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a b s t r a c t

Ljungan virus (LV) is a suspected human pathogen isolated from voles in Sweden and North America.
To enable virus detection and studies of localization and activity of virion proteins, polyclonal antibodies
were produced against bacterially expressed capsid proteins of the LV strain, 87-012G. Specific detection of
proteins corresponding to viral antigens in lysates of LV infected cells was demonstrated by immunoblot-
ting using each one of the generated polyclonal antibodies. In addition, native viral antigens present in cell
culture infected with LV strains 87-012G or 145SLG were detected in ELISA and by immunofluorescence
using the antibodies against the VP0 and VP1 proteins. The anti-VP3 antibody did not react with native
proteins of the LV virion, suggesting that the VP3 is less potent in evoking humoral response and may
have a less exposed orientation in the virus capsid. No activity of the antibodies was observed against the
closely related human parechovirus type 1. The polyclonal antibody against the VP1 protein was further
used for detection of LV infected myocytes in a mouse model of LV-induced myocarditis. Thus, polyclonal
antibodies against recombinant viral capsid proteins enabled detection of natural LV virions by several
different immunological methods.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ljungan virus (LV) was discovered in Swedish bank voles (Myo-
des glareolus, previously referred to as Clethrionomys glareolus)
during the search for an infectious agent causing an outbreak of
lethal myocarditis in young athletes (Niklasson et al., 1998, 1999).
LV infection in humans has been proposed to cause myocardi-
tis, type 1 diabetes and intrauterine fetal deaths (Niklasson et al.,
1998, 1999, 2003a). The connection between human disease and
LV infections remains to be elucidated, but recent studies have
shown a coincidence between LV infection and signs of diabetes
in wild captured bank voles (Niklasson et al., 2003a,b). Further-
more, LV infections in a CD-1 mouse model have been shown to
cause myocarditis, diabetes-like symptoms and reproductive prob-
lems including neonatal death (Niklasson et al., 2006a,b). After the
discovery of two genotypes in Swedish bank voles, additional LV
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types have been identified among previously collected samples
from North American voles, indicating a worldwide spread of LV
(Donoso Mantke et al., 2007; Johansson et al., 2003; Johnson, 1965;
Main et al., 1976; Whitney et al., 1970).

The LV prototype strain, 87-012, was propagated initially in
brains of suckling mice, but has subsequently been adapted to
cytolytic growth in cell culture, resulting in a rapidly replicating
variant, 87-012G (Johansson et al., 2004). In addition, another
Swedish strain, 145SL, representing the second Swedish genotype
has also been adapted to cytolytic replication in cell culture (data
not shown). This strain variant is referred to as 145SLG. These
rapidly replicating cell culture adapted variants of the parental
LV strains facilitate studies of virus–host cell interactions. Phy-
logenetic analyses have shown that LV belongs to Picornaviridae
(Lindberg and Johansson, 2002), and form, together with human
parechoviruses (HPEV), the Parechovirus genus (Stanway et al.,
2005). Picornaviruses are small, icosahedral and nonenveloped
viruses with a single-stranded RNA genome of positive polarity
(Racaniello, 2001). The viral RNA is translated to a polyprotein,
which is processed into capsid forming structural proteins and
nonstructural proteins important for viral replication. Characteri-
zation of the LV genome has revealed several interesting properties
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including the coding of two different consecutive 2A protein motifs
and a predicted extension at the C-terminus of the VP1 protein in
comparison with members of the HPEV species (Johansson et al.,
2002, 2003). As previously demonstrated for Aichi virus and for
HPEV, and based on sequence analysis of the structural genes, the
LV capsid was predicted to consist of only three structural proteins,
VP0, VP1 and VP3 (Johansson et al., 2002; Stanway et al., 1994;
Yamashita et al., 1998). This prediction was supported by initial
analysis of the protein composition of the LV capsid (Johansson et
al., 2004), although two of the proteins, VP0 and VP3, when sub-
jected to SDS-PAGE, were impossible to distinguish due to similar
molecular masses. The ability to assay the mechanisms a particular
virus use to direct the cell to produce new virions by controlling
the cell metabolism are important elements in the characterization
of virus. The location and interaction of viral and cellular proteins
are often studied by antibody-based identification methods. To
detect cells and tissues infected with LV and to study immunogenic
properties of the LV capsid, as well as characterize the interaction
of LV with its target cells, polyclonal antisera against the individual
structural proteins of the LV capsid were generated in rabbits.
Immunoblotting, enzyme-linked immunosorbent assay (ELISA)
and immunofluorescence staining were used to evaluate the activ-
ity and specificity of polyclonal antibodies purified from antisera.
The diagnostic potential of the antibody generated against the VP1
protein was further demonstrated in a mouse model of LV-induced
myocarditis.

2. Materials and methods

2.1. Bioreagents

The gene sequences encoding predicted LV capsid proteins
were cloned into the pGEX-4T-3 bacterial expression vector
(GE Healthcare). The expression vector and recombinant plas-
mids were amplified in the Escherichia coli strain, DH5-alpha,
and subsequently transferred to E. coli BL-21 (DE3) for protein
expression.

Viruses were propagated in African green monkey kidney
(GMK) cells. The Swedish strains, 87-012 and 145SL, has been
adapted previously to lytic cell culture propagation by serial pas-
sages in GMK cells, and were therefore designated 87-012G and
145SLG, respectively (Johansson et al., 2004). The 87-012G virus
was generated from an infectious cDNA clone (Ekström et al.,
2007), while 145SLG was first propagated in the laboratories of G.
Frisk and J-Å. Liljeqvist. Confluent monolayers of GMK cells were
infected with viruses for serological examination of natural viral
antigen.

The type 1 HPEV strain Harris (HPEV1) and the enterovirus cox-
sackievirus B2 strain Ohio-1 (CVB2) were used for cross reactivity
analyses (Hyypiä et al., 1992; Polacek et al., 1999). Reference rabbit
antisera against the VP1 capsid protein of HPEV1 was produced by
the research group of T. Hyypiä, University of Turku, Turku, Finland
(Alho et al., 2003), and the enterovirus-specific polyclonal rabbit
antisera (KTL-482; Härkönen et al., 2002), was kindly provided by
M. Roivainen, KTL, Helsinki, Finland.

2.2. Molecular cloning

The gene sequences encoding the predicted capsid protein
VP0, VP1 and VP3 of the LV strain, 87-012G (Johansson et al.,
2003, 2004), were amplified using gene specific primers including
restriction enzyme cleavage sites for BamHI and NotI (underlined)
and stop codons (boldface) for cloning and subsequent expres-
sion. The sense primer 5′-TTATTAGGATCCGCATCCAAAATGA-
ATCCCGTTGGCAACCTG-3′ and the antisense primer 5′-TAATAA-

GCGGCCGCTTATTGTGTGTAAATTACTGTGTCTGCACCAGGAGG-3′

were used to amplify the VP0 gene (770 bp), except that the
first two codons in the N-terminus (codons in the VP0 and
the VP1 genes were omitted to avoid any proteolytic process-
ing of fusion proteins). The VP1 gene including the 2A1 motif
(Johansson et al., 2002), except the two last C-terminal codons
(948 bp) was amplified using the sense primer 5′-TTATTAGGATC
GGTTTGTACTCATGGGGTTCAGAA-3′ and the antisense primer 5′-
TAATAAGCGGCCGCTTATGGGTTGGTTTCCACGTCACCACATTGGTTC-
AA-3′, while the VP3 gene (732 bp) was amplified using the sense
primer 5′-TTATTAGGATCCGGGAAAAGAACTGTTCGAAAGACCAAGA-
CATC-3′ and the antisense primer 5′-TAATAAGCGGCCGCTTA
TTGCCAAACTAGATTAGATGTGGT-3′. Amplified PCR products were
analyzed by agarose gel electrophoresis, and expected amplicons
were extracted, then digested with BamHI and NotI, and sub-
sequently, cloned into restriction enzyme digested expression
vectors. Single clones containing the capsid protein genes were
isolated and verified by sequencing.

2.3. Expression and purification of viral capsid proteins

Recombinant plasmids or the expression vector without insert
(negative control) were transformed into Escherichia coli BL21 (DE3)
to express LV proteins as GST fusion proteins or as the GST tag pro-
tein alone. Transformed bacteria were grown in Luria Broth media
supplemented with ampicillin (100 �g/ml, Sigma–Aldrich) at 37 ◦C
to an optical density (OD) of 0.6 at 600 nm, before inducing pro-
tein expression with 0.1 mM isopropyl �-d-thiogalactopyranoside
(IPTG). After induction for 3–4 h at 22 ◦C, the cells were har-
vested and washed in ice-cold phosphate buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH
7.4) and then stored at −20 ◦C, until protein purification was per-
formed. Frozen bacteria pellets were suspended in ice-cold PBS
supplemented with 2 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma–Aldrich) and 1 mM ethylenedinitrilotetraacetic acid (EDTA,
Merck). Suspended bacteria were disrupted by sonication (Son-
ics and Materials Inc.) and then incubated with gentle agitation
during 1 h at 8 ◦C in 1% Triton X-100 (Sigma–Aldrich). Proteins sol-
uble in the supernatant fractions was obtained by centrifugation
at 20,000 × g for 1 h, and incubated overnight with a glutathione-
agarose matrix (Sigma–Aldrich) at 4 ◦C. Proteins bound to the
agarose were washed with adenosine-5′-triphosphate (ATP) and
urea, as previously described (Chen et al., 2001; Thain et al.,
1996), to purify LV proteins from a tightly associated bacterial
GroEL chaperonin protein. Briefly, fusion proteins attached to the
agarose beads were incubated with 5 mM ATP (Sigma–Aldrich)
and 5 mM MgCl2 in buffer-A (50 mM Tris–HCl, pH 8) and then
with buffer-A containing 3 M urea. The urea was subsequently
washed off, and proteins bound to the agarose were eluted with
20 mM reduced glutathione (Sigma–Aldrich) solved in buffer-A.
Finally, the solvent of the eluted fractions was exchanged for PBS
using centrifugal filters (Millipore). The GST protein was puri-
fied according to instructions provided with the expression vector
(GE Healthcare).

2.4. Production of polyclonal antisera

Polyclonal antisera against the purified fusion proteins GST-VP0,
GST-VP1, GST-VP3 and the GST protein alone were raised in rab-
bits by subcutaneous injections with 200 �g doses of the individual
proteins in Freund’s adjuvant followed by three booster doses, the
first 20 days after initial immunization and the following at 30-
day intervals. The antisera were collected 4 weeks after the last
immunization, and the IgG fractions of generated antisera (anti-
VP0, anti-VP1, anti-VP3 and anti-GST) were purified using Protein
A-Sepharose (GE Healthcare). To remove antibodies reactive to the
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