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Coxsackievirus B2 (CVB2), one of six human pathogens of the group B coxsackieviruses within the
enterovirus genus of Picornaviridae, causes a wide spectrum of human diseases ranging from mild upper
respiratory illnesses to myocarditis and meningitis. The CVB2 prototype strain Ohio-1 (CVB20) was
originally isolated from a patient with summer grippe in the 1950s. Later on, CVB20 was adapted to
cytolytic replication in rhabdomyosarcoma (RD) cells. Here, we present analyses of the correlation
between the adaptive mutations of this RD variant and the cytolytic infection in RD cells. Using reverse
genetics, we identified a single amino acid change within the exposed region of the VP1 protein (glutamine
to lysine at position 164) as the determinant for the acquired cytolytic trait. Moreover, this cytolytic virus
induced apoptosis, including caspase activation and DNA degradation, in RD cells. These findings
contribute to our understanding of the host cell adaptation process of CVB20 and provide a valuable tool

for further studies of virus-host interactions.

Virus infections depend on complex interactions between
viral and cellular proteins. Consequently, the nature of these
interactions has important implications for viral cell type spec-
ificity, tissue tropism, and pathogenesis. Group B coxsackievi-
ruses (CVBI1 to CVB6), members of the genus Enterovirus
within the family of Picornaviridae, are human pathogens that
cause a broad spectrum of diseases, ranging from mild upper
respiratory illnesses to more severe infections of the central
nervous system, heart, and pancreas (61). These viruses have
also been associated with certain chronic muscle diseases and
myocardial infarction (2, 3, 12, 13, 22).

The positive single-stranded RNA genome (approximately
7,500 nucleotides in length) of CVBs is encapsidated within a
small T=1, icosahedral shell (30 nm in diameter) comprised of
repeating identical subunits made up of four structural pro-
teins (VP1 to VP4). Parts of VP1, VP2, and VP3 are exposed
on the outer surface of the capsid, whereas VP4 is positioned
on the interior. The virion morphology is characterized by a
star-shaped mesa at each 5-fold icosahedral symmetry axis,
surrounded by a narrow depression referred to as the “canyon”
(69). All six serotypes of CVB can use the coxsackie and ade-
novirus receptor (CAR) for cell attachment and entry (9, 55,
82). Some strains of CVBI, -3, and -5 also use decay acceler-
ating factor ([DAF] CD55) for initial attachment to the host
cell; however, binding to DAF alone is insufficient to permit
entry into the cell (10, 54, 76).

Picornaviruses are generally characterized by their cytolytic
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nature in cell culture. However, several in vivo and in vitro
studies have shown that some picornaviruses, e.g., poliovirus,
Theiler’s murine encephalomyelitis virus, foot-and-mouth dis-
ease virus, CVB3, CVB4, and CVBS, may also establish per-
sistent, noncytolytic infections (4, 29, 35, 39, 62, 74). Recently,
it has been shown that the diverse outcomes of picornaviral
infections may depend on interactions between the virus and
the apoptotic machinery of the infected cell (14, 30, 71). Sev-
eral picornaviral proteins have been identified as inducers of
an apoptotic response, including viral capsid proteins VP1,
VP2, and VP3, as well as nonstructural proteins 2A and 3C (7,
20, 32, 33, 42, 50, 63). In addition, antiapoptotic activity has
been assigned to the nonstructural proteins 2B and 3A (16, 59).

Picornaviruses have the potential to adapt rapidly to new
host environments. Virus features affecting adaptability in-
clude high mutation rates, short replication times, large pop-
ulations, and frequent incidences of recombination (25-27,
53). Consequently, picornaviruses exist as genetically heterog-
enous populations, referred to as viral quasispecies (25, 26).

Previously, the CVB2 prototype strain Ohio-1 (CVB20) was
adapted to cytolytic replication in rhabdomyosarcoma (RD)
cells (66). Two amino acid changes were identified in the cap-
sid-coding region, and one was identified in the 2C-coding
region of the adapted virus. Further characterization of the
virus-host interaction showed that the infection was not af-
fected by anti-DAF antibodies, indicating the use of an alter-
native receptor.

In this study, the amino acid substitutions associated with
the adaptation of CVB2O to cytolytic infection of RD cells
were evaluated. Site-directed mutagenesis studies showed that
a single amino acid change in the VP1 capsid protein was
responsible for the cytolytic RD phenotype. In addition, as
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FIG. 1. Schematic overview of the CVB20O genome organization and the construction of CVB20 variants containing adaptive mutations. (A) A
representation of the CVB20O genome is depicted at the top, with boxes delineating viral genes as well as approximate positions of the relevant
restriction enzyme sites used to construct infectious viral cDNA clones. Below, the location of amino acid substitutions in the CVB2ORD genome
are indicated next to the VP1- and 2C-encoding genes; the first letter refers to the amino acid residue of the CVB2O protein and the number
indicates the amino acid position in the individual protein. Infectious CVB20 cDNA clone variants, as inserted in the pCR-Script Direct SK+
vector, are shown in the lower part of the figure. The designation of constructed cDNA clones and simplified names of viruses generated from these
clones (given within parentheses) are used throughout the article. (B) A surface-rendered view of a pentameric subunit of the viral capsid showing
the location of the exposed CVB2O substitution that evolved during propagation in RD cells. The entire capsid of the closely related CVB3 (PDB
1COV) (58) is shown at the top with five protomers related by an icosahedral 5-fold symmetry axis colored to denote proteins VP1 (blue), VP2
(green), and VP3 (red), whereas the remaining virus surface is shown in shades of gray. Below is an enlarged view of the pentamer showing the
location of the surface-exposed amino acid change of CVB20 VP1 (Q164K; cyan and encircled) given as the equivalent CVB3 VP1 residue 160,
based on multiple sequence alignment (ClustalW) (79). The icosahedral asymmetric unit of the virus is indicated by the triangular boundary.

indicated by caspase activation and DNA degradation, the
apoptotic pathway was activated in RD cells infected by the
cytolytic virus.

MATERIALS AND METHODS

Cells and viruses. Cultures of a local variant of green monkey kidney (GMK)
cells, human epithelial (HEp-2) cells, and human RD cells, obtained from the
American Tissue Culture Collection (ATCC), were maintained in Dulbecco’s
modified Eagles medium (DMEM) supplemented with 2 mM L-glutamine, 100
U/ml penicillin, 0.1 mg/ml streptomycin, and 10% newborn calf serum (NCS) at
37°C in 7.5% CO,. The prototype strain CVB2 Ohio-1 (VR-29; ATCC) (56, 67)
and the CVB20ORD variant (66) were propagated in GMK and RD cells, re-
spectively, as previously described (66).

Flow cytometry. The flow cytometry procedure has been described previously
(66). RD cells were stained with an anti-CAR (RmcB) antibody (37) (hybridoma
kindly provided by L. Philipson and R. Pettersson, Karolinska Institute, Sweden;
also available as ATCC CRL-2379) or an anti-DAF (BRIC110) antibody (Cym-
bus Biotechnologies). A monoclonal mouse IgG1 antibody (X0931; Dako) was
used as a negative control. After 1 h of incubation at 4°C, the cells were stained
with a secondary R-phycoerythrin-conjugated polyclonal rabbit anti-mouse an-
tibody (R0439; Dako). Data were acquired using a FACSCalibur (Becton Dick-
inson) and analyzed with CellQuest, version 3.3, software (Becton Dickinson).

Infectious viral cDNA clones. The complete CVB20O genome was amplified
and cloned into the pCR-Script Direct SK(+) vector (Stratagene) by using the
Ascl and Notl restriction enzyme cleavage sites, as previously described (Fig.
1A) (49, 67). In this pCVB20wt (where wt is wild type) construct, the individual
CVB2ORD substitutions in the protein VP1 (I to F and Q to K) and 2C (K to
R) were introduced by site-specific mutagenesis (Fig. 1). The PAIFT and SexAl
sites were used to generate the single-amino acid mutant pCVB2OVP11118F
clone (vVWP11118F) encoding the VP1 I118F substitution (names of viruses de-
rived from the infectious cDNA clones are given in parenthesis). The SexAl and
EcoRI restriction sites were used to construct the pCVB20VP1Q164K clone
(VVP1Q164K), while EcoRI and BamHI sites were used to produce the
pCVB202CK185R clone (v2CKI85R). The CVB2O constructs were propagated
in Escherichia coli, isolated, and verified by sequencing.

Generation of viruses from infectious viral cDNA clones. Viruses were gen-
erated by transfection (Lipofectamine 2000; Invitrogen) of 2.5 pg of the proto-
type (pCVB20wt) or mutant (pCVB20VP1/118F, pCVB20VP1Q164K, and
pCVB202CKI85R) DNA into RD cells according to manufacturer’s protocol.
At 5 days posttransfection, the virus from transfected cells was released by three
freeze-thaw cycles and further propagated by one subsequent passage in RD cells
as described previously (57). Viral RNA was extracted from infected cell cultures
(QIAamp viral RNA mini kit; Qiagen), reverse transcribed (Superscript IIT;
Invitrogen), and PCR amplified (PicoMaxx high fidelity PCR system; Stratagene)
using virus-specific primers. PCR amplicons were visualized on an agarose gel,
purified (QIAquick gel extraction kit; Qiagen), and sequenced. Virus titers were
determined by 50% tissue culture infectious dose (TCIDs5) assays in GMK cells,
according to standard procedures (34).

Virus infection. Cells were infected with the different CVB2O variants accord-
ing to standard procedures (57). Briefly, subconfluent monolayers of RD cells
grown in 25-cm? flasks were inoculated with clone-derived viruses at a multiplic-
ity of infection (MOI) ranging from 1 to 100 TCIDss/cell. After a 1-h adsorption
at room temperature, the inoculum was removed, and cells were washed three
times to remove unbound virus before addition of DMEM supplemented with 2
mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Incubation
was continued for 7 days or until cytopathic effect (CPE) was observed.

In order to determine the number of mutations that were introduced in the
vVP1Q164K genome during serial passages in RD cells, infected cells were
incubated until complete CPE was observed. These samples were subjected to
three freeze-thaw cycles and further passaged five times in RD cells at an
apparently high MOI (in two parallel experiments). After the fifth passage, the
viral progeny was sequenced.

For studies of virus production during repeated noncytolytic infections, RD
cells infected with CVB20Owt were detached by EDTA treatment and passaged
every fourth day at a 1/3 dilution. The titer of virus released into the medium of
each passage was measured by the TCIDs, method in GMK cells. After the 10th
passage, the viral progeny was sequenced.

Release of CVB20wt from RD cells. Confluent RD cells cultured in 24-well
plates were infected with CVB20wt at an MOI of 1 TCIDsg/cell. In order to
assess both the intra- and extracellular virus production, samples (only medium
or medium together with cells) were frozen at different time points postinfection
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(p.i.), and virus titers were determined after three cycles of freezing and thawing
(to release intracellular viruses) by a TCID5, assay in GMK cells.

Quantitation of viral infection. The replication of viral plus-strand RNA in
RD cells infected with the CVB2O variants was determined by real-time PCR,
according to established procedures (43). Confluent RD cells in 24-well plates
were infected with the different CVB2O variants at an MOI of 1 TCIDs/cell as
described above. Infected cell samples were harvested at 0 h and 96 h p.i. and
subjected to three freeze-thaw cycles. Viral RNA was extracted as described
above, followed by reverse transcription of extracted RNA using an Applied
Biosystems TagMan reverse transcriptase kit and random hexamers. Reverse
transcribed viral cDNA was quantified using real-time PCR and a Power SYBR
green Master Mix in accordance with the manufacturer’s instructions (Applied
Biosystems). The CVB2-specific primers were designed to amplify a 147-bp
product from nucleotide positions 454 to 601 in the genomic 5’ untranslated
region (UTR) region. The final PCR mixture contained 100 nM (each) forward
(5'-GCCCCTGAATGCGGCTAAT-3') and reverse (5'-ATTGTCACCATAAG
CAGCCA-3'") primers, 10 pl of Power SYBR green PCR Master Mix (Applied
Biosystems), and 1 pl of cDNA. Samples were analyzed in triplicates in a final
volume of 20 wl. Thermal cycling was performed with an ABI Prism 7500 SDS
machine (Applied Biosystems) and universal cycling conditions (2 min at 50°C,
10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C).
Nuclease-free water was used as a negative control. Cycle threshold (Cy) values
were determined by automated threshold analysis included in the ABI sequence
detection software, version 1.3.1. Dissociation curves were recorded after each
run. The difference between the copy numbers of cDNA (i.e., viral RNA) de-
tected at 0 h and 96 h p.i. was presented as the fold change (2¢7:°h~€7:90h) ypder
the assumption of 100% amplification efficiency according to the 27447 method
(52). Furthermore, virus production in these samples (at 0 h and 96 h p.i.) was
measured by the TCIDs, method in GMK cells.

Plaque formation assay. The plaque phenotype of the CVB2O variants was
determined by utilizing a gum tragacanth overlay as previously described (24).
Briefly, the CVB2O variants were titrated by 10-fold dilutions onto confluent
monolayers of RD cells in six-well plates. Following adsorption for 1 h at 37°C,
the inoculum was aspirated and replaced with an overlay medium, which con-
sisted of 0.8% (wt/vol) gum tragacanth (Sigma), DMEM, 1% NCS, 2 mM
L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. RD cells were
stained at 96 h p.i. with a crystal violet-ethanol solution for visualization of
plaques.

Single-step growth kinetics. Confluent monolayers of RD cells cultured in
24-well plates were infected with virus at an MOI of 1 TCIDsg/cell as described
above. For assessing virus growth, samples were frozen at different time points
p.i., and virus titers were determined by a TCIDs, assay in GMK cells.

Immunofluorescence staining of virus-infected cells. For inmunofluorescence
assays, monolayers of RD cells cultured on Lab-TEK II chamber glass slides
(Nalge Nunc International) were infected with the CVB2O variants at an MOI
of 1 TCIDsg/cell. Alternatively, to analyze expression of CVB2 antigens during
repeated noncytolytic infection, a fraction of CVB20Owt-infected RD cells from
passages 1, 5, and 10 were transferred and cultured on glass slides. At indicated
time points (see Fig. 3C and 4B), the cells were fixed with 4% formaldehyde for
30 min at 4°C, washed twice, and stained with a monoclonal mouse anti-CVB2
antibody (MAB946; Chemicon International, Inc.) for 1 h at room temperature.
For analyses of apoptosis, the fixed cells were incubated with a polyclonal anti-
body against cleaved/activated caspase-3 ([CC-3] 9661; Cell Signaling Technol-
ogy). After the slides were washed, a secondary goat anti-mouse or goat anti-
rabbit antibody labeled with Alexa Fluor 488 (A11001 or A11034; Molecular
probes Inc.) was added for 1 h at room temperature. Finally, the slides were
mounted with Vectashield (Immunkemi, Sweden) containing 4',6-diamidino-2-
phenylindole (DAPI). Images were captured with an epifluorescence micro-
scope.

DNA fragmentation assay. DNA fragmentation in CVB2O-infected and un-
infected RD cells was analyzed as described previously (80). Briefly, EDTA-
treated RD cells were lysed with 0.2% Triton X-100 and 1 mM EDTA in 10 mM
Tris-HCI, pH 7.4. The nucleic acid components were separated by centrifugation
(20,000 X g for 10 min at 4°C) and collected from the supernatant fraction by
precipitation. The purified nucleic acids were dissolved in 1 mM EDTA-10 mM
Tris-HCI (pH 7.4) and treated with RNase A (10 wg/ml) for 30 min at 37°C. DNA
fragmentation was analyzed by electrophoresis in 1% agarose gels. RD cells
treated with 0.5 pM staurosporine ([STS] S4400; Sigma-Aldrich), a broad-spec-
trum protein kinase inhibitor, were used as a positive control.

Western blot analysis. Protein extraction was performed as described previ-
ously (8). Virus-infected, uninfected, and STS-treated RD cells were detached by
EDTA treatment and collected together with the floating cell material by cen-
trifugation. The pellet was washed with phosphate-buffered saline (PBS) and
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resuspended in lysis buffer (2% SDS, 35 mM B-mercaptoethanol, 50 mM Tris-
HCI, pH 6.8) supplemented, immediately before use, with 1 mM phenylmethyl-
sulfonyl fluoride and a Complete Mini protease inhibitor cocktail (Roche). The
obtained lysate was incubated in boiling water for 10 min and sonicated. The
total protein concentration was determined with a spectrophotometer (Nano-
Drop ND-1000; Saveen Werner). The protein samples (5 to 40 pg) were frac-
tionated by SDS-PAGE (12 or 14% polyacrylamide) and electroblotted onto a
0.45-pm-pore-size polyvinylidene difluoride membrane (Amersham). Nonspe-
cific sites were blocked with 5% nonfat dry milk and 0.1% Tween-20 in Tris-
buffered saline (TBS) for 1 h at room temperature and incubated overnight with
primary antibodies diluted in TBS with 5% bovine serum albumin (BSA) and
0.1% Tween-20. The blocking solution was also used for the dilution of second-
ary antibodies. For Western blot analyses, the following primary antibodies were
used: anti-caspase-3 (9665; Cell Signaling Technology), anti-Bid (2002; Cell
Signaling Technology), anti-caspase-8 (551242; BD Bioscience), anti-caspase-9
(ab28131; Abcam), and anti-actin (ab8227; Abcam). Immunoreactive proteins
were visualized by using secondary antibodies conjugated with horseradish per-
oxidase (P0448 and P0260; Dako) and a chemiluminescence detection system
(ECL; Amersham).

In vivo infection assay. Male A/JOlaHsd mice with the H-2¢ locus (Harlan,
United Kingdom) and weighing 15 to 17 g were housed three per cage in sterile
pathogen-free conditions and supplied with sterile water and commercial food
pellets (Topdovo, Trnava, Slovak Republic). Groups of mice (4 weeks of age)
were injected intraperitoneally with CVB20 (2 X 10° TCIDs,s/mouse), a cor-
responding amount of CVB20RD, or PBS (control) as described previously
(11). Mice were sacrificed at day 5 postinoculation, a time point selected based
on previous in vivo studies of coxsackieviruses (87, 88). Pancreas and heart tissue
specimens were fixed in 4% formalin, embedded in paraffin, and sectioned (5- to
7-pm thickness) for subsequent staining with hematoxylin and eosin. Pancreatic
tissues were subjected to three freeze-thaw cycles and homogenized in PBS to an
~10% organ suspension. After removal of cell debris by centrifugation and
addition of antibiotics (200 U/ml penicillin and 0.2 mg/ml streptomycin), the
virus titer was determined by the TCIDs, assay in HEp-2 cells. The animal study
was conducted according to directives of the European Commission and ap-
proved by the State Veterinary and Food Administration of the Slovak Republic.

Prediction of amino acid changes in the VP1 protein. The locations of
CVB20ORD-specific amino acid substitutions were mapped based on multiple
sequence alignment (ClustalW) (79) with the closely related CVB3 (Protein
Data Bank [PDB] accession number 1COV) (58) that identified the equivalent
CVB3 residues. The X-ray crystal structure of the CVB3 capsid was then mod-
eled and visualized using Chimera (64, 73).

Statistical analysis. Data are presented as means = standard errors of the
mean (SEM) of triplicate observations. One-way analysis of variance (ANOVA)
followed by Bonferroni’s test was used for multiple comparisons, and a P value
of <0.05 was considered statistically significant.

RESULTS

A surface-exposed VP1 substitution in CVB2O controls cy-
tolysis. CVB2 is an enterovirus that causes CPE in susceptible
CAR-expressing cells such as GMK and HeLa (55). A previous
study has shown that by serial passages in RD cells, CVB20
can be transformed from a noncytolytic virus to a cytolytic
variant, CVB2ORD (66). Sequence analysis revealed that the
genome of the RD-adapted virus contained three nonsynony-
mous mutations, one in the 2C-encoding gene (K to R at
amino acid position 185) and two in the gene that codes for the
capsid protein VP1 (I to F at position 118 and Q to K at
position 164) (Fig. 1A). The structural proteins of CVB2
and CVB3 share a high amino acid sequence identity (77%).
Therefore, the published tertiary structure of CVB3 (58) was
used to model the capsid locations of amino acid substitutions
unique to the CVB2ORD variant. The highly conserved VP1
residue (Q) (67) was mapped to be exposed (aB helix) on the
surface of the capsid, whereas the amino acid at position 118
(I) was positioned in proximity to the hydrophobic pocket
below the canyon floor surrounding the 5-fold axis of the virion
(BD strand) (Fig. 1B) (66).
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FIG. 2. Generation of virus from cDNA clones in RD cells.
(A) Flow cytometric analysis of CAR and DAF expression on RD
cells. For detection of CAR and DAF, anti-CAR (RmcB) and anti-
DAF (BRIC110) monoclonal antibodies were used (black histograms).
A mouse IgG1 antibody was used as a negative control (gray histo-
grams). (B) Total virus yield (extracellular and intracellular) deter-
mined for indicated viral variants by a TCIDs, assay in GMK cells.
Viruses were generated from infectious cDNA clones by transfection
and one passage in RD cells (96 h p.i.). Error bars represent mean =
SEM of triplicate samples.

To characterize how individual mutations were associated
with the cytolytic RD phenotype, three different CVB2O vari-
ants were constructed by employing a reverse genetics ap-
proach (Fig. 1A). The substitutions in the VP1 protein (I118F
and Q164K) and 2C protein (K185R) where introduced indi-
vidually into a full-length CVB20O c¢DNA clone. Viruses were
derived from cDNA clones in RD cells that expressed DAF but
without evident expression of CAR (Fig. 2A). Sequencing of
progeny virus populations showed that the mutations were
individually tolerated and also that no other substitutions or
silent mutations were introduced during viral replication. In
order to determine the yield of infectious viral particles pro-
duced in RD cells after transfection, the different CVB20
variants were titrated on GMK cells (Fig. 2B), a cell line where
both the parental and the RD variant of CVB2O cause cytol-
ysis. Similar virus titers (10°° to 10 TCIDs,s/ml) were ob-
tained for CVB20Owt and the three CVB2O variants (96 h p.i.).
Hence, both the wild-type CVB20 virus and the CVB20O single
mutants were able to replicate with similar efficiency in RD
cells.

To investigate the cellular effects caused by viruses derived
from viral cDNA clones, RD cells were infected at an MOI of
1 TCIDsy/cell. The mutant virus expressing the surface-ex-
posed amino acid substitution (vVP10Q164K) induced partial
cell lysis at 72 h p.i. and complete CPE at 96 h p.i. (Fig. 3A).
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In addition, CVB2ORD encoding a combination of all three
substitutions induced cytolysis by 48 h p.i. (data not shown). In
contrast, CVB20wt, vVP1/118F, or v2CKI85R virus did not
induce CPE in RD cells (Fig. 3A). No differences in CPE were
observed when cells were infected with vVP1QI164K or
CVB20wt at a higher MOI (100 TCIDsgs/cell) (data not
shown). The association between the VP1 Q164K substitution
and cytolytic infection was verified by a plaque assay, where
only the Q164K-expressing variant formed visible plaques in
the RD cell monolayers at 96 h p.i. (Fig. 3B). In order to
analyze the accumulation of mutations in the vVP1Q164K ge-
nome during replication in RD cells, the virus was passaged
five times in these cells and then sequenced. Sequence analyses
of two independent passages revealed that new mutations had
been introduced in the 5" UTR (C to A at nucleotide position
655) or in the VP3 protein (Y to F at amino acid position 107).
However, it is worth noting that the Q164K substitution in the
VP1 protein was retained, indicating that this mutation is con-
served during replication in RD cells.

An immunofluorescence assay was employed to further
characterize the CVB20 infection. Uninfected and CVB20-
infected RD cells were stained with a CVB2-specific antibody
(24 h p.i.). Surprisingly, the production of viral antigens was
equally efficient in cells infected with each one of the CVB20
variants, regardless of their respective propensities to cause
cytolysis (Fig. 3C). At a later stage of the infection (72 h p.i.),
a majority of RD cells subjected to virus infection showed
various degrees of staining (data not shown).

The viral positive-sense RNAs of viruses adsorbed to RD
cells (0 h) as well as those of synthesized progeny viruses (96 h
p.i.) were quantified by real-time PCR (Fig. 3D). This quanti-
fication showed that the amount of viral RNA increased ap-
proximately 800-fold for the cytolytic vVP1Q164K virus. A
significant increase of viral plus-strand RNA (100- to 400-fold)
was also detected at 96 h p.. for the noncytolytic viruses
(CVB20wt, vVP11118F, and v2CKI85R). Further, the produc-
tion of infectious particles was determined by titration in GMK
cells. All CVB20 variants showed similar binding characteris-
tics to RD cells (approximately 10* TCIDs,s/ml) and produced
similar amounts of viral progeny (approximately 10° to 107
TCIDs,s/ml) during the following 4 days (Fig. 3E).

Previously, it has been shown that several types of CVB can
establish a persistent infection in RD cells (4, 29). To further
characterize the noncytolytic CVB2O infection, RD cells in-
fected with CVB20Owt were repeatedly passaged. After 10 pas-
sages, no signs of CPE could be observed (Fig. 4A) although
infection was verified by detection of CVB2 antigens and by
a continuous production of infectious progeny (10° to 107
TCIDsys/ml at 96 h p.i. of each passage) (Fig. 4B and C).
Sequence analysis of this progeny virus showed that none of
the RD-adaptive mutations were introduced during RD cell
passages. However, due to the canonical propensity of the viral
RNA-dependent RNA polymerase, other mutations were ob-
served in the 5" UTR (C to T at nucleotide position 391), the
VP2 protein (R to C at amino acid position 40), the VP1
protein (T to M at amino acid position 93), and the 3D protein
(a silent mutation from a T to a C at amino acid position 199).
In addition, detailed analysis of the CVB20Owt infection in RD
cells showed that the virus progeny was first released at 12 to
16 h p.i. (Fig. 4D). These analyses demonstrated that the
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FIG. 3. Characterization of CVB20 infection in RD cells. (A) Uninfected RD cells (control) and RD cells infected with CVB20wt, vVP1/118F,
vVP10Q164K, and v2CKI85R at an MOI of 1 TCIDs/cell. Cells were visualized by light microscopy (96 h p.i.). Bar, 100 wm. (B) Plaque morphology
of the CVB20 variants (96 h p.i.). Plaques were visualized by crystal violet staining of RD cells. (C) Immunostaining of RD cells infected with the
different CVB2O viruses (MOI of 1). Viruses were detected (24 h p.i.) with an anti-CVB2 monoclonal antibody and a secondary antibody labeled
with Alexa Fluor 488 (green). The cellular nuclei were visualized with DAPI (blue). Bar, 50 pm. (D) Quantitation of viral genome replication. RD
cells were infected with CVB2O virus variants (MOI of 1) and the amount of positive-sense RNA was quantified by real-time PCR (0 h and 96 h
p.i.). The amount of viral RNA was determined by the cycle threshold (C;) value and is presented as the fold change (mean = SEM) of viral RNA
for triplicate samples (from 0 h to 96 h p.i.). (E) CVB20 progeny production in RD cells measured by titration. RD cells were infected (MOI of
1), and the number of infectious viral particles was determined by the TCIDs, method for bound viruses (0 h p.i.) and virus progeny (96 h p.i.).

Results are presented as the mean = SEM (n = 3).

CVB2 infection was maintained during serial passages of RD
cells and that the virus was released from the RD cells without
signs of CPE.

Cytolytic and noncytolytic CVB20O viruses replicate with
equal efficiencies. In order to compare the replication kinetics
of CVB20wt and vVP1QI64K in RD cells, one-step growth
curves were established. In this analysis, the wild-type virus and
the vVP1Q164K variant showed comparable replication kinet-
ics (Fig. 5). Only minor differences at the initial phase of the
infection (2 h p.i.) and at the plateau of the growth curve (96
h p.i.) were detected. Conclusively, the growth kinetics analysis

did not reveal any major differences between the cytolytic and
noncytolytic virus.

The VP1 Q164K substitution induces an apoptotic response.
Picornaviruses have been shown to manipulate the apoptotic
response of their host cells, a characteristic that is most likely
associated with the pathology of these viruses (14, 30, 71). To
investigate whether apoptosis plays a role during cytolytic and
noncytolytic CVB2O infection in RD cells, a number of apop-
totic hallmarks were analyzed. As a first step, we evaluated the
level of DNA fragmentation in cells infected with virus. Nu-
clear DNA extracted from virus-infected cells was compared
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FIG. 4. RD cells persistently infected with CVB20wt. (A) RD cells persistently infected with CVB2Owt at passage 1 (P1), PS5, and P10.
Successive passages were performed every fourth day. Bar, 100 pm. (B) Immunofluorescence micrographs of persistently infected RD cells.
Infected RD cells from passages 1, 5, and 10 were cultured in chamber slides and fixed after 24 h. Viral protein expression was analyzed with a
mouse anti-CVB2 monoclonal antibody, followed by a secondary antibody labeled with Alexa Fluor 488 (green). Nuclei were visualized with DAPI
(blue). Bar, 50 wm. (C) RD cells infected with CVB20wt (MOI of 1) were cultured, and successive 1/3 passages were performed every fourth day.
The release of progeny virus during noncytolytic infection was quantified at passages 1 to 10 by endpoint titration in GMK cells (mean = SEM;
n = 3). (D) Release of virus progeny from RD cells infected with CVB20wt (MOI of 1). Extracellular (viruses present in the medium) and total
(extra- and intracellular) virus yields were determined at different time points after infection by endpoint titration in GMK cells. Error bars

represent the SEM (n = 3).

with DNA isolated from uninfected cells and cells treated with
a chemical apoptosis inducer, STS (18). At 72 h p.i., degrada-
tion of DNA was observed in RD cells infected with the cytol-
ytic vVWP10Q164K, a result comparable to that of STS-treated
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FIG. 5. Growth kinetics of CVB20wt and vVP10Q164K in RD cells.
RD cells were infected at an MOI of 1 TCIDs/cell. Total virus yields
were determined at different time points after infection by endpoint
titration in GMK cells. The results shown are representative of three
independent experiments.

RD cells (Fig. 6A). In contrast, no evident fragmentation was
detected in cells infected with the noncytolytic parental
CVB20 virus.

Cellular caspases, a family of cysteine proteases, are key
regulators of apoptosis. They are expressed as inactive proen-
zymes that become activated by specific cleavage in response to
apoptotic stimuli (21, 68). To further examine the CVB20-
induced apoptotic response in more detail, cell lysates from
RD cells infected with noncytolytic CVB20wt and cytolytic
vVP1Q164K virus for 12, 24, and 48 h were assayed for caspase
activation by immunoblotting. The Western blotting results
were validated with both positive and negative controls, con-
sisting of STS-treated and uninfected RD cells, respectively. In
the analysis of caspase-3, one of the key executors in the
apoptotic pathway, only the 35-kDa proform was detected in
RD cells infected with CVB20wt (Fig. 6B). In contrast, the
cytolytic CVB2O virus induced processing of procaspase-3, as
shown by protein bands corresponding to the active enzymes
(17 and 19 kDa). To further characterize the apoptotic status,
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FIG. 6. Apoptotic status of RD cells infected with CVB20wt and vVP10Q164K. RD cells were infected with the CVB2O viruses at an MOI of
1 and incubated at 37°C. (A) At the indicated times postinfection, cells were harvested, and DNA was extracted and resolved by electrophoresis
in a 1% agarose gel as described in Materials and Methods. Uninfected RD cells (—) and cells treated with STS for 12 h (+) were used as negative
and positive controls, respectively. M, molecular weight marker. (B) At the indicated times postinfection, RD cell lysates were prepared, and equal
amounts of proteins (5 to 40 wg) were assayed for caspase-3, caspase-9, caspase-8, and Bid by Western blotting. Uninfected RD cells and cells
treated with STS for 8 h were used as negative and positive controls, respectively, while expression of actin was used as a control of equal protein
loading. Activated forms of Bid and caspase-3 are shown after longer durations of exposure than the unprocessed fragment. The molecular masses
of the active fragments are indicated in the right margin. The results shown are representative of three independent experiments. (C) RD cells
infected with CVB2Owt and vVP1Q164K were fixed at 24 h postinfection and analyzed with a polyclonal antibody against cleaved/activated
caspase-3 (CC-3). CC-3 was visualized with a secondary antibody conjugated with Alexa Fluor 488 (green), and nuclei of RD cells were visualized
with DAPI (blue). (D) Induction of apoptosis determined by caspase-3 activation. The percentage of CC-3-labeled RD cells from each sample was
estimated from >300 randomly counted nuclei. Error bars represent the SEM (n = 3). A P value of <0.001 (x:x) was statistically significant for
vVP10Q164K versus CVB20wt or control cells. NS, not significant (P > 0.05).

two upstream caspases (caspase-8 and caspase-9) were ana-
lyzed. The active forms of caspase-8 (36 and 40 kDa) and
caspase-9 (35 and 37 kDa) were detected in RD cells infected
with vWP10Q164K. However, only the precursors of caspase-8
and caspase-9 were detected in cells infected with the noncy-
tolytic CVB2O virus. Surprisingly, at 48 h p.i., a downregula-
tion of procaspase-8 was observed in these cells.

The Bid protein, a proapoptotic protein of the Bcl-2 family,
is an important regulator of apoptosis. Upon activation by the
initiator caspase-8, the active form of Bid translocates to the
mitochondria where it triggers Bax activation, which, in turn, is
followed by cytochrome ¢ efflux into the cytosol (46). To fur-
ther assess the CVB2O-triggered apoptosis in RD cells, the
processing of Bid was determined. The proform of Bid (22
kDa) was clearly processed into its active form (15 kDa) in RD

cells infected with the cytolytic vWVP1Q164K while no activation
was observed for CVB20Owt-infected cells (Fig. 6B).

The association between apoptosis and the cytolytic infec-
tion (VVP1Q164K) in RD cells was also quantified by immu-
nofluorescence based on caspase-3 activation. Only a small
fraction of uninfected (~1%) and CVB2Owt-infected
(~3.6%) RD cells showed staining of active caspase-3 (Fig. 6C
and D). However, a significantly higher percentage (~12%) of
cells infected with the vVP10Q164K mutant stained positively
for cleaved caspase-3 (24 h p.i.).

Taken together, these results suggested that the VP1 substi-
tution Q164K in CVB20O was associated with apoptosis in RD
cells via a number of key players of the apoptotic cascade.

CVB2ORD causes pancreatic inflammation in mice. CVBs
are known to have pancreatic and myocardial tropism in
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FIG. 7. Histological analysis of pancreatic tissue from mice infected with CVB20 or CVB2ORD. Male A/J mice were intraperitoneally injected
with CVB20 (dose of 2 X 10° TCIDs,s), CVB2ORD (dose of 2 X 10° TCIDs,s), or PBS (control). At day 5 postinoculation, the pancreata were
formalin fixed and paraffin embedded, and tissue sections were stained with hematoxylin and eosin. Arrows indicate pancreatic tissue regions with
mild to intense exocrine and perivascular lymphocyte infiltration with focal vasculopathy. Representative histopathological sections are shown.
Original magnification, X20. (B) CVB20 and CVB2ORD titers in murine pancreas at 5 days after inoculation. No viral titer was measurable in
pancreas of control mice. Titers were determined by endpoint titration in HEp-2 cells. Error bars represent the SEM (n = 3).

murine models (31, 36, 38, 83, 86). In order to investigate
the relevance of the cytolytic RD phenotype (CVB20ORD)
in a murine model, A/J mice susceptible to CVB infection
(83, 87, 88) were inoculated intraperitoneally with CVB20
or CVB2ORD. At day 5 p.i., CVB2ORD-infected mice
showed mild to intense perivascular lymphocyte infiltration
with focal vasculopathy (i.e., inflammation observed as bleb
formation of endothelial cells in blood vessels) in the exo-
crine pancreas (Fig. 7A). In contrast, no visible signs of
infection were observed in mice infected with CVB20O.
Moreover, neither CVB20 nor CVB2ORD induced his-
topathological changes in the endocrine pancreas or in the
heart of infected mice. Titrations of the pancreatic tissue
showed that the viral titer was higher in the pancreas from
mice subjected to the CVB2ORD virus variant (Fig. 7B).

DISCUSSION

In the present study, we examined specific amino acid
changes associated with adaptation of CVB2O to cytolytic in-
fection in RD cells. Our results showed that a single amino acid
change on the capsid surface of CVB2O transforms the virus
from a noncytolytic variant to a virus causing cytolysis. The
characterization of the viral infection suggested that the

CVB20O-induced cytolysis was associated with an apoptotic
response (Fig. 8).

Previously published results have shown that CVB20 has
the capacity to adapt to cytolytic replication in RD cells and
that this novel property was associated with three nonsynony-
mous mutations (66). The results from reverse genetics studies
with the cloned single mutants presented here demonstrated
that a single surface-exposed amino acid change (Q164K) in
the VP1 capsid protein of this virus is sufficient for the trans-
formation to a cytolytic phenotype. This observation supports
the view that specific capsid residues influence picornaviral cell
type specificity and tissue tropism (1, 6, 15, 39, 44, 45, 62).

In detailed studies of the virus replication in RD cells by
real-time PCR and titration on permissive GMK cells, the
different cDNA clone-derived CVB2O variants showed similar
properties regarding genome replication and virus progeny
production. The productive infection of the cytolytic virus and
noncytolytic CVB20 variants was further confirmed by immu-
nofluorescence studies. This study also showed, together with
the single-step growth curve and the observed onset of CPE,
that there is a lag phase between the initial phase of viral
replication and the CPE. The same phenomenon has previ-
ously been observed for another picornavirus, the Ljungan
virus of the Parechovirus genus (28, 80). Possibly, this delay
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FIG. 8. Schematic illustration of the CVB20-induced apoptotic re-
sponse in RD cells. Cytolytic CVB2O infection (vVP1Q164K) of RD
cells results in activation of both the extrinsic (procaspase-8) and
intrinsic (procaspase-9) pathways. These pathways are interconnected
by Bid. When Bid is proteolytically activated by caspase-8, it translo-
cates to the mitochondria and induces cytochrome c release. This, in
turn, causes a successive activation of caspase-9 and caspase-3. The
activated apoptotic signal eventually results in apoptotic cell death. In
contrast, CVB20wt causes a persistent infection in RD cells without
detectable signs of apoptosis.

of CPE is a consequence of a virus that is not yet completely
adapted to its host cell. However, the mechanism(s) in-
volved in this delay of the CPE in RD cells infected with the
cytolytic CVB2 variant remains to be elucidated. Taken
together, the CVB20wt and all CVB20O mutants were able
to replicate in RD cells, a property that was not linked to
cytolysis.

The nonstructural 2C protein of picornaviruses is a multi-
functional protein with reported activities, including guidance
of viral replication complexes to cytoplasmic membranes, en-
zymatic nucleotide triphosphatase activity, and involvement in
virion assembly (48, 65, 78, 84). Results from analyses of the
CVB20 mutant expressing a single 2C substitution (K185R)
presented here suggested that this genetic change was not
an essential determinant for the cytolytic phenotype of
CVB20ORD. However, infection of RD cells with CVB2ORD,
expressing all three adaptive substitutions, resulted in an ear-
lier onset of cytolysis than infection with vVP1Q164K. Thus,
the additional substitution in VP1 (I118F) together with the
amino acid change of 2C contributed to the cytolytic pheno-
type in RD cells by a mechanism that remains to be elucidated.

Previously, it has been shown that CVB can establish per-
sistent infections in RD cells (4, 29). Monitoring of repeated
passages of the wild-type CVB20O in RD cells revealed a con-
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tinuous release of infectious progeny although no signs of CPE
were observed. The ability of the CVB20O wild-type strain to
replicate in RD cells without evident signs of CPE has, to our
knowledge, never been characterized before. Studies of polio-
virus have shown that persistent infections may be established
when HEp-2 cells are subjected to virus at a very low MOI
(62). In contrast, the CVB2O infection of RD cells seems to be
independent of virus dosage since these cells remained persis-
tently infected even when they were exposed to a very high
viral dose (MOI of 100). The release of noncytolytic CVB20wt
is possibly facilitated by viral proteins such as nonstructural
protein 2B, which has been shown to modify membrane per-
meability (23, 60, 85). Conclusively, these results suggest that
CVB2O0 established a persistent infection in cultured RD cells.
This may have implications for CVB2 infections in vivo where
muscle cells possibly serve as virus reservoirs. Indeed, CVB2
RNA has been detected in muscle tissue of patients with
chronic muscle diseases (3, 12, 13, 22).

The virus-host cell system represented by the different
CVB20 variants and the RD cells provided a well-defined
model system for studies of persistent and cytolytic CVB20
infection. This model system also made it possible to examine
whether apoptosis played a role during CVB20O infection in
these cells. Theiler’s murine encephalomyelitis virus is highly
cytolytic in permissive BHK-21 cells, causing rapid cell destruc-
tion without signs of apoptosis; however, in less permissive
cells, virus growth is markedly reduced, and viral replication is
accompanied by induction of apoptosis (40, 41). Other picorna-
viruses, including CVB3, enterovirus 71, foot-and-mouth dis-
ease virus, poliovirus and avian encephalomyelitis virus, have
also been shown to interact with the cellular apoptotic pathway
(17, 19, 47, 50, 51, 63, 81). Although one-step growth analysis
demonstrated that RD cells were equally susceptible to repli-
cation of the cytolytic and persistent CVB20 variants, major
disparities were revealed when the apoptotic status of infected
cells was examined. Prior to cell cytolysis, distinctive apoptotic
hallmarks, i.e., extensive DNA degradation and activation of
caspase-8, caspase-9, and caspase-3, were observed in RD cells
infected with the cytolytic CVB20 (vVP1QI164K) variant. In
addition, the infection was accompanied by an activation of
Bid, an activation previously described for RD cells infected
with enterovirus 71 (19). Conversely, RD cells persistently
infected with the parental CVB2O virus showed no signs of
DNA degradation and caspase activation. In conclusion, these
data add to the increasing knowledge of the interplay between
picornaviruses and the cellular apoptotic pathway during in-
fection.

Several reports have suggested that the structural proteins of
picornaviruses are involved in the induction of apoptosis (33,
50, 63). For example, the VP1 protein of foot-and-mouth dis-
ease virus has been shown to activate a proapototic response by
binding to integrins and by deactivation of the Akt signaling
pathway (63). In other experiments, the VP3 protein of avian
encephalomyelitis virus colocalized with mitochondria (50),
whereas the VP2 protein of CVB3 interacted with a proapop-
totic factor, called Siva (33). Hence, picornaviral structural
proteins are associated with induction of apoptosis by different
mechanisms. Whether any of these mechanisms are involved in
the apoptotic response associated with the VP1 protein of
CVB20 remains to be elucidated.
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Although induction of apoptosis in RD cells was linked to
caspase activation, the involvement of other apoptotic mecha-
nisms cannot be excluded. For example, the large quantities of
viral products that accompany a poliovirus infection result in
drastic rearrangement of the endoplasmic reticulum (ER)
(72). ER-mediated stress resulting in activation of apoptosis
has previously been reported for cells infected with a virus of
the Flaviviridae family, the Japanese encephalitis virus (77). In
addition, a previous study has shown that caspase inhibition
does not prevent cell death of CVB3-infected HeLa cells (17).
Thus, apoptotic activity is certainly not the only mechanism
that can induce cell death and cytolysis during picornavirus
infections. For example, the multifunctional 2A and 3C pro-
teins are involved in the breakdown process of the cytoskeleton
at the time of cell lysis (5, 42, 75). Consequently, cell lysis
induced by a virus infection is probably a result of several
different intracellular processes.

CVB infections cause myocarditis and pancreatitis (31, 38).
As suggested by serological studies, these viruses also appear
to be associated with insulin-dependent diabetes mellitus (38).
Several experimental murine models have been developed to
study CVB infections. In this report, a comparative study in a
mouse model indicated that the cytolytic CVB2ORD variant
induced inflammation in the exocrine pancreas while no signs
of inflammation were observed in pancreatic tissue of mice
infected with the parental CVB2O strain. This pancreatic vir-
ulence is consistent with other studies of CVB infections in
mice, which have shown that virus-induced inflammation was
located to the exocrine pancreas and not the endocrine tissue
(70). However, these initial observations, including the possi-
ble association between the cytolytic RD phenotype and the
increased propensity to induce pancreatic inflammation in
mice, need to be explored further.

Knowledge about virus-host cell interactions is important in
order to elucidate mechanisms by which the virus causes dam-
age and to enable development of new antiviral treatments.
The present study illustrates the adaptive potential of picorna-
viruses, where a single capsid substitution in CVB2O played a
pivotal role for both cytolytic infection and induction of an
apoptotic response in RD cells. In the absence of this amino
acid change, CVB2O established a persistent, noncytolytic in-
fection without signs of apoptosis. Thus, this study shows that
the fate of the infected cell depends on a complex balance
between the host and the virus and that this balance can be
disrupted by a single substitution.
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