with cpe assessment using light microscope.
In addition to the prototype strains, also virus isolates that have

een linked previously to virus-induced pathogenesis of type 1 dia-
etes (i.e., were isolated from type 1 diabetes patients or pancreatic

slet autoantibody positive donors or have previous experimental
n vitro/in vivo evidence for pathogenetic processes relevant for
ype 1 diabetes) were studied for their capability to infect and form
nfectious progeny viruses in HPDE cells. For some serotypes (CV-
4, CV-B5, E-9, E-11, E-30), there were no clear differences in the
rowth and cytolytic capabilities between different strains (Fig 3).
n contrast, the three CV-B2 strains had different growth kinetics
nd capabilities to induce cpe. CV-B2 strain 94.ST256 (isolated from
ancreatic islet autoantibody positive individual (Simonen-Tikka
t al., 2011)) and the strain 1864 (isolated from sewage) had slower
rogeny production (Fig 4a) and delayed appearance of cpe (Fig 4b)
ompared to the prototype strain CV-B2-Ohio in HPDE cells. In GMK
ells, all three CV-B2 strains showed strong progeny production
Fig 4c) and cell lysis, although the strain CV-B2-1864 had slower
rowth kinetics than the other two strains. This difference was
ot statistically significant, however. Immunofluorescence staining

ndicated that by 8 h post infection (i.e., during the first infection
ycle) fewer cells stained positive for viral capsid protein after CV-
2-1864 or CV-B2-94.ST256 infection than after the infection with
he prototype strain CV-B2-Ohio (Fig 4d). The positively stained
ells showed morphological characteristics typical of enterovirus
nduced cpe.
.2. EV receptor expression

Correspondingly with virus growth curves, the receptors for
VA-9 and E-9 (�v�3) and poliovirus (PVR) were detected in the
strain Bastianni and strain 14916net87 that is highly lytic in human pancreatic islets
in  vitro (Roivainen et al., 2002).

surface of most of the cells using immunofluorescence technique
(Fig 5). The receptor for Coxsackie B viruses (Coxsackie-adenovirus
receptor, CAR) was  detected in the surface of a subset of cells. How-
ever, decay accelerating factor (DAF), a co-receptor for CV-B1 and
-5, could not be detected on the surface of HPDE cells.

3.3. Adaptation of non-lytic CV-B6 strain to HPDE cells

The growth curve and viability analyses together with
immunofluorescence staining suggested that there are strain-
specific differences in the ability of enteroviruses to infect
pancreatic ductal cells. Since genetic diversity among circu-
lating enteroviruses is very high and even the strains of the
same serotype may  have differences of hundreds of amino
acids, viral adaptation experiments were carried out to study
the potential genetic determinants behind the phenotypic differ-
ences.

The strains CV-B4-E2 and CV-B6-Schmitt (both of which had
non-lytic phenotype in HPDE cells) were blind-passaged five
times in HPDE cells. The passage of CV-B6-Schmitt in HPDE
cells led to increased cytolysis (Fig 6a and b) and infectious
progeny production (Fig 6c). The replication advantage was spe-
cific for ductal cells, since in GMK-cells both the parental strain
Schmitt and the adapted strain (referred here as CV-B6-DUCT)
had similar growth and lytic capabilities (Fig. 6d and e). The
immunofluorescence staining of EV-capsid suggested that fewer
cells were productively infected by CV-B6-Schmitt than by CV-
B6-DUCT (Fig 6f). No changes in the growth curve or the ability
to induce cpe were observed for CV-B4-E2 during passage (not
shown).

3.4. Viral genetic changes during the adaptation to HPDE cells
To study the genetic determinants of the adaptation process, the
complete genomes of both the parental strain CV-B6-Schmitt and
the ductal cell adapted strain CV-B6-DUCT were sequenced.

http://www.geneious.com
http://www.geneious.com
http://www.geneious.com
http://www.geneious.com
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Fig. 4. Infectious progeny production of CVB-2 prototype Ohio and strains CVB-2-1864 and CVB-2-94.ST256 in HPDE cells (a) and GMK cells (c). The cells were infected
with  m.o.i. of 1 and samples were collected 0 h, 5 h, 8 h, 24 h and 48 h post infection. The total infectivity of each sample was determined by end-point titration in microwell
cultures of GMK  cells. Cytopathic effects (cpe) were read on day 6 after infection by microscope, and 50% tissue culture infectious dose (TCID50) titers were calculated using
the  Kärber formula. Mean TCID50 (±standard deviation) from three independent experiments is plotted. The statistical significance of differences between TCID50 values was
calculated with ANOVA-test (*0.05 > P > 0.01; ** 0.01 > P > 0.001; *** P > 0.001). (b) The viability of HPDE cells after infection with different CVB-2 strains was assessed using
Sytox-green assay (Invitrogen) and spectrophotometer (Wallac 1420 Victor2TM, PerkinElmer) 24 h post infection. The strain that induced visible cpe by 24 h post infection is
indicated with solid black bar and the strains that did not induce visible cpe by 24 h are indicated with grey bars. Means of tree experiments (±SD) is shown. The statistical
significance of the absorbance differences between mock infected control cells and virus infected cells was calculated with ANOVA-test (* 0.05 > P > 0.01; ** 0.01 > P > 0.001;
***  P < 0.001). Note that CVB-2-1864 and CVB-2-ST94.256 strains induced visible cpe in the later time point (by 48 h post infection). (d) Immunofluorescence staining of CV-B2
infected HPDE cells. The cells were stained with enterovirus-specific polyclonal rabbit antiserum and made visible with FITC labeled anti-rabbit conjugate (green) 8 h after
infection. The nuclei of the cells were stained with DRAQ5 (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web  version
of  this article.)

Fig. 5. Immunoflurescence staining of selected human enterovirus receptors (green). The HPDE cells were stained with anti-PVR (Naez8), anti-hCAR (polyclonal), anti-DAF
( odies.
D e read

t
p
r
p
s
t

IA10  (shown) and VIIIA7 (not shown) monoclonal) or anti-�v�3 Ab (NAKG4) antib
RAQ5  (blue). (For interpretation of the references to color in this figure legend, th

There was only one nucleotide difference (A3216G) between
he HPDE adapted CV-B6-DUCT(accession no. KT380952) and the
arental CV-B6-Schmitt (accession no. KT380953). This mutation
esulted in lysine to glutamic acid substitution in the viral capsid

rotein VP1 amino acid site 257 (K257E). The three dimensional
tructure of CV-B6 is not known, but if superimposed over the struc-
ures of CV-B3 or swine vesicular disease virus SVDV (which is a
 Anti-rabbit FITC was used as a conjugate. The nuclei of the cells were stained with
er is referred to the web version of this article.)

swine adapted strain of CV-B5), the amino acid site K257E is most
likely located at the surface of the virus in the so-called canyon
region (a depression around the five-fold axis of viral capsid) (Sup-
plementary Fig. 1).
There are currently three different sequences for the proto-
type strain CV-B6-Schmitt available in the GenBank (AF039205,
AF105342 and AF114384). None of these sequences were identical



T. Smura et al. / Virus Research 210 (2015) 188–197 193

Fig. 6. (a) Virus induced cpe in HPDE cells. The cells were visualized with Olympus IX81 light microscope using 200 fold magnification. (b) The viability of HPDE cells
after  infection with CVB-6 prototype Schmitt and ductal cell adapted strain CVB-6-DUCT in HPDE cells using Sytox-green assay (Invitrogen) and spectrophotometer (Wallac
1420  Victor2TM, PerkinElmer) 24 h post infection. The statistical significance of the absorbance differences between mock infected control cells and virus infected cells was
calculated with ANOVA-test (* 0.05 > P > 0.01; ** 0.01 > P > 0.001; *** P < 0.001). (c and d) Infectious progeny production of CVB-6 prototype Schmitt and ductal cell adapted
strain  CVB-6-DUCT in HPDE (c) and GMK (d) cells. The cells were infected with equal m.o.i. and samples were collected 0 h, 5 h, 8 h, 24 h and 48 h post infection. The total
infectivity of each sample was determined by end-point titration in microwell cultures of GMK  cells. Cytopathic effects (cpe) were read on day 6 after infection by microscope,
and  50% tissue culture infectious dose (TCID50) titers were calculated using the Kärber formula (Lennette, 1969). Mean TCID50 (±standard deviation) from three independent
experiments is plotted. The statistical significance of differences between TCID50 values was calculated with ANOVA-test (* 0.05 > P > 0.01; ** 0.01 > P > 0.001; *** P < 0.001). (e)
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mmunofluorescence staining of HPDE cells infected with CV-B6-Schmitt or CV-B6-
pecific polyclonal rabbit antiserum and made visible with FITC-labeled anti-rabbit
eader  is referred to the web  version of this article.)

o our CV-B6-Schmitt strain (accession no. KT380953). There were
–12 nucleotide (corresponding to 2–5 amino acid) differences
etween the strain sequenced in this study and the strains retrieved
rom the GenBank (Supplementary Table 1). Three of these differ-
nces T4124C, T4751C and A5923T (corresponding amino acid site
1974F) were specific for our CV-B6-Schmitt strain (i.e., were found
nly in the sequence).

.5. Changes in the receptor-usage of CV-B6 during the
daptation to HPDE cells
Since the receptor binding site for several enteroviruses (includ-
ng CV-B) is located in the viral capsid canyon, it was hypothesized
hat VP1 K257E mutation might alter the receptor binding of CV-B6.
urthermore, a homologous amino acid in SVDV VP1 (Q258K/E) has
. The cells were infected with equal m.o.i. The cells were stained with enterovirus-
gate (green). (For interpretation of the references to color in this figure legend, the

been suggested to be among the putative heparin sulfate binding
sites (Verdaguer et al., 2003).

HPDE cells were infected with CV-B6-Schmitt or CV-B6-DUCT
in presence of heparin or monoclonal antibodies against CAR or
DAF. CAR antibody treatment delayed the growth of CV-B6-Schmitt
but had no effect on the growth of CV-B6-DUCT (Fig 7). DAF anti-
body treatment induced hundred-fold reduction in the growth of
CV-B6-DUCT but had no effect on the growth of CV-B6-Schmitt. Fur-
thermore, DAF antibody treatment prevented CV-B6-DUCT induced
cell lysis in CPE protection assay. Heparin treatment had no effect
on the growth or cpe production of either one of the virus strains.
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Fig. 7. Receptor antibody-mediated protection assay. Infectious progeny produc-
tion  of CVB-6 prototype Schmitt and ductal cell adapted strain CVB-6-DUCT in HPDE
cells in presence of monoclonal antibodies against HCAR or DAF. The cells were incu-
bated for 1 h at room temperature in growth medium with or without antibodies,
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ollowed by inoculation with the virus for 1 h. After infection the cells were washed
wice and maintained in growth medium. The total infectivity of each sample was
etermined by end-point titration in microwell cultures of GMK  cells.

. Discussion

The aim of this study was to assess the ability of different
nterovirus strains to infect, replicate and produce cytopathic
ffect in human pancreatic ductal cells. Furthermore, the viral fac-
ors that affect these capabilities were studied. The capability of
nteroviruses to infect pancreatic ductal cells has important impli-
ations in respect to enterovirus induced type 1 diabetes. Since
uctal epithelial cells are anatomically close to pancreatic islets
Bertelli and Bendayan, 2005; Zhao et al., 2008), the productive
nfection of ductal cells may  amplify the infection and provide a
oute for viruses to gain access to pancreatic islets (and beta-cells),
hich have also been shown to be susceptible to enterovirus infec-

ions (Chehadeh et al., 2000; Roivainen et al., 2000, 2002; Sarmiento
t al., 2013; Smura et al., 2010). Furthermore, virus replication in
uctal cells may  induce proinflammatory cytokine expression that
ay  be harmful for beta-cells either directly or due to recruitment

f immune cells to the site of infection (Eizirik and Mandrup-
oulsen, 2001; Eizirik et al., 2009).

The pancreatic ductal cells were highly susceptible to
nterovirus infections. Both viral growth and cytolysis were
etected for several enterovirus serotypes. However, the viral
rowth and appearance of the classical cytopathic effect (cpe) in
PDE cells did not correlate completely. Some virus strains, such as
V-B4-JVB, CV-B4-E2 and CV-B6-Schmitt, replicated in the HPDE-
ells but no cpe was detected in the light microscope or using Sytox
reen assay. In accordance with our results, it has been shown
reviously that in another pancreatic ductal cell line PANC-1 and
rimary human ductal cells CV-B4-E2 induces persistent infec-
ion with low cytopathic effect (Sane et al., 2013; Triantafilou and
riantafilou, 2004). The capability of inducing cpe in HPDE cells
ay  have implications on type 1 diabetes pathogenesis. The virus-

nduced cytopathic effect is likely to be highly pro-inflammatory,
ince the contents of the affected cells are leaked into the extra-
ellular space leading to harmful effects in the neighbouring cells.
herefore, the cytolytic infection of pancreatic ductal cells might
ead to local inflammatory milieu, where also beta cells are (either
irectly or indirectly) affected. Strong inflammatory response,
ogether with presentation of beta cell autoantigens from damaged
eta-cells could induce autoimmunity and result in type 1 dia-
etes. Non-lytic infection, on the other hand, may  induce persistent

nfection and lead to sustained stimulation of autoimmunity.

The amplification of infection in pancreas due to viral replica-

ion in ductal cells may  also have implications on the development
f type 1 diabetes. The experiments using primary cultures of
uman pancreatic islets suggest that the extent to which inflam-
h 210 (2015) 188–197

matory mediators are produced may  correlate to the severity of the
infection (virus yield) (Schulte et al., 2012; Ylipaasto et al., 2012).
Likewise, in mouse models it has been shown that the viral repli-
cation efficiency in pancreas contributes to the development of
type 1 diabetes (Kanno et al., 2006) or chronic pancreatic inflam-
mation (Al-Hello et al., 2005) after CVB infection. Therefore, virus
strains with high productivity in pancreas are more likely to induce
stronger and potentially harmful inflammatory response.

Intriguingly, there were strain-specific differences within some
serotypes (CV-B2) in the growth kinetics and the capability to
induce cpe in HPDE cells. The immunofluorescent staining of
viral capsid proteins suggested that despite high multiplicity of
infection, for CV-B4-E2, CV-B6-Schmitt, CV-B2-1864 and CV-B2-
94.ST256 only few cells were initially infected. This observation was
in line with enterovirus cell surface receptor staining, in which CAR
(a receptor for CVB viruses) was  detected only in a subset of cells.
Since thousands of progeny viruses can be produced by a single
enterovirus infected cell, it is possible that the viral growth detected
with single-step growth curves were due to productive infection
of few individual cells (possibly with strong CAR expression). In
comparison, the immunofluorescence staining after infection with
the highly lytic CV-B2-Ohio strain suggested that a large number
of cells were infected during the first virus replication cycle when
infected with m.o.i. equal to that used with CV-B2-1864 and CV-
B2-94.ST256. A similar observation was  made with CV-B6 strains.
Fewer cells were productively infected by non-lytic CV-B6-Schmitt
than by lytic CV-B6-DUCT. The appearance of strong cpe may  there-
fore be due to enhanced infection rate of certain virus strains.

In order to study the potential determinants of the strain-
dependent differences in the growth and lytic capabilities of
enteroviruses in HPDE cells, adaptation experiments were carried
out. The adaptation of CV-B6-Schmitt to HPDE cells resulted in pro-
nounced cpe and more efficient viral multiplication in single-step
growth curve experiments. These effects were specific to HPDE cells
since in GMK  cells both virus strains grew efficiently and induced
cpe readily. Treatment of HPDE cells with DAF antibody reduced
the growth of HPDE adapted CV-B6-DUCT strain equivalent to the
growth rate of CV-B6-Schmitt and abolished the virus induced cpe.
This suggests that the adaptation was associated with the viral
capability of binding to DAF.

All six CVB serotypes use CAR as a receptor (Bergelson et al.,
1997a,b; Martino et al., 2000; Tomko et al., 1997). CAR is a cell
adhesion molecule that is expressed in the cell junctions (Cohen
et al., 2001). In addition to CAR, several CV-B1, CV-B3 and CV-B5
strains attach to DAF (Bergelson et al., 1997b; Riabi et al., 2014;
Shafren et al., 1995). However, DAF-binding alone does not lead
to A-particle formation (i.e., conformational changes in the viral
capsid that lead to release of viral RNA into cytoplasm) (Milstone
et al., 2005) or cytolytic infection (Bergelson et al., 1995, 1997b;
Shafren et al., 1997). DAF is present on the apical surface of polar-
ized cells (Shieh and Bergelson, 2002). The binding of CVB to DAF
on the apical surface leads to the transportation of the virus to
the tight junction, where it interacts with CAR leading to virus
entry (Coyne and Bergelson, 2006). To our knowledge, no CV-B2,
-4 or -6 strains with DAF binding capacity have been character-
ized previously. There are, however, several similarities between
CV-B6-DUCT strain described in this study and the two well-
studied DAF-binding CV-B3 strains; CV-B3-RD-strain (Bergelson
et al., 1995; Reagan et al., 1984) and CV-B3-PD-strain (Schmidtke
et al., 2000). Specifically, DAF-binding appears to be required for
lytic infection for all three virus strains (in pancreatic duct epithelial
cells, colon epithelial cells and fibroblast, respectively) (Schmidtke

et al., 2000; Shieh and Bergelson, 2002). CAR blockage (with RmcB
antibody) had little or no effect on the growth of DAF-binding CV-
B3-RD (Shieh and Bergelson, 2002) or CV-B6-DUCT in epithelial
cells, although the CV-B3-RD strain had retained it’s capability to
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se CAR as a receptor in CHO-CAR cells (Shieh and Bergelson, 2002).
ince CV-B strains with strong DAF-binding properties require
he CAR protein to mediate lytic infection (Bergelson et al., 1995,
997b; Shafren et al., 1997), it is possible that CV-B6-DUCT strain
as not lost its capability to use CAR as a receptor. Unfortunately,
e could not verify this due to lack of suitable cell model. However,

he possibility that DAF alone is sufficient for infection of pancreatic
uctal cells by CV-B6-DUCT strain can not be excluded. Inconsis-
ently, we were not able to detect DAF in the membrane of HPDE
ells using immunofluorescence microscopy. This may  be due to
ailure to detect the molecule rather than the absence of molecule.

The VP1 K257E was the only substitution that was  identified
uring the adaptation of CV-B6-Schmidt to HPDE cells, suggest-

ng that this single amino acid mutation may  account for the more
fficient infection and viral progeny production in HPDE cells. Fur-
her, the lack of synonymous mutations in the consensus sequence
f CV-B6-DUCT suggests a strong (positive) selection for the non-
ynonymous K257E substitution. However, further reverse-genetic
tudies using site-directed mutagenesis should be conducted to
erify the role of this substitution in the DAF-binding capacity and
ytolytic infection in pancreatic ductal cells. On the other hand,
he differences between the CV-B6-Schmitt sequenced in this study
accession no. KT380953) and the three CV-B6-Schmitt sequences
AF039205, AF105342 and AF114384) retrieved from the GenBank
re most likely due to different passage histories of the strains in
ifferent laboratories.

Intriguingly, despite the phenotypic similarities, the amino acids
hat mediate DAF-binding of CV-B3-RD strain (Pan et al., 2011;
oder et al., 2012) or CV-B3-PD strain (Schmidtke et al., 2000)
re not homologous to the CV-B6 VP1 K257E substitution identi-
ed as a putative DAF-binding determinant of CV-B6-DUCT strain

n this study. The identification of a single CV-B6 amino acid
hat is most likely responsible for the lytic phenotype, more effi-
ient progeny production and DAF-usage is in line with previous
eports that have shown strong effects for single or few amino
cid substitutions on the receptor usage, cell and tissue tropism
nd pathogenesis (Al-Hello et al., 2005, 2009; Caggana et al., 1993;
hua et al., 2008; Cifuente et al., 2011; Gullberg et al., 2010; Halim
nd Ramsingh, 2000; Kim and Racaniello, 2007; Knowlton et al.,
996; Novoselov et al., 2012; Paananen et al., 2013; Pan et al., 2011;
elletier et al., 1998; Polacek et al., 2005; Ramsingh and Collins,
995; Ramsingh et al., 1997; Schmidtke et al., 2000). A phenomenon
imilar to our CV-B6 model has been described previously using
V-B2-Ohio strain that induces persistent non-cytolytic infection in
AR-deficient RD-cells. A single amino acid substitution in VP1 pro-
ein transforms the virus phenotype from non-cytolytic to cytolytic
Gullberg et al., 2010; Polacek et al., 2005). However, this adapted
V-B2 strain does not bind to DAF (i.e., uses yet un-indentified
eceptor but retains CAR-binding) and the amino acid substitution
esponsible for the cytolytic phenotype of CV-B2 (Q164K at VP1)
s not homologous to the amino acid responsible for CV-B6-DUCT
daptation (although both map  to the adjacent regions in capsid
urface). Intriguingly, CV-B2-Ohio strain induces lytic infection in
he HPDE-cells although it does not have DAF-binding capacity
Bergelson et al., 1997b; Gullberg et al., 2010; Shafren et al., 1995).
herefore, the ability to use DAF as a receptor is, most likely, not
he sole determinant of lytic infection in pancreatic ductal cells.
urther studies should be conducted to reveal the determinants of
ytic phenotype of CV-B2 in ductal cells.

. Conclusions
The present and previous studies demonstrate considerable
lasticity in the receptor usage and cytolytic/pathogenetic proper-
ies of enteroviruses. The opportunistic nature of RNA-viruses has
h 210 (2015) 188–197 195

resulted in a significant convergence in the evolution of receptor
usage and the precise mutations required for the adaptation of the
virus to a given cell type seems to be dependent on the genetic back-
ground of a virus (as exemplified by the independent adaptation to
DAF usage by CV-B3 and CV-B6).

In respect to type 1 diabetes pathogenesis, this and the pre-
vious studies underline the strong effect of single or few amino
acid substitutions in the pathogenetic properties (e.g., cell and
tissue tropism, lytic capabilities, immune response) of different
enteroviruses. The capability of enteroviruses for rapid adaptation
to different cell types suggests that, on occasion, strains with differ-
ent pathogenetic properties (e.g., cell tropism) may  arise from less
pathogenic ancestors. This hampers the attempts to detect “dia-
betogenic” enterovirus strains by genetic or antigenic (serotypic)
properties and the attempts to develop vaccines against “diabeto-
genic” enterovirus strains since the antigenic and pathogenetic
properties of the virus are likely to be at least partially distinct
features.
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