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„They are ill discoverers that think there is no land, when they can see 
nothing but sea.” 
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Summary 

Ljungan virus (LV) is a member of the Picornaviridae that was isolated from various 

species of voles and mice in Scandinavia, North America, and Italy, suggesting a wide 

host range and a world wide distribution of this virus. LV causes severe disease in its 

rodent reservoirs, such as diabetes and myocarditis. In addition, laboratory mice 

infected with LV suffer from encephalitis and fetal deaths indicating that LV might 

also induce this diseases in the wild. In addition, LV has been associated with human 

disease during pregnancy and of neonates, respectively. 

A real-time RT-PCR assay was established to identify and quantify LV in different 

types of sample. The method was evaluated using in vitro transcribed RNA and RNA 

extracted from cell culture supernatant and LV infected laboratory mice, respectively. 

The assay was specific to all known LV strains, but not to closely related 

picornaviruses. A linear detection range with high sensitivity (106 - 101 in vitro 

transcribed RNA molecules) was demonstrated. Furthermore, a melting curve analysis, 

pyrosequencing and a RT-PCR assay targeting the LV VP1 region were established for 

characterisation and genotyping of LV positive samples. 

A panel of 22 monoclonal antibodies (mAbs) against LV genotypes 1 and 2 were 

produced by immunization of BALB/c mice with whole virus. Thirteen mAbs were 

class IgG antibodies and nine were class IgM antibodies, all contained kappa light 

chains. All mAbs were reactive by capture enzyme-linked immunosorbent assay and 

indirect immunofluorescent assay. In addition, 5 mAbs showed a positive staining in 

immunohistochemistry. No mAb bound to denatured capsid proteins as detected by 

immunoblotting. In contrast, the target capsid protein(s) of 20 mAbs were identified by 

immunoprecipitation, revealing the conformational nature of epitopes required for 

mAb binding. Furthermore, 7 mAbs were identified that inhibited LV infection to cell 

culture.  
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Assays developed in this thesis should provide usefool tools for the development of 

diagnostic assays and the investigation of LV properties and its pathogenesis. 

Three different strains of laboratory rats were investigated for the presence of LV. LV 

specific RNA was found in brain and heart by RT-PCR. In addition, LV proteins were 

visualised in the pancreas by immunohistochemistry and specific antibodies were 

detected by indirect immunofluorescence test, suggesting that the laboratory rat is one 

of several rodent reservoirs of this new picornavirus. 

Wild rodents from Germany and Thailand were investigated for LV presence by 

RT-PCR. In total, 454 (Germany) and 87 samples (Thailand), respectively, were 

analysed. A total of 44 (9.7 %) (Germany) and 14 (16.1 %) (Thailand) samples were 

positive for LV, belonging to the following species: Germany: Microtus agrestis, 

Microtus arvalis, Myodes glareolus, Apodemus agrarius, Apodemus flavicollis, 

Apodemus sylvaticus, Micromys minutus, Mus musculus, Rattus norvegicus; Thailand: 

Bandicota indica, Bandicota savilei, Mus caroli, Rattus rattus, Tupaia glis. LV 

positive animals were found in the German areas of Baden-Württemberg, Saxony-

Anhalt, Brandenburg, Mecklenburg-Western Pomerania, the city of Cologne, and Thai 

provinces Bangkok, Buri Nam, and Prachuap Khiri Khan. A putative new LV 

genotype was found in a bank vole sample from Germany. 

The data present a so far unknown picture of LV prevalence in wild rodents also in 

Central Europe and Asia. 

In this thesis, organs of laboratory mice infected with LV were investigated for the 

presence of LV genome by real-time RT-PCR through time. The animals had clinical 

signs of encephalitis a few days post infection and developed diabetes later in life. All 

organs were found positive for LV over the whole period of 174 days. This work 

shows that LV causes a systemic persistent infection in laboratory mice that might 

support the onset of diabetes in adult individuals. Bank voles trapped in the wild were 

investigated for the presence of LV by real-time RT-PCR. Several organs were found 

positive with copy numbers close to those found in laboratory mice during persistent 

infection, indicating a systemic persistent LV infection also in wild bank voles. 
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LV production was analysed in two cell lines. Both Vero-B4 and BHK-21 cells were 

susceptible for LV infection. An increase of LV RNA and LV protein was detected in 

both cell lines. In contrast, only Vero-B4 cell supernatant had an increasing titer of LV 

particles, indicating LV infection of BHK-21 cells is restricted. Furthermore, only 

Vero-B4 cells showed a clear cytopathic effect post LV infection that was associated 

with induction of apoptosis. 

Apoptosis might play a role in LV induced onset of encephalitis, myocarditis, and 

diabetes, respectively. 
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Zusammenfassung (German summary) 

Ljunganvirus (LV) gehört zur Familie der Picornaviridae und wurde in verschiedenen 

Wühlmaus- und Mausspezies in Skandinavien, Nordamerika und Italien nach-

gewiesen, was ein breites Wirtsspektrum sowie eine weltweite Verbreitung dieses 

Virus vermuten lässt. LV verursacht ernsthafte Erkrankungen, wie Diabetes und 

Myokarditis, in seinen Nagerreservoiren. LV infizierte Labormäuse entwickeln zudem 

neurologische Symptome und reproduktive Störungen. Diese Erkrankungen könnten 

ebenfalls bei Wildtieren durch LV induziert werden. Der Nachweis von LV im 

Menschen wurde mit Erkrankungen während der Schwangerschaft und von 

Neugeborenen assoziiert. 

In dieser Arbeit wurde eine real-time RT-PCR Methode etabliert, um LV in 

verschiedenem Probenmaterial nachzuweisen und zu quantifizieren. Die Methode 

wurde mittels in vitro transkribierter RNA, RNA aus Zellkulturüberständen und RNA 

aus LV infizierten Labormäusen evaluiert. Die RT-PCR war spezifisch für alle 

bekannten LV-Stämme, nicht jedoch für eng verwandte Picornaviren. Ein linearer 

Nachweisbereich mit hoher Sensitivität (106 - 101 in vitro transkribierte RNA 

Moleküle) konnte gezeigt werden. Für eine weitere Charakterisierung LV positiver 

Proben wurden eine Schmelzpunktanalyse, Pyrosequencing sowie eine RT-PCR 

Methode zum Nachweis der LV VP1-Region etabliert. 

Ein Panel von 22 monoklonalen Antikörpern (mAk) wurde durch Immunisierung von 

BALB/c Mäusen mit Vollvirus produziert. Dreizehn mAk gehörten zur IgG Subklasse 

und neun mAk zur IgM Subklasse. Alle mAk waren positiv in einem capture 

enzyme-linked immunosorbent assay und im Immunfluoreszenztest. Fünf der mAk 

detektierten ebenfalls LV-Antigen in der Immunhistochemie. Keiner der mAk konnte 

denaturierte LV Kapsidproteine nachweisen, wohingegen die Interaktionspartner von 

20 mAk durch Immunpräzipitation identifiziert werden konnten, was darauf schließen 

lässt, dass die mAk an Konformationsepitope der LV Kapsidproteine binden. 

Zusätzlich wurden sieben neutralisierende mAk identifiziert. 
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Die in dieser Arbeit etablierten Methoden bieten die Grundlage für die Entwicklung 

diagnostischer Methoden zum LV Nachweis. Die Erforschung der biochemischen und 

physikalischen Eigenschaften des LV und der LV-Pathogenese sollte mit Hilfe dieser 

Methoden gezielt durchgeführt werden können. 

Drei verschiedene Laborratten-Stämme wurden auf eine LV-Infektion untersucht. LV 

spezifische RNA wurde mittels RT-PCR in Hirnen und Herzen der Tiere 

nachgewiesen. LV-Proteine wurden zudem im Pankreas infizierter Tiere mit Hilfe der 

Immunhistochemie gezeigt und spezifische anti-LV Antikörper wurden durch einen 

Immunfluoreszenztest nachgewiesen. Diese Daten legen nahe, dass Laborratten eines 

von mehreren Nagerreservoiren für LV sind. 

In einem weiteren Projekt wurde die LV-Prävalenz in Wildnagern aus Deutschland 

und Thailand untersucht. Insgesamt wurden 454 Tiere aus Deutschland und 87 Tiere 

aus Thailand mittels RT-PCR getestet. Aus Deutschland waren 44 (9,7 %) Proben und 

aus Thailand 14 (16,1 %) Proben LV positiv. Folgende Spezies wurden LV positiv 

getestet: Deutschland: Microtus agrestis, Microtus arvalis, Myodes glareolus, 

Apodemus agrarius, Apodemus flavicollis, Apodemus sylvaticus, Micromys minutus, 

Mus musculus, Rattus norvegicus; Thailand: Bandicota indica, Bandicota savilei, Mus 

caroli, Rattus rattus, Tupaia glis. LV positive Tiere wurden in folgenden Regionen 

gefunden: Baden-Württemberg, Sachsen-Anhalt, Brandenburg, Mecklenburg-

Vorpommern, Köln (Deutschland), Bangkok, Buri Nam und Prachuap Khiri Khan 

(Thailand). Ein vermutlich neuer LV Genotyp wurde in einer Rötelmausprobe aus 

Deutschland detektiert. 

Diese Daten repräsentieren eine bisher unbekannte Verbreitung von LV auch in 

Zentraleuropa und Asien. 

Organe von LV infizierten Labormäusen wurden im Zeitverlauf mittels real-time 

RT-PCR auf LV-Präsenz untersucht. Die Tiere erkrankten wenige Tage nach der 

Infektion an einer Enzephalitis und entwickelten im späteren Verlauf klinische 

Symptome eines Diabetes. Alle Organe waren über den gesamten Zeitverlauf von 174 

Tagen LV positiv. Es konnte somit gezeigt werden, dass LV eine systemische 
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persistierende Infektion verursacht, die zum Ausbruch von Diabetes in erwachsenen 

Tieren beitragen dürfte. Organe von in der Wildnis gefangenen Rötelmäusen wurden 

ebenfalls getestet. Verschiedene Organe waren LV positiv. Die Anzahl der LV Kopien 

war dabei vergleichbar mit denen aus Labormäusen während der persistierenden 

Infektion, was darauf hinweist, dass LV auch in Wildnagern persistiert. 

Die LV-Produktion wurde in zwei verschiedenen Zellinien untersucht. Sowohl 

Vero-B4 als auch BHK-21 Zellen waren für eine LV-Infektion empfänglich. In beiden 

Zellinien wurde eine Zunahme von LV RNA und LV Protein im Zeitverlauf 

beobachtet. Ein ansteigender Virustiter konnte allerdings nur im Überstand von 

Vero-B4 Zellen detektiert werden. Weiterhin wurde lediglich in Vero-B4 Zellen ein 

virusinduzierter cytopathischer Effekt beobachtet, welcher durch Apoptose 

induzierende Effekte ausgelöst scheint. 

LV induzierte Apoptose könnte eine Rolle in der Entstehung von Enzephalitis, 

Myokarditis und Diabetes spielen.   



 

1 Introduction 

Viruses are small infectious replicating units that can only replicate inside a living host 

cell. Viruses are present in all domains of life (archaea, bacteria, eukarya) with several 

millions of types known. The virus particle constists of a nucleic acid that encodes the 

genetic information, a protein structure for protection of the nucleic acid and in some 

virus families an envelope of lipids. After attachment to a specific receptor and entry 

into the host cell, viruses start their life cycle using the cellular machinery and cell 

metabolism for reproduction. The influence(s) of a virus-induced cytopathology and/or 

immunopathology on the organism can sometimes result in disease. 

Zoonoses are defined as infectious diseases that are transmitted from animals to 

humans and/or humans to animals, respectively. A reservoir host is an animal that 

carries the pathogen and serves as a source of infection. Important viral zoonoses are, 

for instance, tick-borne encephalitis (TBE) (TBE virus is transmitted by ticks) and the 

severe acute respiratory syndrome (SARS) (caused by the SARS coronavirus that 

originates from bats). An example of a zoonotic agent associated with rodents is Hanta 

virus. Hanta virus infections cause severe disease in humans, i.e. hemorrhagic fever 

with renal syndrome and hanta virus pulmonary syndrome. Rodents can carry 

additional viruses, some of them possibly also zoonotic. The understanding of the 

biological characteristics, the ecology and the pathogenesis of such viruses can help 

assess the risk of human infection, and these viruses can also serve as model systems 

to understand human disease. 

This thesis is about Ljungan virus that was isolated from voles close to the Ljungan 

river in Sweden in the late 1990s. 
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1.1 Picornaviridae 

1.1.1 Characteristics and taxonomy 

Members of the picornaviridae family are non-enveloped viruses with a single-strand 

RNA genome in positive orientation. The spherical virus particle has a size of 

27-30 nm in diameter and is composed of the RNA genome and 60 protomers, each 

consisting of four structural proteins that form an icosaedral capsid. The capsid 

proteins VP1, VP2 and VP3 are at the external side of the particle while VP4 is at the 

internal side (Figure 1.1) (Rossmann et al., 1985; Stanway, 1990; Racaniello, 2007). 

   

 

Figure 1.1 Picornavirus virion. The RNA genome is surrounded by a protein shell 
consisting of 60 protomers forming the icosaedral capsid. Each protomer consists of the four 
capsid proteins VP1, VP2, VP3 (all external) and VP4 (internal). Source: http://br.expasy.org 
(modified). 

 

The original classification of Picornaviruses is based on their physical properties and 

serological aspects. During the past years, a re-classification was necessary when more 

genetic information became available together with newly identified picornaviruses. 

Today, the following species definition is used: “A picornavirus species is a polythetic  

class of phylogenetically related serotypes or strains which would normally be 

expected to share (i) a limited range of hosts and cellular receptors, (ii) a significant 

degree of compatibility in proteolytic processing, replication, encapsidation and 



																																																																																																								Introduction	
 

 
16 

 

genetic recombination, and (iii) essentially identical genome maps" (Stanway et al., 

2000; International Committee on Taxonomy of Viruses). 

Currently, picornaviruses are separated into 12 genera including important vertebrate 

and human pathogens (table 1.1, figure 1.2). In addition, a number of unassigned 

picornaviruses and picorna-like viruses are not yet completely characterised (Stanway 

et al., 2005). Many picornavirus-like agents also found in plants and invertebrates 

share similarities with picornaviruses. As a result, they are all classified into the order 

picornavirales (Le Gall et al., 2008).  

 

Table 1.1. Picornavirus genera with representative species and the respective diseases. 
Genus Representative species Disease 
Enterovirus Poliovirus Poliomyelitis 
Cardiovirus Encephalomyocarditis virus Encephalomyocarditis 
Aphtovirus Foot-and-mouth disease virus Foot-and-mouth disease 
Hepatovirus Hepatitis A virus Hepatitis 
Parechovirus Human Parechovirus,  

Ljungan virus 
Respiratory and gastroin-
testinal disease, neonatal 
sepsis, encephalitis, diabetes  

Erbovirus Equine rhinitis B virus Upper respiratory infections 
Kobuvirus Aichi virus Gastroenteritis 
Teschovirus Porcine teschovirus Encephalomyelitis 
Sapelovirus Porcine sapelovirus Reproductive disorders 
Senecavirus Seneca Valley virus Oncolytic virus 
Tremovirus Avian encephalomyelitis virus Encephalomyelitis 
Avihepatovirus Duck hepatitis virus Hepatitis 
 

Picornaviruses are either transmitted by the faecal-oral route or enter the host by 

aerogen or smear infection, respectively. The latter group of viruses is acid-labile and 

can therefore not survive the acidic environment in the gastric area. As a consequence, 

these viruses infect the nasal, mouth and throat area, as for instance Rhinovirus (genus 

enterovirus, the major cause of common cold in humans and responsible for 

exacerbation of asthma) and the Foot-and-mouth disease virus (FMDV) that is an 

important pathogen of cattle, swine, sheep and goat (Bachrach, 1968; Racaniello, 



																																																																																																								Introduction	
 

 
17 

 

2007; Peltola et al., 2008; Gern, 2010). Viruses transmitted by the faecal-oral route are 

acid-stable. That is why they can not be inactivated in the acidic gastric area. These 

viruses often infect the intestinal tract from where they can reach other organs as for 

instance, the central nervous system (CNS) (Racaniello, 2007). 

 

 

Figure 1.2 Phylogenetic tree of representative species of all 12 picornavirus genera. 
Reference 3D RNA-polymerase sequences were obtained from NCBI GenBank. Two insect 
picorna-like viruses were used as outgroup. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of branch 
length = 4.40230389 is shown. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) are shown next to the branches 
(Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree. All positions containing gaps 
and missing data were eliminated from the dataset (Complete deletion option). There were a 
total of 392 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 
(Tamura et al., 2007). 
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1.1.2 Genome structure and viral proteins 

The picornavirus RNA genome is approx. 7000 to 9500 bases in length (Hughes and 

Stanway, 2000) and it is per se infectious due to its positive polarity. A small viral 

protein that is necessary for viral replication (chapter 1.1.3) is covalently linked with 

the 5’-end of the genome (VPg = virus protein genome linked). The first 335 to 1199 

bases of the genome consist of an untranslated region (5’UTR) with many secondary 

structures (Doherty et al., 1999; Racaniello, 2007). The internal ribosomal entry site 

(IRES) is part of the 5’UTR responsible for binding to ribosomes and initiation of viral 

protein translation (chapter 1.1.3). Different types of IRES structures among 

picornaviruses are known. Type I IRES are found in the 5’UTRs of enteroviruses, type 

II IRES in aphthovirus and cardiovirus and type III IRES in hepatitis A virus genome. 

The three IRES types differ in location of the initiation codon, secondary structures 

and the mechanism of binding to the ribosomal subunit 40S (Racaniello, 2007).  

A second untranslated region is located at the 3’-end of the genome (3’UTR). This 

region is 47 to 125 bases in length and is polyadenylated. The poly(A)-tail has 35 to 

100 bases. The 3’UTR also contains secondary structures and possibly serves as 

priming site for the viral replicase complex (Racaniello, 2007; Zoll et al., 2009a). 

A single open reading frame (ORF) coding for all viral proteins is located between 

both UTRs. This ORF is divided into three main parts: P1, P2 and P3. P1 encodes for 

the structural proteins VP4, VP2, VP3 and VP1. In addition, some picornavirus genera 

(Aphthovirus, Cardiovirus, Erbovirus, Kobuvirus, Teschovirus and  Sapelovirus) 

encode for a leader protein that is located at the N-terminus of the polyprotein. Both, 

the P2 and the P3 region encode for non-structural proteins including enzymes 

responsible for virus replication (figure 1.3) (Whitton et al., 2005). 
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Figure 1.3 Schematic of the picornavirus genome, the polyprotein products and their 
main functions. A diagrammatic representation of the picornavirus genome is shown, 
combining features from all of the genera. The 12 mature polypeptides are shown, together 
with the three main cleavage intermediates. The main biological functions are included for 
each polypeptide. IRES, internal ribosome entry site; UTR, untranslated region; VPg, viral 
protein genome-linked. Source: Whitton et al., 2005 

 

The picornavirus genome encodes for up to 12 proteins with different cleavage 

intermediates. The viral RNA is directly translated via binding to ribosomes by IRES. 

The nascent polyprotein is automatically cleaved by viral proteases during translation. 

The main functions and characteristics of picornavirus proteins are described as 

follows: 

Structural proteins 

Picornaviruses have four structural proteins, i.e. VP4, VP2, VP3 and VP1 (figures 1.1 

and 1.3) that constitute the virus capsid. The C-termini of proteins VP2, VP3 and VP1 

form the particle surface and virus serotype is thus determined by these structures and 

connecting loops. These three proteins have all the same topology of an eight-stranded, 

antiparallel β-sheet. The VP4 protein is located within the particle and connected with 

the N-termini of the three other capsid proteins by myristyl groups that are attached to 

the VP4 N-terminus. The precursor protein for VP4 and VP2 is VP0 that is cleaved 
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during virus assembly. The C-terminal part of VP0 has protease activity. A close 

interaction with the virus genome in the immature virus particle is necessary for 

cleavage. A successful cleavage leads to formation of the mature particle. However, in 

the case of the Parechovirus and Avihepatovirus genera and Aichivirus, respectively, 

this precursor is not cleaved. As a result, in these viruses VP0 is part of the virus 

capsid that consequentially consists of only three proteins (Hyypiä et al., 1992; 

Stanway et al., 1994; Yamashita et al., 1998; Kim et al., 2006; Racaniello, 2007). 

2A protein 

Viral 2A protein is a proteinase in enteroviruses and rhinoviruses. In the early stages 

of infection, it cleaves the C-terminus of the protomer from its N-terminus 

cotranslationally (cleavage between P1 and P2) (Ryan and Flint, 1997). The 2A 

protein of enteroviruses also cleaves several cellular proteins. Most important is the 

cleavage of proteins that belong to the eukaryotic initiation factor-4A (eIF4) family. 

The eIF4 complex is involved in the initiation of translation of cellular mRNAs by 

binding to the 5’Cap structure of mRNAs and in mediation of binding to the ribosome. 

The activity of picornavirus 2A inhibits the functionality of eIF4 and leads to virus-

host shutoff because cellular mRNAs can not be translated (Bernstein et al., 1985). 

The protease activity of the 2A protein of aphthoviruses and cardioviruses is different 

from that of enteroviruses and rhinoviruses. The mechanisms of 2A-mediated cleavage 

in these viruses is unclear (Donnelly et al., 1997). The 2A protein of hepatoviruses, 

parechoviruses and kobuviruses does not have proteinase activity (Jia et al., 1993; 

Schultheiss et al., 1995; Yamashita et al., 1998). 2A protein of these viruses contains 

motifs with characteristics of cellular proteins involved in the control of cell growth, 

suggesting an important role in virus life cycle (Hughes and Stanway, 2000).  

2BC precursor 

The 2BC precursor of proteins 2B and 2C remains uncleaved to a high extent and is 

essential in virus replication (Paul et al., 1998b). The functions of 2BC are similar to 

those of 2B. However, the degree of influence is higher when both proteins are present 

rather than one protein alone (Aldabe et al., 1996). 
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2B protein 

The picornavirus 2B protein is little understood and most of the knowledge comes 

from enterovirus research. Based on these data, 2B is probably involved in the 

modification of intracellular membrane structures and functions. It is a hydrophobic 

membrane protein localised at the endoplasmic reticulum (ER) and the Golgi complex 

membranes, respectively (Bienz et al., 1987; Sandoval and Carrasco, 1997; De Jong et 

al., 2003). It has been shown that 2B generates pores in membranes of ER and Golgi 

complex (Agirre et al., 2002; De Jong et al., 2004) and thereby reducing the levels of 

calcium and hydrogen ions, respectively, in the ER and Golgi complex lumens (Van 

Kuppeveld et al., 1997; Campanella et al., 2004; De Jong et al., 2006). The 2B protein 

also inhibits protein trafficking through Golgi complex (Doedens and Kirkegaard, 

1995; De Jong et al., 2006). In contrast, recent studies on 2B proteins of Hepatitis-A 

virus (HAV) (genus hepatovirus), FMDV (genus aphthovirus) and Encephalo-

myocarditis virus (EMCV) (genus cardiovirus) revealed no sequence or structural 

relationship to enterovirus 2B and among themselves. Moreover, 2B of these three 

genera lacks any effect on ER and Golgi complex calcium ion homeostasis and does 

not inhibit protein trafficking through Golgi complex (De Jong et al., 2008). 

2C protein 

The 2C protein is highly conserved among picornaviruses (Gorbalenya et al., 1989) 

and is involved in viral RNA synthesis. 2C has many functions, such as ATPase and 

GTPase activity (Rodriguez and Carrasco, 1993; Mirzayan and Wimmer, 1994), 

membrane-binding and RNA-binding activities (Aldabe and Carrasco, 1995; Echeverri 

and Dasgupta, 1995; Rodriguez and Carrasco, 1995; Kusov et al., 1998). It has further 

been shown that 2C binds to the viral negative-strand RNA and is involved in 

anchoring this RNA in intra-cellular membrane structures (part of the replication 

complex) and in this way aids positive-strand synthesis (Banerjee et al., 1997; 

Banerjee et al., 2001; Banerjee and Dasgupta, 2001). 
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3AB precursor 

The 3AB precursor is multifunctional. The hydrophobic domain in the 3A fraction of 

the protein interacts with membrane vesicles, probably to anchor the replication 

complex to the virus-induced vesicles (Towner et al., 1996; Fujita et al., 2007). 

Recombinant 3AB interacts with poliovirus 3D and 3CD and, when membrane 

associated, stimulates 3CD proteinase activity and possibly serves as anchor for 3D in 

membrane associated replicase complex (Xiang et al., 1995a; Hope et al., 1997). 

Furthermore, 3AB functions as substrate for 3D in VPg uridylylation (Richards et al., 

2006). 

3A protein 

The 3A protein is a small hydrophobic membrane protein that is necessary for viral 

replication (Bernstein et al., 1986; Giachetti et al., 1992; Xiang et al., 1995b; Teterina 

et al., 2003). 3A is also involved in host range and tropism by an unknown mechanism 

(Lama et al., 1998; Beard and Mason, 2000; Nunez et al., 2001; Harris and Racaniello, 

2005). In addition 3A inhibits cellular protein transport from ER to Golgi complex 

(Doedens and Kirkegaard, 1995; Wessels et al., 2005). This inhibition has been 

suggested to be a picornaviral immune evasion strategy (Deitz et al., 2000; Dodd et 

al., 2001; Neznanov et al., 2001). 

3B protein 

3B protein (also VPg) is a small peptide covalently linked to the 5’-end of the 

picornavirus genome. 3B interacts with the viral RNA-dependent RNA polymerase 

(3D) that incorporates uridyl monophosphate into 3B (Paul et al., 1998a). The 

uridylyated 3B serves as primer in both, RNA positive-strand and RNA negative-

strand synthesis (Pettersson et al., 1978). 

3CD precursor 

The 3CD protein is the precursor of picornavirus 3C protease and 3D polymerase. It 

has protease activity but no polymerase activity (Harris et al., 1992). Poliovirus 3CD is 

capable of fully processing P1 into VP0, VP3 and VP1 whereas 3C or 3D alone have 
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minor or no effect, respectively (Jore et al., 1988). Furthermore, poliovirus 3CD 

interacts with both the 5’-end and the 3’-end of the viral RNA, resulting in 

circularisation of the viral genome which initiates poliovirus RNA synthesis (Harris et 

al., 1994). Poliovirus 3CD also interacts with several cellular proteins and the viral 

3AB protein, that, together with binding to stem-loop I of 5’UTR, form important 

complexes in viral replication (Gamarnik and Andino, 2000). 

3C protein 

Picornavirus 3C protein exhibits proteinase activity. Primary cleavage between 2C and 

3A is mediated by 3C. Unlike the other picornavirus proteinases, 3C is also 

responsible for secondary cleavages of the P1 and P2 precursors. Furthermore, 3C 

cleaves a number of cellular proteins, e.g. transcription factor IIIC. As a result, the 

function of cellular RNA polymerase III is inhibited (reviewed by Ryan and Flint, 

1997; Racaniello, 2007).  

3D protein 

The picornavirus 3D protein is the RNA-dependent RNA polymerase (Van Dyke and 

Flanegan, 1980). It is most highly conserved among picornaviridae. 3D also uridylates 

the 3B protein that is then used as primer for viral RNA synthesis (Paul et al., 1998a; 

Paul et al., 2003). Furthermore, 3D interacts with the cellular protein Sam68 that 

mediates alternative splicing of cellular RNA (McBride et al., 1996). As other RNA 

polymerases, 3D has a high error frequency of 10-3 to 10-4, resulting in 1 to 2 

misincorporated nucleotides per genome copy event (Ward et al., 1988). As a 

consequence, picornaviruses undergo rapid mutation and evolution in the host. 

 

1.1.3 Virus entry, replication and viral egress 

After entering the host (chapter 1.1.1), picornaviruses attach to a specific receptor on 

the cell membrane. For some picornaviruses a single receptor is sufficient for cell 

attachment (e.g. poliovirus, CD155), whereas other viruses also require a co-receptor 

(e.g. coxsackievirus A21, CD55 and ICAM-1). Some picornavirus capsids 
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(enteroviruses) have a canyon with a hydrophobic pocket beneath, that often contains a 

lipid. This canyon is the receptor binding site for e.g. poliovirus and major group 

rhinoviruses. However, minor group rhinoviruses also have a canyon but it is not the 

binding site. Rather a structure surrounding the canyon is responsible for attachment to 

the receptor. In contrast, some picornaviruses lack the canyon (e.g. aphthoviruses, 

cardioviruses). Receptor binding with these viruses is mediated through surface loops 

(Racaniello, 2007). 

The site for picornavirus replication is the cell cytoplasm. Once the virus is attached to 

its receptor, RNA must be released into the cell. Two mechanisms for cell entry are 

discussed, first, formation of a pore in the cell membrane through which the viral RNA 

enters the cell and second, entry by endocytosis (Racaniello, 2007). Interaction of 

poliovirus with the receptor leads to conformational changes in the capsid, i.e. the 

externalisation of the lipophilic N-terminus of VP1 (Fricks and Hogle, 1990). Release 

of viral RNA into the cell is thought to happen by inducing the formation of a pore 

through which RNA can enter the cell (Tosteson and Chow, 1997; Belnap et al., 

2000). Virus entry by receptor-mediated endocytosis has been shown for FMDV and 

rhinovirus. Uncoating of the virus particle in the cell cytoplasm may be triggered by 

acidification of the endosome (Carrillo et al., 1984; Mason et al., 1994). 

Once the viral RNA is released into the cell, viral proteins have to be translated. Viral 

IRES binds to the 40S subunit of cellular ribosomes. The picornavirus polyprotein is 

then translated and cleaved by viral proteinases during processing (described in 1.1.2). 

A requirement for viral replication is the formation of a nucleoprotein complex. A 

cloverleaf structure at the 5’UTR of virus RNA interacts with viral 3CD and cellular 

poly r(C)-binding proteins. Viral 3D polymerase is primer dependent. An oligo(U) 

primer linked to viral VPg (3A) is used for initiation of viral negative strand 

generation. The template for VPg uridylylation is a viral RNA hairpin within the 

cis-acting replication element (cre) of the virus genome.  The viral replication takes 

place in replication complexes. The primer associates with the poly-A sequence at the 

3’ part of the virus genome and initiates binding of 3D polymerase that synthesises the 

RNA negative strand. The originated intermediate of positive and negative RNA 
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serves as template for the generation of more positive RNA strands that in turn serve 

as templates for replication and also for viral protein translation. Virus assembly 

occurs by self-assembly of protomers that self-assemble into pentamers, pentamers 

assemble into empty particles. The synthesised viral positive-stranded RNA is inserted 

into the particles and form the provirion. The final step is mediated through cleavage 

of VP0 into VP4 and VP2. Viral egress is effected by changes in cellular membrane 

permeability (Racaniello, 2007). Figure 1.4 shows a summary of the picornavirus life 

cycle. 

 

 

Figure 1.4 Picornavirus life cycle. Positive-sense RNA is shown in purple and 
negative-sense RNA is shown in red. ©: m7G cap, dsRNA: double-stranded RNA, IRES: 
internal ribosome entry site. Source: Whitton et al., 2005 (modified). 
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1.1.4 Viral pathogenesis 

Many factors are involved in determining viral pathogenesis. This includes cell 

tropism, virus cell entry, the ability of infection to cause cytopathology, the host 

response to infection and immunopathology. The nature and severity of virus-caused 

disease depends on additional factors, such as (among others) the site of infection, 

virus ability to enter target tissue, susceptibility of target cells, virus ability to cause 

cell death, host immunity, host genotype and age of host (Flint et al., 2004). 

The first step of the picornavirus life cycle is attachment to a specific receptor that 

facilitates cell entry. It is therefore self-evident that the binding of picornavirus capsid 

proteins to receptors play a major role in virus tropism and pathogenesis. However, 

receptor usage is not the sole determinant of tissue tropism. It has been shown for 

several picornaviruses (e.g. poliovirus, rhinoviruses, and FMDV) that their receptor 

molecules have broader tissue distribution than tissue tropism of the viruses (Evans 

and Almond, 1998). Other factors must be involved reflecting events post virus entry. 

Data from enteroviruses indicate that IRES is another determinant of tissue tropism. 

For instance, the poliovirus Sabin strain, that is used for vaccination, contains 

attenuating mutations in the IRES (Evans et al., 1985) and host range phenotype of 

poliovirus is induced by mutations in the IRES (Shiroki et al., 1997). 

Acute virus infections are characterised by rapid production of infectious particles, 

followed by virus clearance from the host. In contrast, persistent infections are not 

cleared efficiently by the adaptive immune system (Flint et al., 2004). Most 

picornavirus infections used to be considered to be acute cytolytic infections (Whitton 

et al., 2005). However, in recent years it became evident that picornaviruses also 

might persist. Human enteroviruses establish long-term persistence, possibly through 

emergence of new virus variants (Reagan et al., 1984; Colbere-Garapin et al., 1998; 

Tam and Messner, 1999). In addition, Coxsackievirus B (CVB) RNA persists over 

months and years in vivo (Klingel et al., 1992; Adachi et al., 1996; Tam and Messner, 

1999). Furthermore, CVB infection is affected by the cell cycle of infected cells. 

Quiescent cells infected with CVB do not produce infectious virus nor viral proteins, 
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but still contain infectious RNA. Once the cell is stimulated to cell division, e.g. by 

wounding, CVB starts replication. This observation suggests latent CVB infection that 

can be reactivated by an appropriate stimulation (Feuer et al., 2002). The presence of 

persistent CVB infection is discussed to contribute directly or indirectly to disease. As 

an example, CVB gene products are cytopathic in tissue culture (Wessely et al., 

1998a) and restricted replication of CVB genome in the heart can induce dilated 

cardiomyopathy in transgenic mice (Wessely et al., 1998b). It has also been proposed 

that persistent CVB RNA could lead to sporadic production of CVB particles resulting 

in disease (Feuer et al., 2002). 

Apoptosis (also called programmed cell death) is a conglomeration of biochemical 

alterations in the cell. The controlled, regulated cell death is a response to a variety of 

stimuli. Viruses regulate the apoptotic pathway either as a defence or as an offense 

tactic, sometimes one following the other. Viruses may enter the host cell and inhibit 

apoptosis to gain time to proliferate. Conversely, viruses may induce the apoptotic 

pathway to cell death allowing the spread to neighbouring cells (Hay and Kannourakis, 

2002). Data from picornaviruses support this idea. Poliovirus switches from apoptosis 

inhibition to induction of apoptosis in the middle of the life cycle (Agol et al., 2000). 

Picornavirus-caused disease is sometimes associated with apoptosis: poliovirus 

induces apoptosis in the CNS of mice (Girard et al., 1999) and apoptotic cells are 

present in coxsackievirus-infected heart and CNS tissue, respectively (Gebhard et al., 

1998; Feuer et al., 2003). 

 

1.1.5 Parechoviruses 

The genus Parechovirus consists of two species, i.e. Human Parechovirus (HPeV) and 

Ljungan virus (LV). HPeV types 1 and 2 were isolated in 1956 from rectal swabs of 

infants during a summer diarrhoea outbreak in Ohio, USA. By means of cross-

neutralisation tests, these viruses were identified as new ECHO (entero cytopathogenic 

human orphan) viruses and designated as echoviruses 22 and 23, respectively (Wigand 

and Sabin, 1961). After isolation it became evident that compared to enteroviruses 
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these two viruses had different growth properties and cytopathology in cell culture 

(Shaver et al., 1961; Wigand and Sabin, 1961; Jamison, 1974). Sequence analysis 

demonstrated that echovirus 22 is distinct from other picornavirus genera (Hyypiä et 

al., 1992; Stanway et al., 1994) and it was hence classified as prototype member 

HPeV1 into the new genus Parechovirus (Mayo and Pringle, 1998). The sequence of 

echovirus 23 was shown to be closely related to HPeV1. As a consequence, this virus 

was renamed HPeV2 and classified as second Parechovirus member (Stanway et al., 

1994; Ghazi et al., 1998). In recent years, 12 new parechovirus types were identified, 

designated as HPeV types 3-14 (Oberste et al., 1998; Ito et al., 2004; Benschop et al., 

2006; Al-Sunaidi et al., 2007; Watanabe et al., 2007; Baumgarte et al., 2008; Drexler 

et al., 2009; Li et al., 2009). 

HPeV types 1 and 2 primarily cause disease of the respiratory and gastrointestinal 

tract, e.g. bronchiolitis, pneumonitis and enteritis (Berkovich and Pangan, 1968; Abed 

and Boivin, 2006; Baumgarte et al., 2008; van der Sanden et al., 2008; Chen et al., 

2009; Harvala et al., 2009) but also Otitis media (Abed and Boivin, 2006; Tauriainen 

et al., 2008) and in rare cases disease of the CNS (Figueroa et al., 1989; Koskiniemi et 

al., 1989; Legay et al., 2002). In contrast, HPeV3 infections are clearly associated with 

CNS disease and neonatal sepsis (Ito et al., 2004; Boivin et al., 2005; Abed and 

Boivin, 2006; van der Sanden et al., 2008; Verboon-Maciolek et al., 2008a; Verboon-

Maciolek et al., 2008b; Wolthers et al., 2008; Harvala et al., 2009; Levorson et al., 

2009). Rare cases of HPeV3 infections also cause respiratory disease (Chen et al., 

2009). However, the association of HPeV3 with CNS infection and HPeV1 and 2 with 

respiratory and gastrointestinal disease, is significant (van der Sanden et al., 2008). 

Infections of HPeV types other than 1 to 3 were reported in connection with 

bronchopneumonia, TORCH-syndrome, lymphadenitis (type 4) (Wakatsuki et al., 

2008; Chen et al., 2009), gastrointestinal symptoms, fever, arthralgia, rash (type 5) 

(van der Sanden et al., 2008), Reye-syndrome (type 6) (Watanabe et al., 2007), 

enteritis (types 6 and 8) (Baumgarte et al., 2008; Drexler et al., 2009), non-polio acute 

flaccid paralysis (type 7) (Li et al., 2009). 
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Most diseases caused by HPeV infection occur among young children (< 5 years), the 

majority of whom is younger than two years. The seroprevalence to HPeV1 increases 

with age and reaches ≤95 % in adults (Joki-Korpela and Hyypiä, 1998; Tauriainen et 

al., 2007). Children infected with HPeV3 are frequently younger than children infected 

with HPeV1 or 2, respectively (Abed and Boivin, 2006; Benschop et al., 2008; van der 

Sanden et al., 2008; Harvala et al., 2009). Among HPeV infections, HPeV1 and 3 are 

found most frequently. HPeV1 is found to circulate continuously whereas HPeV3 

seems to emerge biannually (Benschop et al., 2008, van der Sanden et al., 2008). An 

epidemiological study on HPeV infections associated with respiratory symptoms 

revealed a more frequent infection of males than females (ratio 2.4:1). The same study 

found a significant number of HPeV and adenovirus (AdV) co-infections, raising the 

question whether HPeV could reactivate AdV (Harvala et al., 2009). 

Parechoviruses have no close relatives among picornaviruses and constitute a 

distinctive genetic lineage (Stanway and Hyypiä, 1999). It has been estimated that 

currently circulating HPeV types shared a common ancestor around 1600 and that 

HPeV types evolved in different genetic lineages since then (Faria et al., 2009). 

Recombination events occur frequently in RNA viruses (Simmonds, 2006). 

Parechoviruses recombine as frequently as other picornaviruses emphasising the 

importance of recombination in the generation of genetic diversity among 

parechoviruses. One exception is HPeV3 that is thought to evolve into a new genetic 

lineage among parechoviruses in the future (Williams et al., 2009; Zoll et al., 2009b; 

Benschop et al., 2010; Calvert et al., 2010). Three main recombination breakpoints in 

parechoviruses were identified, similar to those of other picornaviruses, i.e. between 

5’UTR/VP0, P1/P2 (including 5’ part of 2A), and within P3 upstream 3B (Simmonds 

and Welch, 2006; Zoll et al., 2009b). 

HPeVs have molecular features that are distinct from other picornaviruses (Hyypiä et 

al., 1992; Stanway et al., 1994; Ghazi et al., 1998; Oberste et al., 1998). During capsid 

protein processing no cleavage of the precursor VP0 into VP4 and VP2 occurs 

(Stanway et al., 1994). The major capsid proteins share similarities in primary 

structures with other picornaviruses suggesting a similar architecture with the 
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exception of a 30 aa long N-terminal extension at the VP3 protein (Stanway and 

Hyypiä, 1999). As described in section 1.1.2, unlike most other picornaviruses, HPeV 

2A protein has no proteolytic activity (Schultheiss et al., 1995). Proteolytic processing 

is rather mediated entirely by 3C protein (Stanway and Hyypiä, 1999). The functions 

of HPeV 2A are unclear. However, some data suggest a function in viral replication 

through binding to the viral 3’UTR (Samuilova et al., 2004). The HPeV1 2C was 

shown to have ATP hydrolysis and AMP Kinase enzymatic activities, properties that 

have not been described for other picornaviruses (Samuilova et al., 2006) (compare 

1.1.2). In addition, the HPeV1 replication complex is different from enteroviruses. 

HPeV1 replication takes place in several small discrete foci in the cytoplasm, not in 

accumulations of membrane vesicles (Krogerus et al., 2003). Also different from 

enteroviruses, HPeVs lack host cell protein synthesis shut-off (Coller et al., 1990; 

Stanway et al., 1994). 

Identification of structural and sequence elements of HPeV1 5’UTR showed 

similarities in several functions to 5’UTR of aphtho- and cardioviruses (Nateri et al., 

2000). The C-terminus of HPeV1 VP1 protein contains an arginine-glycine-aspartatic 

acid (RGD) motif (Hyypiä et al., 1992; Stanway et al., 1994). Such motifs are known 

to participate in cell-cell and cell-matrix interactions (Ruoslahti and Pierschbacher, 

1987). Other picornaviruses, such as FMDV and coxsackievirus A9 also contain an 

RGD motif that interacts with cell surface integrins during virus attachment to the cell 

(Fox et al., 1989; Chang et al., 1992). Site-directed mutagenesis studies identified the 

RGD motif essential for HPeV1 cell entry (Boonyakiat et al., 2001). Further studies 

demonstrated that HPeV1 utilises both integrins ανβ1 and ανβ3 as receptors, probably 

with higher affinity to integrin ανβ3 (Triantafilou et al., 2000) and uses the clathrin-

dependent endocytic pathway for entry into the host cell (Joki-Korpela et al., 2001). 

However, recently discovered HPeV types 3, 7, and 8 lack RGD motifs (Ito et al., 

2004; Drexler et al., 2009; Li et al., 2009) and receptor binding of these viruses has 

still to be elucidated.  
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1.1.6 Ljungan virus 

LV is one of two species of the Parechovirus genus within the Picornaviridae family 

(Niklasson et al., 1999; Lindberg and Johansson, 2002). LV was originally isolated 

from bank voles (Myodes glareolus) close to the Ljungan river in Sweden (Niklasson 

et al., 1999) and has later been identified in several other species of voles and 

lemmings, i.e. gray red-backed vole (Myodes rufocanus), field vole (Microtus 

agrestis), Norway lemming (Lemmus lemmus) and wood lemming (Myopus 

schisticolor) (Niklasson et al., 2003a; Niklasson et al., 2006b). Species of voles in 

North America, i.e. Montane vole (Microtus montanus) and southern red-backed vole 

(Myodes gapperi), have also been found to be carriers of LV (Johnson 1965; Whitney 

et al., 1970; Main et al., 1976; Johansson et al., 2003; Tolf et al., 2009a). Recently, 

LV was detected in both, bank voles and yellow-necked mice (Apodemus flavicollis) 

from Northern Italy (Hauffe et al., 2010). These data suggest a wide geographical 

distribution of LV and also a wide host range of this virus among rodents. 

Five LV strains were analysed. The strains 87-012, the prototype strain, 174F and 

145SL were isolated from bank voles in Sweden (Niklasson et al., 1999). The 

genomes of LV 87-012 and LV 174F are closely related and represent the first 

genotype, while LV 145SL is distinct and constitutes the second genotype (Johansson 

et al., 2002). Two further LV strains (M1146 and 64-7855) were isolated from 

American voles (Montane vole and southern red-backed vole, respectively) 

representing the third and the fourth genotype, respectively (Johansson et al., 2003; 

Tolf et al., 2009a) (figure 1.5). 
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Figure 1.5. Phylogenetic relationships of the 64-7855 LV strain with representative 
members of the nine genera of the Picornaviridae and duck hepatitis virus type 1. (a) 
Phylogenetic tree based on 3Dpol protein sequences rooted with two picorna-like insect 
viruses: sacbrood virus and infectious flacherie virus. (b) Midpoint rooted tree based on VP1 
protein sequence of members of the parechovirus. Grey spheres denote the vole species 
(indicated in italics) from which the LV strains were isolated. Numbers at nodes indicate the 
percentage of 500 bootstrap replicates supporting that node. Bootstrap values of 70 % or more 
are indicated. Bars, substitutions per site. Source: Tolf et al., 2009a. 

 

The LV particle is 27 nm in diameter and in electron microscopy, it appears spherical 

with an almost featureless surface (Niklasson et al., 1999). The virion can be 

inactivated by heat, but is resistant to acidic pH, detergents and to oxidising 

environments suggesting a high resistance to chemical and non-physiological 

environments, respectively (Ekström et al., 2007b). 
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The LV genome comprises approx. 7600 nucleotides (nt) and has a GC content of 

42 % to 45 %. The genome encodes a polyprotein of approx. 2250 amino acids (aa). 

The 5’UTR varies in length among LV isolates, i.e. from approx. 580 nt (LV 64-7855) 

to approx. 730 nt (LV 87-012, 174F and 145SL) but has been analysed to have a type 

II IRES structure as shown for aphtho- and cardioviruses respectively. LV 3’UTR is 

approx. 110 nt in length and is predicted to fold into two hairpins (Johansson et al., 

2002; Johansson et al., 2003; Ekström et al., 2007a; Tolf et al., 2009a). Like for 

HPeVs, it has been proposed that the LV capsid consists of  only three structural 

proteins (VP0, VP1 and VP3) (Johansson et al., 2002). These data were confirmed by 

experimental analyses of the LV capsid (Johansson et al., 2004) and the generation of 

polyclonal antibodies directed against each of the three capsid proteins (Tolf et al., 

2008). Unlike HPeVs, the LV polyprotein possesses two 2A proteins (2A1 and 2A2), 

an uncommon feature among picornaviruses. The N-terminal 2A1 protein belongs to 

the NPGP 2A protein family that also appears in cardio-, erbo-, tescho-, and 

aphthoviruses. The C-terminal 2A2 protein is related to the H-NC 2A protein family 

that is encoded by kobu-, parecho-, and tremoviruses. The cluster of two unrelated 2A 

proteins suggests an unique regulation of the LV life cycle (Johansson et al., 2002). 

Wildtype LV replicates poorly in cell culture with only minor cytopathic effect (CPE) 

(Niklasson et al., 1999). However, LV could be adapted to growth in green monkey 

kidney (GMK) cells showing CPE three to four days post infection (dpi). Analysis of 

the genome of adapted LV showed mutations over the whole genome in both, 

structural and non-structural proteins (Johansson et al., 2004). Analysis of LV 

replication in GMK cells using an infectious cDNA clone suggested a different 

regulatory mechanism for synthesis of positive and negative RNA, respectively. 

Similar to HPeV infection, LV infection does not result in cellular mRNA host shut-

off. It was further shown that LV spreads by both, virus release into the cell culture 

supernatant and by cell-to-cell transmission (Ekström et al., 2007a). 

Wild  bank voles develop clinical signs of myocarditis and type-1 diabetes (T1D), the 

latter characterised by high blood glucose levels, diabetic auto antibodies and a full 

destruction of pancreas beta cells. An addition, antibodies to LV were detected in sera 
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of diabetic voles and LV antigen was visualised by immunohistochemistry (IHC) in 

islet cells of these animals (Niklasson et al., 2003a; 2003b). It has also been 

demonstrated that bank voles develop characteristics of both type 1 and type 2 diabetes 

(Blixt et al., 2007). A high proportion of wild caught bank voles and their laboratory 

offspring develop polydipsia, polyuria and glucosuria after a few months in captivity 

(Schoenecker et al., 2000). The number of animals developing symptoms of diabetes 

in captivity is increased through exposure to stress (Freimanis et al., 2003). These 

observations led to the hypothesis that the outcome of diabetes in wild bank voles is 

determined by natural stress, i.e. a higher stress level in cyclic versus noncyclic 

populations (Niklasson et al., 2003b). Vole populations in Northern Scandinavian 

latitudes have a cyclic fluctuation, reaching a peak of abundance every three to four 

years (Hansson and Henttonen, 1985; Hörnfeldt et al., 1986; Hörnfeldt, 1994; 

Stenseth, 1999; Hörnfeldt, 2004). The reason(s) for these fluctuations remain unclear 

(Stenseth, 1999). However, predation might be one explanation (Hanski and 

Henttonen, 1996; Hanski et al., 2001; Gilg et al., 2003). But also the possible role of 

disease has been discussed (Cavanagh et al., 2004). It has been suggested that LV can 

cause or contribute to predispose voles to other direct factors, such as predation, 

resulting in a rapid population decline (Niklasson et al., 2006b). 

Immune competent CD-1 laboratory mice have been used to study LV infection under 

controlled conditions in the laboratory (Niklasson et al., 2006a). These animals 

(mostly males) develop clinical signs of encephalitis a few dpi. Most individuals 

recover from this acute disease, but develop type 2 diabetes later in life. Behavioural 

stress of adult mice infected in utero has been shown to be essential for the onset of 

diabetes (Niklasson et al., 2006a). In addition, LV infection in utero combined with 

stress leads to intra uterine fetal death (IUFD), fetal malformation and delayed 

pregnancy in LV infected CD-1 laboratory mice (Samsioe et al., 2006), and fetal 

deaths persist through recurrent pregnancies in mice, suggesting that LV persists a 

long time post initial infection (Samsioe et al., 2008). 

A temporal correlation of bank vole population density with incidence of death from 

myocarditis, incidence of Guillain-Barré Syndrome and insulin-dependent diabetes 
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mellitus incidence (Niklasson et al., 1998) led to an outbreak investigation linked to 

cases of lethal myocarditis (Wesslen et al., 1992; Niklasson et al., 1999). Antibodies to 

LV were detected in sera of myocarditis patients (Niklasson et al., 1999) and also in 

sera of children with recent onset of type 1 diabetes (Niklasson et al., 2003a). In 

addition, LV was linked to human cases of IUFD, sudden infant death syndrome and 

central nervous system malformations in termed pregnancy (Niklasson et al., 2007a; 

2009a; 2009b; Samsioe et al., 2009). 

 

1.2 Aim of this thesis 

The aim of this thesis is three-fold:  

(i) to establish assays available for LV detection and characterisation, such as the 

development of RT-PCR assays and of monoclonal antibodies specific to LV, 

(ii) to extend the information about LV hosts and genetic diversity of LV, and 

(iii) to obtain first insights in LV pathogenesis, i.e. mechanisms of persistence and 

apoptosis. 



 

2 Material and Methods 
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2.1 Viruses, cells, animals and chemicals 

LV strains were kindly provided by Prof. Bo Niklasson, Stockholm, Sweden. All LV 

strains were isolated using BHK-21 cells. Cell culture supernatants were inoculated to 

1-day-old suckling mice and virus was passaged in suckling mouse brains (SMB) as 

described by Niklasson et al. (1999). Ten percent SMB in PBS were inoculated to 

Vero-B4 cells. The cells were passaged blindly until signs of CPE occurred. The 

supernatants were harvested and used for further propagation in Vero-B4 cells. 

Further viruses were provided as either supernatant from infected A549 cells (HPeV) 

or supernatant from infected Vero cells (TMEV and EMCV) (table 2.1). 

 

Table 2.1 Viruses 

Designation Strain Accession no. Source 
Ljungan virus 87-012 AF327920 Prof. B. Niklassona

 174F AF327921 Prof. B. Niklasson 
 145SL AF327922 Prof. B. Niklasson 
 M1146 AF538689 Prof. B. Niklasson 
 64-7855 EU854568 Prof. B. Niklasson 
Human Parechovirus type 1 Harris L02971 ATCC 
Human Parechovirus type 2 Williamson AJ005695 Prof. E. Schreierb 
TMEV BeAn 8386 M16020 ATCC 
 GD 7 M20562 ATCC 
EMCV M L22089 Prof. B. Niklasson 
 76/5167 n.a. Prof. B. Niklasson 
 ATCC VR-129B AJ617356 ATCC 
a Apodemus AB, Stockholm, Sweden, b Robert Koch-Institute, Berlin, Germany 
Abbreviations: TMEV: Theiler’s Murine Encephalomyelitis virus,  
EMCV:  Encephalomyocarditis virus, n.a.: not available 

 

Cells were obtained from the Robert Koch-Institute (RKI) reference stock collection or 

the European collection of cell cultures and cultured as described in 2.2. 
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Table 2.2 Cell lines    

Designation Tissue Organism Source 
BHK-21 Kidney Hamster RKIa 
Vero-B4 Kidney Green monkey RKI 
Sp2/0-Ag 14 Myeloma Mouse ECACCb No. 85072401
a Robert Koch-Institute 
b European collection of cell cultures 

 

Laboratory animals were used for in vivo infection studies (CD-1 mice), generation of 

mAbs (BALB/C mice) and prevalence analyses among laboratory rat strains. The 

animal facilities were located at the Karolinska Institute, Stockholm, Sweden and the 

Robert Koch-Institute, Berlin, Germany. All animal experiments complied with 

Swedish and German law, respectively, and were approved of by the institutes’ ethical 

committees. 

 

Table 2.3 Laboratory animals  

Species Strain 
Mouse CD-1 (Outbred) 
 BALB/C 
Rat BioBreeding (BB) 
 Wistar Albino Glaxo (WAG) 
 Sprague Dawley® (SD) 
 Lewis 
All laboratory animals were purchased from Charles River Laboratories, Sulzfeld, Germany.  

 

All chemicals used in this thesis were purchased at either Roth, Karlsruhe, Germany or 

Sigma-Aldrich, St. Louis, MO unless otherwise noted. 

 

2.2 Cell culture 

Both, BHK-21 and Vero-B4 cells were grown and maintained in Dulbecco’s Modified 

Eagles Medium (DMEM) (Gibco, Karlsruhe, Germany) supplemented with 10 % fetal 

calf serum (FCS), 1 % L-glutamine (L-Gln) and 25 units of penicillin (P) as well as 
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25 units of streptomycin (S) (all PAA Laboratories, Linz, Austria) in a humid 37 °C 

incubator with 5 % CO2. 

For cell passaging, DMEM was removed and the cell monolayer was washed once 

with versen solution (table 2.4) and the cells were subsequently treated with trypsin 

(PAA Laboratories). After incubation at 37 °C for 10 min, the cells were resuspended 

in DMEM and cell suspension was split 1:10. For infection experiments the cells were 

counted using a Neubauer chamber (Roth) and cells were seeded at a density of 5 x 105 

per ml to reach 80 % confluency on the following day. 

 

Table 2.4 Chemical composition of versen solution 

Versen solution 8 g/l sodium chloride 
 0.4 g/l potassium chloride 
 0.06 g/l sodium hydrogenphosphate 
 0.06 g/l potassium hydrogenphosphate 
 1 g/l glucose 
 0.37 g/l sodium hydrogencarbonate 
 adjust to pH 7.0 
 add 0.2 % EDTA 
 

When cells had been frozen for long-time storage, the cells were washed with versen 

solution and treated with trypsin as described above. The cells were pelleted by 

centrifugation at 800 x g for 5 min. The cell pellet was resuspended in 90 % FCS and 

10 % DMSO and the cells were stored at -80 °C for one week and were then 

transferred to liquid nitrogen. 

The cells were tested for mycoplasma contamination at regular intervals using a PCR 

assay as described by van Kuppeveld et al. (1993). 
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2.3 Virus infection 

2.3.1 Cell culture 

For cell culture infection, the cells were counted using a Neubauer chamber and the 

appropriate volume of virus supernatant was determined (according to the desired 

MOI). The medium of 80 % confluent cell monolayers was removed and the cells 

were overlaid with virus supernatant (diluted in DMEM without supplements). Virus 

was allowed to adsorb at 37 °C and 5 % CO2 for 1 h. After virus adsorption the 

supernatant was removed and cells were washed twice with PBS and incubated with 

DMEM at 37 °C and 5 % CO2 for the indicated time periods. 

  

2.3.2 Laboratory mice 

For in vivo infection studies, one-day-old Outbred CD-1® laboratory mice were 

infected with LV 145SL diluted in PBS. Approx. 1000 cell culture infectious dose 50 

(CCID50) was administered to each animal intraperitoneally (i.p.). For negative 

controls the same volume of PBS and inactivated LV 145SL, respectively, were used. 

LV was inactivated by gamma-irradiation at a dosis of 25 kGray. 

 

2.4 Virus titration 

Virus titres of LV-containing cell culture supernatants and of organs from LV-infected 

laboratory mice were determined by CCID50 calculation. For the latter, approx. 

5-10 mg of organ were homogenised in 100 µl PBS either with a FastPrep system or 

by using a pipette. Vero-B4 cells were seeded in 96-well plates and Log-10 dilutions 

of LV supernatants and homogenised organs, respectively, were added. The cells were 

observed for CPE for 14 dpi. The CCID50 was calculated by means of octuple samples 

by the Spearman-Kärber method (Finney, 1978). 
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2.5 Study design and sampling of rodent material 

LV infection study in CD-1® laboratory mice. 

One-day-old CD-1® laboratory mice were infected with 1000 CCID50 of LV 145SL as 

described in 2.3.2. LV-infected animals were kept at the Astrid Fagraeus laboratory, 

Swedish Institute for Infectious Disease Control, Stockholm, Sweden. From day 25 on, 

the animals were exposed to stress by keeping three to five male mice in one 

individual cage (behavioural stress). Mice were sacrificed on days 13, 17, 27, 56, 98, 

130 and 174 pi, respectively, and brain, heart, pancreas, lung, kidney, liver, spleen and 

large intestine were removed. Samples from thymus (13, 17, 27 and 56 dpi) and 

bladder (98 and 130 dpi) were collected when possible. Control animals were injected 

with the same volume of normal saline at the same time (six mice sacrificed on day 13 

pi and six mice sacrificed on day 174 pi, respectively). All organs were placed in RNA 

later buffer (Ambion, Cambridgeshire, UK) immediately after sampling and stored at 

4 °C for 2-3 days. The tissues in RNA later were shipped over-night at room 

temperature to the RKI for RNA extraction (2.8.2) and subsequent RT-PCR analysis 

(2.15.1). 

To gain more information about the acute phase of LV infection in laboratory mice, a 

follow-up study was performed. Mice were infected as described above and were 

sacrificed on days 1, 2, 3, 5, 7 and 10 pi, respectively. Brain, heart, pancreas, lung, 

kidney, liver, spleen, large intestine and bladder (when possible) were taken and stored 

at -80 °C until analysis. Organs were used for virus titration (2.4) and for RNA 

extraction (2.8.2) and subsequent RT-PCR analysis (2.15.1). 

Sampling of Laboratory rat organs. 

Brain, heart and pancreas from 8 SD, 8 WAG and 8 Lewis rats were taken and stored 

at -70 °C until RNA extraction (2.8.2). A piece of pancreas tissue from each animal 

was fixed in formalin and analysed for LV protein by IHC (2.22). In addition, approx. 

2 ml blood were collected from each animal, buffy coat (2.7) and plasma were 

separated and used for RNA extraction (2.8.1) and IIFT (2.21), respectively. 
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Sampling of wild rodent organs. 

Wild bank voles from Sweden were trapped in the region of Umeå in 2004 and stored 

at -70 °C. Thirteen animals were blindly chosen from the sample bank, and brain, 

heart, pancreas, lung, liver and kidney were taken and immediately placed in RNA 

later buffer. This work was done in collaboration with Prof. Birger Hörnfeldt, 

Department of Ecology and Environmental Science, Umeå University, Umeå, Sweden. 

Wild rodent brain samples from Germany were investigated for presence of LV in 

collaboration with Dr. Rainer Ulrich, Friedrich Löffler-Institute, Riems, Germany and 

the network of “rodent carrying pathogens” (Ulrich et al., 2009). Rodents were trapped 

using snap traps at 28 different locations in Germany as described by Ulrich et al. 

(2008). In total, brains from 454 animals consisting of 15 different species were sent to 

RKI for RNA extraction (2.8.2) and subsequent RT-PCR analysis (2.15.1). LV-

positive samples were further subjected to VP1 RT-PCR (2.15.3) for phylogenetic 

analysis. 

 

2.6 Generation of monoclonal antibodies against LV 

Immunisation of laboratory mice and generation of monoclonal antibodies (mAbs) 

were performed by Apodemus AB, Stockholm, Sweden. 

 

2.6.1 Immunisation of mice 

Female BALB/C mice (Charles River laboratories, Sulzfeld, Germany) were used for 

immunisation and preparation of immune lymphocytes for hybridoma fusion. 

Approximately 108 CCID50 of LV strain 145SL passaged 6 times in SMB was given 

to each mouse i.p. (Niklasson et al., 1999). Mice were immunised 4 weeks later with 

108 CCID50 of LV strain 145SL passaged 6 times in SMB mixed with an equal 

amount of Freund complete adjuvans subcutaneously. A booster immunization of 109 

CCID50 of LV strain 87-012 passaged 4 times in SMB mixed with equal amount of 
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Freund incomplete adjuvans subcutaneously were given 2-4 months following the first 

infection and always one week prior to the hybridoma fusion. 

 

2.6.2 Generation of mAbs 

The Sp2/0-Ag 14 mouse myeloma cell line was thawed one week prior to hybridoma 

fusion, grown and maintained in DMEM supplemented with 10 % FCS, 1 % L-Gln, 

0.1 % gentamycine and 1 % non essential amino acids (NEAA) at 37 °C with 5 % 

CO2.  Mice were euthanized by CO2 overdose and cervical dislocation. The spleens 

were removed aseptically and splenocytes were collected in DMEM by 

homogenisation of the spleen using a sterile syringe with a gauge sterile needle. 

Hybridoma fusion was basically performed as described by Kohler and Milstein 

(1975). Briefly, splenocytes were fused with log-growth Sp2/0-Ag 14 cells at a ratio of 

2:1. The cell mixture was washed once with DMEM, and 1 ml of polyethylene glycole 

4000 (50 % solution in Dulbecco’s phosphate buffered saline) (Gibco, Carlsbad, CA) 

was added dropwise to the myeloma-splenocytes pellet over 90 sec at 37 °C with 

gentle tapping of the tube. Ten ml DMEM were added dropwise over 1 min and the 

cells were resuspended in additional 35 ml DMEM. After 10 min incubation at room 

temperature and centrifugation at 800 x g for 5 min the cell pellet was resuspended in 

40 ml hypoxanthine aminopterin thymidine medium containing 20 % FCS, 1 % 

NEAA, 2 % L-Gln, 0.1 % gentamycin and 1x OPI media supplement (Sigma). The 

cells were plated into 96-well cell culture plates (Sarstedt, Landskrona, Sweden) and 

the plates were incubated at 37 °C with 7.5 % CO2 in a humidified chamber. After 3-4 

days supernatants were screened by capture ELISA as described in 2.23.1 and positive 

single colonies were picked from the plates, placed in 96-well plates containing 

thymus-conditioned medium (DMEM containing 30 % FCS, 1 % 2-mercaptoethanol, 

1 % NEAA, 2 % L-Gln, 0.1 % gentamycin) and incubated as described above. 

All mAbs were isotyped using a mouse monoclonal antibody isotyping test kit 

(Serotec, Kidlington, UK). 
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2.7 Separation of buffy coat from whole blood 

After centrifugation of whole blood three layers are formed. The erythrocytes-

containing red bottom layer and the plasma-containing yellow top layer are separated 

by a third layer consisting of leukocytes and thrombocytes, the buffy coat. Buffy coat 

was used for RNA extraction (2.8.1) and subsequent RT-PCR analysis (2.15.1). 

Whole blood was centrifuged at 800 x g for 10 min. The plasma was taken and stored 

at -20 °C. The grey buffy coat layer was collected and mixed with 10 ml of red cell 

lysis buffer (10 mM Tris pH 7.6,  10 mM magnesium chloride, 5 mM sodium chloride) 

to remove remaining erythrocytes. After incubation at 4 °C for 5 min the cells were 

pelleted by centrifugation at 800 x g for 10 min. The cell pellet was resuspended in 

500 µl PBS* (PBS*: without sodium bicarbonate, calcium and magnesium ions) and 

pelleted again by centrifugation at 800 x g for 5 min. After another resuspension in 

500 µl PBS* and centrifugation as described above, the cells were lysed in 350 µl RLT 

buffer (Qiagen, Hilden, Germany) and stored at -20 °C until RNA extraction. 

 

2.8 Nucleic acid extraction 

2.8.1 RNA extraction from cells and viral RNA extraction from fluids 

RNA from cultured cells and white blood cells was extracted by use of an RNeasy 

Mini Kit (Qiagen) and viral RNA from cell culture supernatants, serum and plasma 

samples, respectively, was isolated with a QIAamp Viral RNA Mini Kit (Qiagen), 

both as recommended by the manufacturer. 

 

2.8.2 Extraction of total RNA from tissues 

Total RNA from tissue was extracted as described by Chomczynski and Sacchi (1987). 

Approx. 20-50 mg tissue were homogenised in 500 µl denaturation solution (4 M 

GTC, 25 mM sodium citrate pH 7.0, 0.5% N-Lauryl sarcosine) using a FastPrep FP 

120 system (Eubio, Vienna, Austria). After adding 0.1 volumes 2 M sodium acetate, 1 
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volume phenol and 0.2 volumes chloroform / isoamyl alcohol, the samples were mixed 

and then incubated on ice for 15 min. After a centrifugation for 15 min at 115000 x g 

and 4 °C, the aqueous RNA-containing supernatant was transferred into a fresh tube 

and 1 volume isopropanol was added. The samples were incubated on ice for 30 min 

and were then centrifuged for 20 min at 4 °C and full speed. The supernatant was 

discarded and the pellet was washed twice with 70 % ethanol. The air-dried RNA 

pellet was dissolved in 100 µl molecular grade water, RNA concentration was 

determined photometrically (2.12) and the samples were stored at -70 °C until use.  

 

2.8.3 DNA extraction from mouse liver 

DNA extraction from mouse liver was performed as described by Lambert et al. 

(2000). Approx. 1 mg of tissue was homogenised in 100 µl of TKM buffer (10 mM 

Tris pH 7.6, 10 mM KCl, 2 mM EDTA, 4 mM MgCl2) with a pipette using a filter-tip, 

and 400 µl TKM buffer and 37.5 µl 10 % SDS were subsequently added. The tube was 

then vortexed and incubated at 55 °C for 5 min. The denatured proteins were 

precipitated by adding 200 µl of 6 M NaCl. After vortexing and centrifugation for 

5 min at 12000 x g, a 500 µl aliquot was transferred into a fresh tube and 900 µl of 

100 % ethanol were added to precipitate the DNA. The DNA was pelleted by 

centrifugation for 10 min at full speed. The pellet was washed once with 70 % ethanol. 

The air-dried DNA pellet was dissolved in 100 µl molecular grade water and the 

samples were stored at -20 °C until PCR analysis. 

 

2.8.4 DNA extraction from agarose gel 

DNA from agarose gel slices was extracted by use of a QIAquick Gel Extraction Kit 

(Qiagen) according to the manufacturer’s instructions. 
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2.8.5 Extraction of low-molecular-weight DNA 

DNA fragmentation is a hallmark of apoptosis and was analysed by isolating low-

molecular-weight DNA using the SDS-high-salt method as described by Zhirnov et 

al., 2002. Cultured cells (approx. 106) were scraped off the surface of the cell culture 

flask using a cell scraper and cells were separated by centrifugation for 15 min at 

1500 x g. The cell pellet was resuspended in 80 µl PBS, and 300 µl TES-buffer 

(10 mM Tris-HCl pH 7.6, 10 mM EDTA, 0.6 % SDS) were added. The samples were 

gently mixed and 500 µl of 5 M NaCl were added. The mixtures were gently mixed 

and incubated overnight at 4 °C. The samples were centrifuged for 20 min at 

15000 x g and 4 °C. The low-molecular-weight-containing supernatants were treated 

with RNase A (final concentration 1 mg/ml) for 20 min at 37 °C and subsequently 

with Proteinase K (final concentration 0.2 mg/ml) for 20 min at 37 °C. Two volumes 

of 100 % ethanol were added and the samples were incubated overnight at -20 °C. The 

precipitated low-molecular-weight DNA was pelleted by centrifugation for 20 min at 

15000 x g and 4 °C. The air-dried pellets were dissolved in 20 µl molecular-grade 

water and DNA fragmentation was analysed by agarose gel electrophoresis (2.16). 

 

2.9 Molecular cloning and bacterial transformation 

Purified PCR amplicons were cloned into the TA-based pDrive cloning vector using a 

Qiagen PCR Cloning Kit (Qiagen). The ligation-reaction mixture contained 0.5 µl 

pDrive Cloning Vector, 2 µl PCR product and 2.5 µl Ligation Master Mix. The 

reaction was performed in a thermo cycler using a touch-up protocol. The mixtures 

were incubated at 4 °C and temperature was increased stepwise by 1 °C until 25 °C 

were reached. Duration time for each temperature step was 5 min. 

One Shot® TOP10 Chemically Competent E. coli cells (Invitrogen, Karlsruhe, 

Germany) were thawed on ice and 2.5 µl of the ligation mixture were added. The 

reaction was gently mixed and incubated on ice for 30 min. The cells were heat-

shocked for 30 sec at 42 °C and immediately placed on ice. After incubation on ice for 

2 min, 250 µl of SOC medium (Invitrogen) were added. The vials were shaken 
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horizontally at 37 °C for 1 h at 200 rpm. Transformed cultures were plated on LB 

(lysogeny broth) plates (table 2.5) containing 100 µg/ml ampicillin (+ amp), 40 µg/ml 

X-gal (bromo-chloro-indolyl-galactopyranoside) and 0.2 mM IPTG (isopropyl 

β-D-1 thiogalactopyranoside) and the plates were incubated overnight at 37 °C. 

Colonies containing a plasmid with insert were identified by blue-white-screening and 

were further subjected to a colony-screen PCR to determine the correct insert size and 

the direction of the insert (2.15.6). 

 

Table 2.5 Chemical composition of LB medium 

LB medium 10 g/l Bacto-Tryptone 
   5 g/l Bacto-Yeast extract 
 10 g/l sodium chloride  
 adjust to pH 7.0 with 10 M sodium hydroxide 
For production of LB agar plates 15 g/l Bacto-Agar were added. 
Abbreviation: LB: lysogeny broth 

 

 

2.10 Production of chemically competent E. coli cells 

One single colony of One Shot® Top10 E. coli was inoculated in 5 ml LB medium + 

amp and grown overnight at 37 °C. Two ml of the overnight culture were inoculated in 

250 ml LB medium + amp and grown until an optical density of 0.4-0.6 was reached. 

Cells were harvested by centrifugation at 2500 x g and 4 °C for 5 min. The cell pellet 

was resuspended in 40 ml ice-cold TFB1 buffer (table 2.6) and was incubated on ice 

for 10 min. After centrifugation as described above, the cell pellet was resuspended in 

8 ml TFB2 buffer (table 2.6) and the solution was aliquoted at 80 µl each. Aliquots 

were immediately transferred to liquid nitrogen and stored at -70 °C until use. 
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Table 2.6 Chemical composition of buffers used for production of chemically competent 
E. coli 

TFB1 30 mM potassium acetate 
 50 mM manganese chloride 
 100 mM rubidium chloride 
 10 mM calcium chloride 
 15 % glycerin 
 adjust to pH 5.8 with acetic acid 
  
TFB2 10 mM MOPS 
 75 mM calcium chloride 
 10 mM rubidium chloride 
 15 % glycerin 
 Adjust to pH 7.0 with potassium hydroxide 
Buffers were sterile filtrated before use. 

 

2.11 Plasmid preparation 

E. coli clones that were identified as positive by colony-screen PCR (2.15.6) were 

inoculated in 3 ml LB medium + amp and were incubated overnight at 37 °C and 

rotation at 200 rpm. Plasmid preparation was performed using an Invisorb® Spin 

Plasmid Mini Kit (Invitek, Berlin, Germany) according to the manufacturer’s 

instructions. The plasmid concentration was determined photometrically (2.12) and 

correct cloning was confirmed by sequence analysis (2.17). 

 

2.12 Photometrical determination of nucleic acid yield and purity 

Extracted nucleic acids were analysed for their yield and purity with a Biophotometer 

(Eppendorf, Hamburg, Germany). A minimum of 50 µl solution was applied to a 

disposable plastic cuvette with a diameter of 1 cm (Eppendorf). As reference the 

corresponding solving liquid was used. Nucleic acids were quantitated at a wave 

length of 260 nm. A DNA solution in a 1 cm cuvette with an optical density has a 

concentration of 50 µg/ml (or 40 µg/ml in case of RNA). A wave length of 320 nm 

was also applied for background correction. Concentration was determined as 
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absorption (260 nm) - absorption (320 nm) x factor (50 µg/ml [DNA], 40 µg/ml 

[RNA] with a pathlength of 1 cm). 

 

2.13 In vitro transcription 

In vitro transcribed RNA was produced to create RT-PCR standards and to evaluate a 

quantitative real-time RT-PCR specific for the detection of LV RNA (2.15.1). 

Viral RNA was reverse transcribed (2.14) and a 187-bp fragment from the LV 5’NTR 

was amplified by PCR (2.15.1). The PCR amplicon was gel purified (2.8.4) and cloned 

into the T7-promotor-sequence containing pDrive cloning vector (2.9). Successful 

cloning was confirmed by colony-screen PCR, and the direction of the PCR product 

was determined by sequencing (2.17). The plasmid was isolated (2.11) and 

concentration was determined photometrically (2.12). The isolated plasmid was 

linearised by incubation with the restriction enzyme SalI (Fermentas, St. Leon-Roth, 

Germany). For this purpose approx. 3 µg plasmid were digested with 3 U SalI at 37 °C 

overnight and digestion enzyme was inactivated at 65 °C for 20 min. Prior to 

restriction enzyme digestion, the insert-containing plasmid was scanned for possible 

further restriction sites of SalI to ensure a single digestion behind the insert. No further 

restriction sites were found. Plasmid DNA was in vitro transcribed using the 

Riboprobe® System-T7 (Promega, Madison, WI). A 20 µl reaction was applied 

containing 100 ng plasmid DNA, 4 µl 5x transcription buffer, 200 nmol dithiothreitol 

(DTT), 20 U RNaseOUTTM RNase inhibitor, 10 nmol dNUTPs (with dUTP instead of 

dTTP) and 20 U T7-polymerase. The reaction was allowed to proceed at 37 °C for 1 h. 

To remove remaining plasmid DNA, the reaction mixture was incubated twice with 

6 U TurboTM DNase (Ambion) at 37 °C for 2 h. In vitro transcribed RNA was purified 

by phenol-chloroform extraction, amount of RNA was determined and samples were 

stored in aliquots at -80 °C. 

 

 



																																																																																						Material	and	Methods	
 

 
50 

 

2.14 Reverse transcription reaction 

RNA was reverse transcribed to obtain stable complementary DNA (cDNA) by use of 

a reverse transcriptase. The cDNA served as template in subsequent PCR assays using 

a DNA-dependent DNA polymerase. Reverse transcription (RT) was performed by use 

of gene-specific primers. 

RNA samples were denatured prior to RT-reaction to reduce secondary RNA 

structures. Therefore, 5 µl RNA were mixed with 5 nmol dNTPs (Fermentas) and 

5 pmol reverse primer (20 pmol for primer LjR1). For detection of LV negative-strand 

RNA by 5’NTR-RT-PCR assay 5 pmol forward primer were used instead. The 

mixtures were incubated at 80 °C for 2 min, 75 °C for 2 min, 70 °C for 2 min and 

65 °C for 6 min and immediately put on ice. 

RT reaction using MMLV (Moloney murine leukemia virus) reverse transcriptase. 

The RNA-dNTPs-primer mix was added to a reaction containing 2 µl of 5 x RT 

reaction buffer, 50 nmol DTT, 10 U RNaseOUTTM RNase inhibitor and 50 U MMLV 

(all Invitrogen). RT reaction was performed at the respective primer annealing 

temperature for 5 min, 37 °C for 50 min and 70 °C for 15 min. The cDNA samples 

were stored at 4 °C until PCR analysis. 

RT reaction using Superscript® III reverse transcriptase 

Superscript® III reverse transcriptase works with full activity at 50 °C. The higher 

working temperature of this enzyme leads to an increased specificity with gene-

specific primers compared to MMLV reverse transcriptase. 

RNA, dNTPs and primer were incubated as described above and a reaction mix 

consisting of 4 µl 5x RT reaction buffer, 100 nmol magnesium chloride, 200 nmol 

DTT, 10 U RNaseOUTTM RNase inhibitor and 200 U Superscript® III reverse 

transcriptase (all Invitrogen) was added to a final volume of 20 µl. Reaction proceeded 

at 50 °C for 50 min and 85 °C for 5 min. 
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2.15 Polymerase chain reaction 

2.15.1 Ljungan virus-specific real-time TaqMan® PCR assay 

An LV-specific real-time RT-PCR assay targeting the 5’UTR of the LV genome and 

using the TaqMan® format was performed to quantitate the amount of LV RNA. The 

RT-PCR was performed either as one-step assay or as two-step assay. The two-step 

assay was used when a specific detection of either positive-strand RNA or negative-

strand RNA was necessary. 

The one-step assay was performed by use of the QuantiTect Probe RT-PCR Kit 

(Qiagen) as recommended by the manufacturer in a 25 µl reaction containing 20 pmol 

of both forward and reverse primer, and 2.5 pmol of each probe LjMGBc and 

LjMGBg. Reaction was performed at 50 °C for 30 min and 95 °C for 15 min followed 

by 40 cycles: 95 °C for 15 sec and 60 °C for 30 sec. 

The two-step assay was performed as follows: 5 µl cDNA was applied to a 25 µl 

reaction containing 2.5 µl 10 x buffer (with ROX reference dye), 100 nmol magnesium 

chloride, 20 nmol dNUTPs, 5 pmol forward and reverse primer, respectively, 2.5 pmol 

of both probes, LjMGBc and LjMGBg, 1.25 U Platinum® Taq-polymerase and 0.25 U 

of uracil-DNA glycosylase. Reaction conditions were: 50 °C for 2 min and 95 °C for 

10 min followed by 40 cycles: 95 °C for 15 sec and 60 °C for 30 sec. 

Degenerate primers LjF1 and LjR1 were designed during the RT-PCR evaluation to 

increase the specificity of the assay, in particular for detection of LV RNA whit 

sequences that are distinct from those of the known LV strains. Probes LjMGBc and 

LjMGBg differ at the 5th position of the probe sequence. This was made due to a 

sequence variation between LV strains 87-012, 174F, and 145SL and the strain M1146 

at this position. Both probes were conjugated with the reporter dye 

6-FAM-phosphoramidite (6-FAM) at the 5’-end. A minor groove binder with 

quencher was conjugated to the 3’-end of the probes to form stable duplexes with 

single-stranded DNA targets resulting in a higher specificity. 

Sequences of primers and probes used in this assay are shown in table 2.7. 
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Table 2.7 Sequences of primers and probes used for LV-specific real-time RT-PCR 
assay 

Designation Sequence (5’→3’) Direction Position†

Primers    

LjF GCG GTC CCA CTC TTC ACA G forward 256-274 
LjR GCC CAG AGG CTA GTG TTA CCA reverse 442-422 
LjF1 GGG CGG TCC YAC TCT YYA CAG forward 254-274 
LjR1 GCC CAG AGG CTR GTG TTA CCA reverse 442-422 
Probes    

LjMGBc 6-FAM-TGT CCA GAG GTG AAA GC-MGB reverse 306-290 
LjMGBg 6-FAM-TGT CGA GAG GTG AAA GC-MGB reverse 205-189 
† Primer and probe positions refer to the LV strain 87-012 genome sequence (Accession no. 
AF327920). Probe LjMGBg positions correspond to LV M1146 sequence (Accession no. 
AF538689). 

 

 

2.15.2 RT-PCR assay targeting a sequence of the 2A/2B region of the LV genome 

An RT-PCR assay with primers located at the 2A/2B region of the LV genome was 

established with the aim to confirm RT-PCR results obtained from the 5’NTR region. 

A 25 µl reaction contained 5 µl cDNA, 2.5 µl 10 x PCR-buffer, 37.5 nmol magnesium 

chloride, 1 U Platinum Taq-polymerase (all Invitrogen), 5 nmol dNTPs (Fermentas), 

12.5 pmol of forward primer 5’-GGC TTY TAT AAR CAT TAT GG-3’ (LV 87-012 

genome position 3208-3227) and 12.5 pmol of reverse primer 5’-ATC ATT ATT 

AAA RGT TTC ACA CAT-3’ (LV 87-012 genome position 3675-3652). The assay 

was performed at 95 °C for 2 min followed by 40 cycles at 95 °C for 30 sec, 50 °C for 

30 sec, 72 °C for 45 sec and a final amplification step at 72 °C for 3 min. 

 

2.15.3 Semi-nested RT-PCR assay for LV VP1 sequences 

Most genetic divergence among picornavirus genomes is found in the VP1 region 

allowing sequence analyses for phylogenetic studies (Oberste et al., 1999a; Oberste et 

al., 1999b). For this reason, a semi-nested RT-PCR assay was established to amplify a 
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530 bp fragment from the LV VP1 region. Reverse primers LV-VP1-R3341a and LV-

VP1-R3341b were mixed to equal concentrations and used as one primer (LV-VP1-

R3341a/b). RT and first PCR were performed using a Qiagen OneStep RT-PCR Kit 

(Qiagen) with 10 pmol forward primer LV-VP1-F2659 and 10 pmol reverse primer 

LV-VP1-R3341a/b according to the manufacturer’s instructions. Reaction conditions 

were 50 °C for 25 min and 95 °C for 15 min followed by 10 touchdown cycles: 95 °C 

for 15 sec, 60-50 °C for 30 sec (-1 °C for each cycle) and 72 °C for 75 sec. Reaction 

was completed by 40 further cycles: 95 °C for 15 sec, 54 °C for 30 sec and 72 °C for 

75 sec. A second PCR was performed with 1 µl of the 683 bp long first PCR product 

in a 50 µl-reaction containing 10 nmol dNTPs (Fermentas), 5 µl 10x reaction buffer, 

125 nmol magnesium chloride, 2 U Platinum Taq-polymerase (all Invitrogen), 

20 pmol forward primer LV-VP1-F2659 and 20 pmol reverse primer LV-VP1-R3188. 

Reaction was performed at 95 °C for 3 min followed by 10 touchdown cycles: 95 °C 

for 15 sec, 62-52 °C  for 30 sec (-1 °C for each cycle) and 72 °C for 60 sec. Reaction 

was completed by 40 cycles: 95 °C for 15 sec, 54 °C for 30 sec and 72 °C for 60 sec. 

PCR products were separated by agarose gel electrophoresis and visualised under UV 

light (2.16). Primer sequences are shown in table 2.8. 

 

Table 2.8. Sequences of primers used in LV VP1 RT-PCR 

Designation Sequence (5’→3’) Direction Position† 
LV-VP1-F2659 AAA GTT GCW CAY ACM TGG 

TTT GG 
forward 2659-2681 

LV-VP1-R3341a GCA TGT GTC CAA TTT CCA TCA 
TC 

reverse 3341-3319 

LV-VP1-R3341b GCA TGA ACC CAT TTG CCA TCA 
TC 

reverse 3341-3319 

LV-VP1-R3188 TCR ATR TCR GGG CCW GGG TT reverse 3188-3169 
† Primer positions refer to the LV strain 87-012 genome sequence (Accession no. 
AF327920). 
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2.15.4 Sex determination of suckling CD-1® laboratory mice by PCR 

CD-1® laboratory mice younger than 10 days at time of sacrifice were analysed for 

their sex by PCR. DNA extracted from mouse liver (2.8.3) was investigated by a 

duplex PCR assay as described by Lambert et al. (2000). 

 

2.15.5 Hypoxanthine-guanine Phosphoribosyl Transferase mRNA detection by 

real-time RT-PCR 

Hypoxanthine-guanine Phosphoribosyl Transferase (HPRT) has been described as 

constitutively expressed housekeeping gene especially in the brain. Detection of HPRT 

mRNA by RT-PCR can be used as internal control for successful preparation of RNA 

from samples (Pernas-Alonso et al., 1999). A real-time RT-PCR assay was performed 

to detect murine HPRT mRNA extracted from tissue of LV-infected laboratory mice 

and wild rodents analysed for presence of LV. Primers and probe were purchased from 

Tibmolbiol, Berlin, Germany with the following order numbers: forward primer 

(HPRT ex7.8): 746750, reverse primer (mu HPRT R): 746751 and probe (mu HPRT 

TM): 746752. RNA was reverse transcribed (2.14) and 2.5 µl cDNA was applied to a 

25 µl reaction containing 2.5 µl 10 x buffer (with ROX reference dye), 100 nmol 

magnesium chloride, 20 nmol dNUTPs, 5 pmol of forward and reverse primer, 

respectively, 2.5 pmol of the probe, 1.25 U Platinum® Taq-polymerase and 0.25 U of 

uracil-DNA glycosylase. Reaction conditions were: 50 °C for 2 min and 95 °C for 

10 min followed by 35 cycles: 95 °C for 15 sec and 65 °C for 30 sec. 

 

2.15.6 Colony-screen PCR 

Successful cloning of PCR products into the pDrive cloning vector was confirmed by 

colony-screen PCR. 

Single colonies were picked from LB agar plates after incubation (2.9). Each colony 

was resuspended in 50 µl water and 5 µl were transferred into a reaction tube 

containing 50 µl LB medium (containing 100 µg/ml ampicillin). The latter was stored 
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at 4 °C. The water-containing tubes were vortexed and incubated at -80 °C for 5 min. 

The tubes were again vortexed followed by incubation at 100 °C for 5 min. After 

centrifugation at full speed for 1 min, 2.5 µl of the supernatant were transferred into a 

25 µl PCR reaction mix containing 2.5 µl 10 x buffer, 37.5 nmol magnesium chloride, 

5 nmol dNTPs, 12.5 pmol of forward and reverse primer, respectively, and 1 U 

Platinum® Taq-polymerase. The following primer set was used which is available at 

pDrive cloning vector manual (Qiagen): M13 forward (-20) primer 5’-GTA AAA 

CGA CGG CCA GT-3’ and M13 reverse primer 5’-AAC AGC TAT GAC CAT G-3’. 

PCR reaction comprised of initial denaturation at 94 °C for 2 min followed by 35 

cycles: 94 °C for 30 sec, 64 °C for 30 sec, 72 °C for 1 min and a final elongation at 

72 °C for 3 min. PCR products were visualised with an agarose gel under UV light 

(2.16). 

Positive colonies were inoculated into 3 ml LB medium + amp for plasmid preparation 

(2.11). 

 

2.16 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to separate and visualise PCR products and 

fragmented DNA (after apoptosis induction), respectively. Samples were mixed with 

6 x loading dye (Fermentas) to a final concentration of 1 x and were applied to an 

1-2 % agarose (Biozym, Oldendorf, Germany) gel in Tris-borate-EDTA (TBE) buffer 

(Eppendorf) containing 0.5 µg / ml ethidium bromide. Gels were run in TBE buffer at 

80-100 V and DNA was visualised under UV light. 

 

2.17 Sequencing reaction 

Sequencing was performed with a Big Dye Terminator Cycle 69 Sequencing Kit on a 

377 DNA automated sequencer (Applied Biosystems). Concentration of purified PCR 

products (2.8.4) was determined photometrically (2.12), and 1-3 ng DNA (for PCR 

products with a length of 100-200 bp) or 3-10 ng DNA (for PCR products with a 
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length of 200-500 bp) were applied to a reaction containing 5 pmol of either forward 

or reverse primer. Cycling conditions were 96 °C for 2 min followed by 25 cycles at 

96 °C for 10 sec, primer annealing temperature for 5 sec, 60 °C for 4 min. Samples 

were stored at -20 °C until gel filtration. 

 

2.18 Melting curve analysis 

A melting curve analysis (MCA) was established to further analyse samples that were 

detected positive for LV by real-time RT-PCR (2.15.1). The reaction was performed 

using a LightCycler 1.5 instrument (Roche Applied Science, Basel, Switzerland). A 

LightCycler capillary was applied containing 2 µl of real-time RT-PCR product, 1 µl 

10x PCR buffer, 400 nmol magnesium chloride (both Invitrogen), 5 pmol of donor 

probe Lj Fl: 5’-GTG TGT AGG CGT AGC GGC TAC TTG A-fluorescein-3’ (LV 

87-012 genome positions 376-400) and 5 pmol of acceptor probe Lj LC: 

5’-LightCycler Red 640-TGC CAG CGG ATT ACC CCT A-phosphate-3’ (LV 87-012 

genome positions 402-420) in a total volume of 10 µl. Samples were denatured at 

95 °C for 30 sec and cooled to 40 °C with 20 °C per sec. Reheating was performed 

with a ramping rate of 0.4 °C per sec. Samples were finally cooled to 35 °C with a 

slope of 20 °C per sec. The data were analysed using the LightCycler software 3.5. 

 

2.19 Pyrosequencing 

Pyrosequencing of LV-specific real-time RT-PCR products was established as an 

alternative to MCA, in particular to obtain sequences that do not belong to one of the 

known LV strains. 

Pyrosequencing was performed using a PyroMark ID System (Biotage, Uppsala, 

Sweden). Real-Time PCR was performed with a biotinylated primer LjF1 (2.15.1) to 

allow single-strand DNA preparation by binding to streptavidin-coated sepharose 

beads. The single-stranded real-time PCR amplicon was annealed to the LV-specific 

sequencing primer LjPS: 5’-CCC AGA GGC TRG TGT-3’. Pyrosequencing reaction 
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was completed using Pyrogold SQA reagents (Biotage) with the complete real-time 

PCR product according to the manufacturer’s instructions. 

 

2.20 Plaque reduction neutralisation assay 

LV-specific mAb-containing hybridoma cell culture supernatants were assayed for 

their ability to neutralise LV. Mixtures of LV supernatant (1 ml, 1000 CCID50) and 

hybridoma cell culture supernatant (1 ml) were incubated at 37 °C for 1 h. The 

mixtures were applied to monolayers of Vero-B4 cells, grown on 6-well plates in 

DMEM (2.2). After incubation at 37 °C for 1 h, the samples were removed and cells 

were washed once with DMEM. Since the assay was performed in presence of mAb, 

500 µl hybridoma cell culture supernatant mixed with 1 ml DMEM was added and 

cells were overlaid with 1.5 ml carboxy methyl cellulose (1.4 % in DMEM). For 

positive control, 1000 CCID50 in 1.5 ml DMEM were used. After incubation for 

10 days the samples were removed and cells were fixed with 4 % paraformaldehyde 

for 30 min. The cells were stained with naphthol black solution (1 g naphthol blue 

black, 13.g sodium acetate, 60 ml glacial acetic acid, ad 1 l Aquadest) for 1 h. The 

naphthol black solution was removed, cells were washed with water and air dried. 

Plaques were counted and the neutralisation effect was determined as percentage of 

preventing the virus to enter Vero-B4 cells compared to the positive control. 

 

2.21 Indirect Immunofluorescent assay 

Cells were grown on 12 mm-glass slides (Roth) in 24-well cell culture plates (Nunc) as 

described in 2.2. The medium was removed and cells were fixed with acetone for 

20 min. After two washes with PBS, the slides were treated with blocking buffer (3 % 

FCS and 0.1 % TWEEN® 20 in PBS) for 1 h to reduce the background. The slides 

were washed twice with PBS and primary antibody was applied: 
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Characterisation of LV-specific mAbs: hybridoma supernatants were added undiluted; 

while mouse immune and preimmune sera, respectively, were diluted 1:100 in IFA 

sample buffer (Euroimmun, Lübeck, Germany). 

LV prevalence in laboratory rats: rat sera were diluted 1:2, 1:4, 1:8 and 1:16 in IFA 

sample buffer. 

LV cell culture studies: 200 ng / slide of a rabbit anti-LV-VP1 polyclonal antiserum 

(Tolf et al., 2008); 100 ng / slide of the mouse anti-LV monoclonal antibody 

LV-05sA4-H; rabbit anti-active-Caspase-3 monoclonal antibody (Sigma-Aldrich), 

diluted 1:500. All antibodies were diluted in IFA sample buffer. 

Primary antibody was incubated in a wet chamber at 37 °C for 1 h. The slides were 

washed twice with PBS and cells were stained with either a fluorescein isothiocyanate 

conjugated goat anti-rabbit polyclonal antibody (1:200; Dianova, Hamburg, Germany) 

or a rhodamine conjugated goat anti-mouse polyclonal antibody (1:200; Dianova) at 

37 °C for 45 min in a wet chamber. After two washes with PBS and one wash with 

distilled water, the cells were mounted with either Shandon-MountTM medium 

(Thermo, Runcorn, UK)) or DAPI-containing ProLong Gold antifade reagent 

(Invitrogen). The slides were stored at 4 °C until examination. 

 

2.22 Immunohistochemistry 

Immunohistochemistry (IHC) was performed by Apodemus AB, Stockholm, Sweden.  

LV-infected GMK cells (LV strain 87-012) were fixed in formalin and embedded in 

paraffin and used to screen for mAbs that could be used in immunohistochemistry. 

Uninfected GMK cells treated the same way were used as controls. Four µm sections 

were cut and mounted onto SuperFrost® Plus Slides (Menzel-Gläser, Braunschweig, 

Germany). Immunohistochemistry was performed as described previously (Lee et al., 

1999; Shi et al., 1991; Shi et al., 1997) with minor modifications. Antigen retrieval 

was performed using the 2100 Retriever (Histolab Products AB, Gothenburg, Sweden) 

and Novacastra epitope retrieval solutions pH 9 (Leica, Wetzlar, Germany). MAb 
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supernatants were tested at different dilutions ranging from 1:5-1:200 diluted in PBS. 

A biotinylated goat anti-mouse antibody, Vectastain ABC reagent and a VECTOR Red 

Substrate Kit (Vector Laboratories, Burlingame, CA, USA) were used for staining. 

 

2.23 Enzyme linked immunosorbent assay 

2.23.1 LV-specific capture Enzyme linked immunosorbent assay 

Hybridoma culture supernatants were assayed for binding to LV using a capture 

enzyme linked immunosorbent assay (cELISA) assay. The MaxisorpTM flat-bottom 96-

well plates (Nunc) were coated with 2 µg of a protein A purified rabbit anti-LV-VP1 

antiserum (Tolf et al., 2008) diluted in 0.05 M sodium carbonate overnight at 4 °C. 

The plates were blocked with 1 mg/ml bovine serum albumin (BSA) in 0.05 M sodium 

carbonate, for 1 h at room temperature or overnight at 4 °C, and then washed three 

times with 0.05 % TWEEN 20 in 0.15 M sodium chloride and tapped dry on a paper 

towel. LV cell culture supernatant (approx. 106 CCID50) was diluted 1:1 in dilution 

buffer (0.1 % BSA and 0.05 % TWEEN 20 in PBS), added to the plates and incubated 

for 2 h at room temperature. Cell culture supernatant of Mock-infected cells was used 

as negative control. The plates were washed three times as described above and 

hybridoma cell culture supernatants were added (25 µl/well) and the plates were 

incubated for 3 h at room temperature. Both mouse immune and preimmune sera, 

diluted 1:500 in dilution buffer, were used as controls. After three washes as described 

above, a polyclonal rabbit anti-mouse horse-radish peroxidase (HRP) conjugated 

antibody (Dako, Stockholm, Sweden) was diluted 1:1000 in dilution buffer and 

applied to the ELISA plates for 2 h at room temperature. The plates were washed four 

times as described above and positive binding was detected with a TMB Peroxidase 

EIA Substrate Kit (Bio-Rad Laboratories, Hercules, CA). After 30 min the reaction 

was stopped with 0.18 M sulphuric acid and optical density was read at 450 nm. All 

samples were analysed in triplicate. Cut-off was determined with means of negative 

controls plus three standard deviations. 
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2.23.2 HPeV type 1 Enzyme linked immunosorbent assay 

Hybridoma supernatants were also assayed for their binding to HPeV type 1 using an 

ELISA assay. In principle, ELISA was performed as described in 2.23.1, with the 

difference that 50 µl of HPeV type 1 (approx. 106 CCID50 per ml) were directly coated 

to the wells. A polyclonal monkey anti-HPeV type 1 antiserum (Niklasson et al., 1999) 

was used as positive control. For detection of monkey antisera, a polyclonal goat 

anti-human HRP conjugated antibody (Dianova) was applied (diluted 1:5000).  

 

2.24 Terminal deoxynucleotidyl transferase dUTP nick end labelleling (Tunel) 

assay 

For detection of DNA strand breaks in LV-infected cells at the single-cell level, the In 

Situ Cell Death Detection Kit, Fluorescein (Roche) based on terminal transferase 

dUTP nick end labelling (TUNEL) was used. Briefly, cells were fixed with 4 % 

paraformaldehyde for 1 h. After two washes with PBS the cells were permeabilised 

with 0.1 % Triton-X 100 in PBS for 10 min followed by two washes with PBS. 

TUNEL label solution was then added and the cells were incubated at 37 °C in a wet 

chamber for 1 h. The cells were washed twice with PBS, once with water and 

subsequently mounted (Shandon-MountTM medium). The cells were analysed for 

fluorescence on an Axioskop 20 microscope (Zeiss, Jena, Germany). 

 

2.25 Protein extraction 

Cell medium of cultured cells was removed and the cells were washed once with ice-

cold PBS. The cells were scraped off the surface using a cell scraper and were 

resuspended in ice-cold PBS. After centrifugation at 800 x g for 5 min at 4 °C the cell 

pellet was lysed in 750 µl M-PER® Mammalian Protein Extraction Reagent (Pierce, 

Rockford, IL) and 12.5 U of Benzonase® (Novagen, Madison, WI), and 0.75 µl 

Proteinase-Inhibitor Cocktail Set III (Calbiochem, San Diego, CA) were added. After 

incubation on ice for 20 min, the cell debris was removed by centrifugation at 
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20,000 x g for 30 min at 4 °C. The protein-containing supernatant was transferred into 

a fresh tube and protein concentration was determined (2.26). Proteins were stored at 

-80 °C until use. 

 

2.26 Determination of protein concentration 

Concentration of extracted proteins was determined using the Coomassie PlusTM 

Protein Assay Reagent (Pierce) according to the manufacturer’s instructions. Standard 

dilutions were prepared with BSA ranging from 1 mg/ml to 31.25 µg/ml. Samples 

(6.25 µl) were mixed with 187.5 µl Coomassie PlusTM Protein Assay Reagent and 

incubated for 10 min at room temperature. The corresponding solving liquid was used 

as reference. Protein concentration was measured at an optical density of 595 nm using 

a Biophotometer (Eppendorf). 

 

2.27 Concentration of proteins and hybridoma supernatants 

If necessary, protein and hybridoma supernatants, respectivelly, were concentrated 

using Microcon® Centrifugal Filter Devices (Millipore, Billerica, MA) with cut-off 

10,000 kDa according to the manufacturer’s instructions. 

 

2.28 Immune precipitation of LV proteins 

The target capsid protein(s) of LV-specific mAbs were determined by immune 

precipitation of LV proteins. Vero-B4 cells growing in a T-75 cell culture flask were 

infected with the LV strain 87-012 (MOI 1) (2.3.1) and protein was extracted 7 dpi 

(2.25). The concentration of mAbs in hybridoma cell culture supernatants was 

determined with an Easy-Titer® Mouse IgG Assay Kit (Pierce) according to the 

manufacturer’s instructions. Immune precipitation was performed using Dynabeads® 

Protein G (Invitrogen) as recommended by the manufacturer. Briefly, 10 µg mAb 

diluted in 200 µl PBS were bound to Dynabeads®. The bead-mAb complex was 
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incubated with 20 µg of total protein extracted from LV-infected Vero-B4 cells. The 

mAb-antigen complex was eluted in 30 µl SDS gel loading buffer at 95 °C for 10 min. 

Samples were stored at -80 °C until SDS-PAGE (2.29). 

 

2.29 SDS-PAGE 

Proteins were separated by SDS-PAGE according to their molecular weight. A 

discontinuous SDS-PAGE was applied with a stacking and a separating gel. In all 

experiments a 5 % stacking gel and a 15 % separating gel were prepared. The chemical 

gel composition is shown in 2.9. The protein samples were mixed with SDS loading 

buffer and incubated at 70 °C for 10 min before they were applied to the SDS gel. The 

PageRulerTM Prestained Protein Ladder (Fermentas) was used as reference. The gel 

was run at 14 V/cm and analysed by western blotting (2.30). 

Components of buffers used in SDS-PAGE are shown in table 2.10. 

 

Table 2.9 Components of a 15 % SDS gel   

Stacking gel Separating gel 
H2O bidest 1.75 ml H2O bidest 1.38 ml 
2 M Tris (pH 8.8) 0.5 ml 0.5 M Tris (pH 6.8) 1.05 ml 
20 % SDS 18.75 µl 20 % SDS 25 µl 
PAA† 0.625 ml PAA† 2.475 ml 
60 % sucrose 0.875 ml   
10 % APS 87.5 µl 10 % APS 60 µl 
TEMED 8.75 µl TEMED 7.5 µl 
† polyacrylamide (Roth) 
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Table 2.10 Chemical composition of buffers used in SDS-PAGE 

Running buffer (5 x) 15 g/l Tris 
 72 g/l glycine 
 5 g/l SDS 
  
SDS loading buffer (4 x) 50 mM pH 6.8 
 40 % glycerine 
 8 % β-mercaptoethanol 
 4 g/l bromphenolblue 
 80 g/l SDS 
 

 

2.30 Western Blot Analysis 

After SDS-PAGE (2.29), the SDS gel, a 0.45 µm nitro cellulose membrane and 

Whatman blocking paper were equilibrated in transfer buffer (25 mM Tris, 150 mM 

glycine, 10 % methanol) for 5 min. Proteins were then transferred onto the nitro 

cellulose membrane by semi-dry electroblotting using the Fastblot B 34 system 

(Biometra, Göttingen, Germany). An amperage of approx. 150 mM was applied with a 

maximum of 25 V. After 1 h, the membrane was rinsed in PBS containing 0.1 % 

TWEEN® 20 (PBS-T) and then blocked with 10 % non-fat milk in PBS-T at 4 °C 

overnight. After three washes with PBS-T for 10 min each, the membranes were 

incubated with the primary antibody (diluted in 1 % non-fat milk in PBS-T) with 

rotating at 4 °C overnight. Primary antibodies are shown in table 2.11. For 

characterisation of mAbs specific for LV, 10-fold concentrated (2.27) hybridoma cell 

culture supernatants were assayed undiluted. For this purpose, approx. 150 µg total 

protein extracted from LV 87-012 infected and Mock-infected Vero-B4 cells, 

respectively, (2.25) was separated on an SDS gel by use of a one-pocket comb. The 

membrane was cut into stripes after western blotting and one stripe was used for one 

mAb hybridoma supernatant. The membrane was washed three times with PBS-T for 

10 min each and subsequently incubated with an HRP-conjugated secondary antibody 

(diluted in 1 % non-fat milk in PBS-T) (table 2.12) with rotating at room temperature 

for 1 h. After three washes with PBS-T for 10 min each, the proteins were visualised 
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using the SuperSignal® West Femto Chemiluminescent substrate (Pierce) with an 

X-ray film (Pierce) and a Curix 60 developer (Agfa-Gevaert Group, Mortsel, 

Belgium). 

 

Table 2.11 Primary antibodies used in Western Blot analysis 

Designation clonality Target 
antigen 

Species 
(origin) 

Applied dilution source 

anti-VP0 p LV-VP0 rabbit 1:1000 Prof. 
Niklassona 

anti-VP1 p LV-VP1 rabbit 1:1000 Prof. 
Niklasson 

anti-VP3 p LV-VP3 rabbit 1:1000 Prof. 
Niklasson 

anti-Caspase-3 m Caspase-3 rabbit 1:1000 Sigma-
Aldrichb 

anti-caspase-3 
(active) 

m Caspase-3 
(active) 

rabbit 1:1000 Sigma-
Aldrich 

anti-β-actin m β-actin mouse 1:10,000 Sigma-
Aldrich 

a Apodemus AB, Stockholm, Sweden, b Munich, Germany 
Abbreviations: p: polyclonal, m: monoclonal 
 

 

Table 2.12 Secondary HRP conjugated antibodies used in Western blot analysis 

Specificity clonality Species (origin) Applied dilution Source 
anti-rabbit p goat 1:10,000 Piercea 
anti-mouse p rabbit 1:10,000 Dakob 
a Rockford, IL, b Stockholm, Sweden 
Abbreviations: p: polyclonal 

 

 

2.31 Propagation and purification of mAbs 

Large scale production of mAbs was performed with a tumbling chamber as described 

by Jaspert et al. (1995). Briefly, hybridoma cells were grown to a density of 106/ml, 
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and approx. 50 ml were applied to a dialysis tube that was placed in a rotating 

chamber. The apparatus allows high yields of monoclonal antibodies and avoids 

impurities by nutrients and metabolic waste products. The hybridoma cells were grown 

for 3 weeks and the mAb-containing supernatant was harvested by centrifugation. 

MAbs were purified using either an ImmunoPure® (A/G) IgG Purification Kit (Pierce) 

in the case of class IgG antibodies or a HighTrap-IgM column (Pharmacia, Uppsala, 

Sweden) in the case of class IgM antibodies, both as recommended by the 

manufacturer. 

 

2.32 Software and statistical analyses 

For sequence analyses the following software was used: DNASTAR® Lasergene 7, 

BioEdit Sequence Alignment Editor (Hall, 1999), NCBI BLAST 2.2.9 

(www.ncbi.nlm.nih.gov/BLAST/) and Molecular Evolutionary Genetics Analysis 

software version 4.0 (MEGA4) (Tamura et al., 2007). 

Fluorescence images were analysed with Axio VSLE V 4.4.0.0 and with cLSM 510 

META Software, Version 3.0, SP3, respectively (Zeiss, Jena, Germany). 

Statistical analyses were performed with SPSS 17.0 (SPSS Inc, Chicago, IL) and 

SigmaPlot 11.0 (Systat Software Inc., San Jose, CA). 



 

3 Results 
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I 

3.1 Development and evaluation of RT-PCR assays for detection and 

characterisation of Ljungan virus 

 

3.1.1 A quantitative real-time RT-PCR assay for detection of Ljungan virus 

strains 

In this thesis, a contribution was made to establish and evaluate a real-time RT-PCR 

assay for detection of LV strains. Therefore only results achieved in association with 

this thesis are presented. Further results are described elsewhere (Donoso Mantke et 

al., 2007). 

 

3.1.1.1 Specificity of the assay 

Cross reactivity of the assay to other picornaviruses was tested. RNA was extracted 

from cell culture supernatants of cells infected with HPeV type 1, HPeV type 2, 

TMEV BeAn 8386, TMEV GD 7, EMCV M, EMCV 76/5167 and EMCV ATCC 

VR-129B, respectively. RNA was reverse transcribed and analysed by real-time 

RT-PCR. All samples were negative by real-time PCR (data not shown). 

 

3.1.1.2 Characteristics of the assay 

Log10 dilutions of RNA (106-101 molecules) transcribed in vitro (iv) were tested by 

both one-step and two-step RT-PCR. Both assays showed a linear detection range 

from 106 to 101 ivRNA molecules with a correlation of r2=0.9791 (one-step) and 

r2=0.9784 (two-step), respectively (figure 3.1). 

Assay sensitivity was further evaluated using RNA extracted from LV 87-012 cell 

culture stocks whose titre was determined (range: 250 to 2.5x10-5 CCID50). Sextuple 

samples were run with a linear detection range (r2=0.99797) from 250 to 2.5x10-2 
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CCID50 (resulting in approx. 4x107 to 50 genome copies). Sensitivity of the real-time 

RT-PCR is higher than that of cell culture by 3 to 5 log scales. 

Reproducibility of the assay was determined by intra- and intervariability, 

respectively. Different amounts of ivRNA (106, 104, 102) were tested in triplicate with 

cycle threshold (CT) value variations <1 for each dilution and both assays. Mean CT 

values of the two-step assay were lower compared to those of the one-step assay, 

indicating a higher sensitivity for the two-step assay (table 3.1). 

 

Figure 3.1. Standard curves of log10 dilutions of ivRNA assayed by one-step (A) and 
two-step (B) LV real-time RT-PCR. Samples were run in quadruplicate for each dilution and 
both assays. 

 

Table 3.1. Intra- and inter-assay for LV-specific real-time RT-PCR. 

 One-step assay  Two-step assay 
Amount ivRNA 106 104 102  106 104 102 
Intra-assaya        

Mean CT 21.77 29.59 34.74  21.19 28.98 33.50 
SD 0.43 0.43 0.70  0.98 0.91 0.80 
Inter-assayb        

Mean CT 22.01 29.92 34.58  20.93 28.88 33.10 
SD 0.42 0.69 0.77  0.36 0.47 0.53 
a Intra-assay was performed three times for each ivRNA quantity by one operator. 
b Inter-assay was performed by three operators, each three times for each ivRNA quantity. 
Abbreviations: ivRNA: in vitro transcribed RNA, CT: cycle threshold, SD: standard deviation. 
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3.1.1.3 Evaluation of the assay 

One-day-old CD-1® laboratory mice were infected with LV strains 87-012, 174F and 

145SL, respectively (2 animals each). Mice were sacrificed 6 dpi when clinical signs 

of encephalitis occurred. Brain, heart, pancreas, liver, lung and kidney were taken, and 

extracted RNA was analysed by real-time RT-PCR. All organs from each of the six 

mice were found to be LV positive, with the highest LV genome copy numbers in the 

brain (>1010 per gram of tissue) (figure 3.2). As a negative control, four one-day-old 

mice were injected with PBS and also sacrificed at 7 days of age. The same types of 

organ were taken and analysed by real-time RT-PCR. All of these samples were 

negative for LV (data not shown). 

 

Figure 3.2. LV genome copies detected in organs of LV-infected CD-1® laboratory mice. 
One-day-old mice were infected with LV 87-012, 174F and 145SL, respectively (2 animals 
for each LV strain), organs were taken 6 dpi and analysed by real-time RT-PCR. Means of 
duplicate samples are shown. LV load was normalised to 1 gram of tissue. 
(http://dx.doi.org/10.1016/j.jviromet.2006.11.029) 
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LV genome copies in wild rodents are often found in small amounts (own 

observations). For a possible improvement of the assay degenerate primers were 

designed. RNA was extracted from heart tissue of CD-1® laboratory mice infected 

with LV strains 87-012, 174F and 145SL, respectively. The difference in mean CT 

value of sextuples between non-degenerate primers and degenerate primers was >1 for 

each strain (table 3.2), suggesting that the use of degenerate primers results in a higher 

sensitivity in detecting LV by 5’UTR RT-PCR. 

 

Table 3.2 Comparison of non-degenerate primers and degenerate primers in real-time 
RT-PCR with heart tissue of laboratory mice infected with different LV strains. 

LV strain mean CT LjF/LjRa mean CT LjF1/LjR1b CT difference (LjF/LjR-LjF1/LjR1) 
87-012 23.74 22.55 1.24 
174F 25.04 23.42 1.62 
145SL 24.59 22.90 1.69 
a non-degenerate primers 
b degenerate primers 

 

3.1.2 Melting curve analysis for typing of Ljungan virus strains 

The LV-specific real-time RT-PCR assay detects all (known) LV strains but does not 

allow discrimination between LV strains. Melting curve analysis (MCA) was 

established for further characterisation of real-time RT-PCR amplicons. Because of 

high sequence variation between strains 87-012, 174F and 145SL on the one hand, and 

strains M1146 and 64-7855 on the other hand, MCA was established for strains 

87-012, 174F and 145SL only. 

Two hybridisation probes were designed with target sequences within the real-time 

RT-PCR amplicon. The 3’-fluorescein-conjungated donor probe has no mismatch with 

the target sequence of all three strains. The acceptor probe was conjugated with 

LightCycler® Red 640 at its 5’-end and has three mismatches with LV 145SL (genome 

positions 412-414), one mismatch with LV 174F (genome position 412), and no 

mismatch with LV 87-012 (data not shown). As a result, LV 87-012 RT-PCR 

amplicons had the highest melting point at approx. 67.5 °C, followed by LV 174F at 
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approx. 62.5 °C and LV 145SL at approx. 56.5 °C (figure 3.3). RT-PCR products 

obtained from LV-containing cell culture supernatants were sequenced before 

evaluation of MCA to exclude sequence variation between laboratory LV strains and 

sequences available at GenBank that were used for probe design. No sequence 

variation was found (data not shown).   

MCA was further evaluated with RT-PCR products obtained from heart tissue of 

laboratory mice infected with LV-87-012, LV 174F and LV 145SL, respectively 

(figure 3.2). Melting points of all samples could be detected to correspond to the strain 

of infection (figure 3.3). 

RT-PCR products of LV strains M1146 and 64-7855 showed no signal in MCA (data 

not shown). Real-time RT-PCR-positive but MCA-negative samples should therefore 

be further characterised by e.g. pyrosequencing (3.1.3) or direct sequencing of the 

PCR product. 

 

Figure 3.3. Melting curve analysis for LV strains 87-012, 174F and 145SL. Laboratory mice 
were infected with LV strains 87-012 (1 and 2), 174F (5 and 6) and 145SL (3 and 4), 
respectively, and RNA was extracted from heart tissue. RNA was analysed for LV by real-
time RT-PCR and LV strains were determined by MCA: A: 87-012, B: 174F, C: 145SL. 
(http://dx.doi.org/10.1016/j.jviromet.2006.11.029) 
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3.1.3 Pyrosequencing 

Pyrosequencing is a method used for sequencing of short DNA strands. The 

complementary DNA strand is synthesised enzymatically by adding different 

nucleotides separately. Each incorporated nucleotide results in a light signal that can 

be detected. All light signals are presented as peaks in a pyrogram. Since MCA 

comprises no more than three LV strains, pyrosequencing for typing of LV strains was 

established. This method is intended to offer an alternative to MCA, in particular to 

detect unknown LV sequences. 

Real-time RT-PCR was performed using pyrosequencing primers (2.19), and 50 to 58 

nucleotide long sequences corresponding to the respective LV strain could be 

obtained. Sequence analysis showed a clear differentiation between LV strains 87-012, 

174F, 145SL and M1146 after amplification by real-time RT-PCR. A representative 

pyrogram for LV M1146 is shown in figure 3.4. Assay detection limit was determined 

using 10-fold dilutions of in vitro transcribed LV RNA. Sequences could be generated 

when ≥1000 RNA molecules were applied to the assay. In contrast, no sequences were 

obtained when less than 1000 molecules were used. 
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Figure 3.4. Representative pyrosequencing result of LV real-time RT-PCR assay. RNA was 
extracted from M1146-positive cell culture supernatant and analysed by real-time RT-PCR, 
and cDNA was applied to pyrosequencing. A pyrogram is shown for LV M1146 with the 
obtained sequence indicated under the pyrogram. 

 

3.1.4 RT-PCR assays for characterisation and genotyping of Ljungan virus 

The only available LV-specific RT-PCR targets the 5’UTR (Donoso Mantke et al., 

2007) and is therefore not type specific (Oberste et al., 1999b). Two further RT-PCR 

assays for characterisation and genotyping of LV samples tested positive were 

established. To extend the range of available LV-specific RT-PCR assays, primers 

were designed for amplification of a 467 bp fragment from the LV 2A/2B region. The 

picornavirus serotype correlates with the VP1 sequence (Oberste et al., 1999a) and 

accordingly, the HPeV VP1 gene has been established for typing of HPeV (Al-Sunaidi 

et al., 2007). Therefore, consensus primers for amplification of partial LV VP1 gene 

were developed, resulting in a 530 bp PCR product. Both assays successfully detected 

all four LV strains included (87-012, 174F, 145SL and M1146) (figure 3.5) and results 
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were confirmed by sequencing (data not shown). The LV strain 64-7855 was recently 

characterised by use of an original isolate (Tolf et al., 2009a). This strain was not 

available for analysis. However, sequences of 64-7855 were included in designing 

primers for VP1 RT-PCR assay. Primer sequences are shown in table 2.8. 

 

 

Figure 3.5. RT-PCR assays developed for characterisation and genotyping of LV-positive 
samples. RNA was extracted from supernatants of Vero-B4 cells infected with the LV strains 
indicated, 100 ng RNA were reverse transcribed and amplified. A: RT-PCR with primers 
located in the 2A/2B region of the LV genome for amplification of a 467 bp fragment. B: 
Semi-nested RT-PCR targeting the LV VP1 gene. Left side: First round RT-PCR giving a 
683 bp amplicon. Right side: Second-round PCR amplifying a 530 bp fragment. 

 

3.2 Development and characterisation of murine monoclonal antibodies to 

Ljungan virus 

Antibodies directed against viruses are used in a wide range of applications, such as 

diagnostics, study of virus pathogenesis and the treatment of virus caused disease (e.g. 

immunotherapy and vaccination) (Dorn-Beineke et al., 2007). The production and 

characterisation of polyclonal antibodies against the capsid proteins of LV has recently 

been described (Tolf et al., 2008). However, for some purposes the use of monoclonal 

antibodies (mAb) is recommended because of their homogeneity and consistency. The 
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possibility to regenerate mAbs from a constant renewable source (the hybridoma cells) 

is another advantage (Lipman et al., 2005). 

BALB/C laboratory mice were infected with LV 145SL and LV 87-012, respectively. 

The spleens of seropositive mice were collected and splenocytes were fused with the 

mouse myeloma cell line Sp2/0-Ag 14. Hybridoma clones that produced mAbs against 

LV were identified by cELISA, selected and grown in cell culture medium. This work 

was performed in collaboration with Apodemus AB (Stockholm, Sweden). 

 

3.2.1 Characteristics of mAbs binding to LV 

A number of successful fusions were achieved using splenocytes from BALB/c mice 

immunized with LV. After two to three weeks, hybridoma cell supernatants were 

screened for LV-specific antibodies by cELISA. Positive binding was determined as 

absorbance that was at least four-fold higher than the negative control. A total number 

of 60 clones were identified that produce mAbs reactive with LV. Twenty-two of these 

mAbs with the highest reactivity in immuno assays were subcloned by limiting 

dilutions and expanded for further analyses. All mAbs were isotyped, showing that 

nine mAbs belong to the subclass IgG2a, three were subclass IgG2b, one was subclass 

IgG3 and nine mAbs were subclass IgM. All mAbs contained kappa light chains (table 

3.3). 

 

3.2.2 Immunostaining 

MAbs were screened by IIFT using Vero-B4 cells infected with LV strains 87-012, 

174F, 145SL and M1146, respectively. All mAbs showed reactivity in indirect 

immunofluorescence to Vero-B4 cells infected with LV 87-012 and LV 174F, 

respectively, with staining in the cell’s cytoplasm. Three mAbs (LV-05sA1-D, 

LV-05sA4-G, LV-05sA4-H) were positive also for LV 145SL while no fluorescence 

was observed in Mock-infected cells. Clone LV-05sA4-H showed the broadest 

reactivity with strong signals to all strains (except for M1146) with staining in the cell 
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cytoplasm. No fluorescence was observed in Mock-infected cells. A representative 

staining is displayed in figure 3.6. Data are summarised in table 3.3. 

All mAbs were further characterised for a potential cross reactivity to LV M1146 

(representing the third LV genotype) and the related HPeV types 1 and 2, respectively. 

Infected cells did not show any fluorescence after incubation with mAbs. In contrast, 

positive staining of cells could be observed using antisera against M1146, HPeV1 and 

2, respectively (data not shown). 

 

 

Figure 3.6. Representative example of indirect Immunofluorescence staining of Vero-B4 
cells infected with LV 87012 (A), LV 174F (B) and LV 145SL (C), Mock-infected (D). MAb 
LV-05sA4-H was applied to the cells and a rhodamine-conjugated goat anti-mouse polyclonal 

antibody was used for staining (red). Cell nucleus DNA was stained with 4′,6-Diamidino-2-
phenylindol (DAPI) (blue). (http://dx.doi.org/10.1016/j.jviromet.2012.05.001) 
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Table 3.3 Summary of mAbs to LV. 

Clone Isotype NTa Protein target  IIFTb  IHCc 
    87-012 174F 145SL  
LV-05sA1-D G2b/κ - VP1 ++ ++ + - 
LV-05sA4-G G2a/κ - VP0/VP3 +++ + +++ - 
LV-05sA4-H G2a/κ - VP0 +++ +++ +++ - 
LV-05fB2-Q M/κ - unknown ++ + - + 
LV-06s08a-T G2a/κ - VP1 +++ +++ - - 
LV-06s08a-U M/κ - VP0/VP1 + + - + 
LV-06s08a-V G2a/κ - VP1 +++ ++ - - 
LV-06s06b-X M/κ - VP0/VP1 + + - + 
LV-06s08a-AE G2a/κ - VP0/VP3 ++ +++ - - 
LV-06s22a-OE G2a/κ - VP1 +++ +++ - - 
LV-06sV12b-9 M/κ - VP0/VP3 ++ ++ - + 
LV-06sV12b-10 M/κ - VP0/VP3/VP1 ++ ++ - + 
LV-06sV12b-12 G2a/κ + VP1 ++ +++ - - 
LV-06sV12b-13 G3/κ + VP1 ++ ++ - - 
LV-06sV12b-19 G2b/κ - VP0/VP3/VP1 + ++ - - 
LV-06sV12b-20 M/κ + VP0 + ++ - - 
LV-06sV12b-21 M/κ + VP1 + ++ - - 
LV-06sV12b-22 M/κ + VP0/VP3 + ++ - - 
LV-06sV12b-28 G2a/κ - VP0/VP3/VP1 +++ +++ - - 
LV-06sV12b-29 G2b/κ + VP1 +++ ++ - - 
LV-06s05b-33 M/κ + unknown + ++ - - 
LV-06sV12b-35 G2a/κ - VP0/VP3/VP1 ++ ++ - - 
a Neutralisation test. Neutralisation effect of ≥80 % was considered as positive neutralisation. 
b Indirect Immunofluorescence test. 
c Immunohistochemistry. 
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3.2.3 Immunohistochemistry 

IHC is used to demonstrate antigen(s) in tissue sections by means of specific 

antibodies. After binding of the antibody to the antigen, the antigen-antibody complex 

can be visualised with a coloured histochemical reaction (Ramos-Vara, 2005). The 

standard fixative for tissue processing in IHC is formaldehyde. Formaldehyde causes 

major chemical changes of the antigen. Although numerous improvements in antigen 

retrieval techniques have been developed, many antibodies are limited in their use in 

IHC (Shi et al., 1997). 

Using IHC all 22 mAbs were analysed for binding to formalin-fixed paraffin-

embedded GMK cells infected with both, LV 87-012 and LV 145SL. Five mAbs 

(LV-05fB2-Q, LV-06s08a-U, LV-06s06b-X, LV-06sV12b-9 and LV-06sV12b-10) 

had positive binding with LV-infected cells (for both strains used) and staining in the 

cell cytoplasm. No staining was observed in Mock-infected cells (figure 3.7 A-B). 

Controls were included using mouse immune serum and a polyclonal rabbit anti-VP1 

antiserum (Tolf et al., 2008). Positive staining was observed in 145SL-infected GMK 

cells (figure 3.7 C and E). In contrast, no staining could be seen in 145SL-infected 

cells when incubated with negative control mouse serum and negative control rabbit 

serum, respectively (figure 3.7 D and F). 
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Figure 3.7. Immunohistological staining of GMK cells infected with LV 145SL (A, C, E) 
and Mock-infected cells (B, D, F). Cells were formalin fixed and paraffin embedded. LV is 
stained red and background is stained green. A, B: LV-06sV12b-10; C, D: mouse immune 
serum diluted 1:800; E, F: polyclonal rabbit anti-VP1 antiserum diluted 1:3000. Pictures were 
taken and kindly provided by Prof. Bo Niklasson. 
(http://dx.doi.org/10.1016/j.jviromet.2012.05.001) 

 

3.2.4 Immunoblotting 

To determine the binding of mAbs to linear epitopes, all mAbs were analysed by 

immunoblotting. For this purpose, Vero-B4 cells were infected with LV 87-012, total 

protein was extracted, separated by SDS-PAGE and transferred to nitrocellulose 
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membranes by electroblotting. The membranes were incubated with diluted hybridoma 

supernatants ranging from 1:20 to 1:200. No proteins corresponding to the molecular 

masses of LV capsid proteins could be detected. However, positive binding was 

observed using mouse immune sera and protein A purified rabbit anti-LV capsid 

protein antibodies, respectively (data not shown), indicating the conformational nature 

of epitopes for mAb binding. 

 

3.2.5 Immune precipitation 

A direct immune precipitation assay was used to identify specific binding of mAbs to 

conformational epitopes of LV capsid proteins. MAbs were bound to magnetic beads 

and capsid proteins were precipitated from total protein. The specific binding of each 

mAb was determined by western immunoblotting after SDS-PAGE of the protein-

mAb complex eluted from the beads. For this purpose, each of the three anti-capsid 

protein polyclonal antisera (anti VP0, anti VP3 and anti VP1) was separately used as 

primary antibody. A signal corresponding to the molecular masses of LV capsid 

proteins (i.e. 27 kDa for VP0, 26 kDa for VP3 and 37 kDa for VP1 [Johansson et al., 

2004]) could be detected for 20 of the 22 mAbs. The mAbs LV-05sA4-H and 

LV-06sV12b-20 showed binding to VP0 only. Eight mAbs (LV-05sA1-D, 

LV-06s08a-T, LV-06s08a-V, LV-06s22a-OE, LV-06sV12b-12, LV-06sV12b-13, 

LV-06sV12b-21, LV-06sV12b-29) showed reactivity with anti-VP1 antisera and no 

signal when incubated with anti VP0 and anti VP3 antisera, respectively. No mAb 

bound to VP3 only. Ten mAbs had positive binding to more than one capsid protein. 

The mAbs LV-05sA4-G, LV-06s08a-AE, LV-06sV12b-9 and LV-06sV12b-22 

interacted with both VP0 and VP3, the mAbs LV-06s08a-U and LV-06s06b-X with 

VP0 as well as VP1. Binding to all three capsid proteins was detected for mAbs 

LV-06sV12b-10, LV-06sV12b-19, LV-06sV12b-28 and LV-06sV12b-35. The target 

capsid proteins for mAbs LV-05fB2-Q and LV-06s05b-33 remained unknown since no 

reactivity could be detected for these mAbs. Results are shown in figure 3.8 and are 

summarised in table 3.3. 
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Figure 3.8. Immune precipitation of LV capsid proteins with mAbs. Vero-B4 cells were 
infected with LV 87-012 and total protein was extracted. LV capsid proteins were precipitated 
with mAbs that were bound to magnetic beads. The proteins were separated by SDS-PAGE 
and blotted onto nitrocellulose membranes. Capsid proteins were detected independently for 
each mAb using polyclonal rabbit antisera specific to VP0, VP3 and VP0, respectively. For 
positive control, total protein from LV 87-012 infected Vero-B4 cells was separated by SDS-
PAGE and detected with the specific antisera after western immunoblotting. The molecular 
masses of the capsid proteins are as follows: VP0: 27 kDa; VP3: 26 kDa; VP1: 37 kDa. 
(http://dx.doi.org/10.1016/j.jviromet.2012.05.001) 

 

3.2.6 Virus neutralisation 

All 22 mAbs were further characterised to determine the LV neutralising activity by 

plaque reduction assay. Seven mAbs (LV-06sV12b-12, LV-06sV12b-13, 

LV-06sV12b-20, LV-06sV12b-21, LV-06sV12b-22, LV-06sV12b-29, LV-06s05b-33) 

showed a neutralisation effect of ≥80 % in LV (87-012) infection to Vero-B4 cells 

when hybridoma supernatants were applied to the cells. 
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II 

3.3 Laboratory rats are infected with Ljungan virus 

The BB rat is one of the most frequently used animal models to study type-1 diabetes. 

As shown by IHC and RT-PCR analysis, respectively, this animal model is infected 

with LV (Niklasson et al., 2007b). The interpretation of results based on a disease 

model is dependent on a full understanding of the biological characteristics of this 

animal model. That includes its possible carriage of infectious agents. Three additional 

strains of commonly used laboratory rats were investigated for the presence of LV. 

Brain, heart and pancreas from 8 Sprague Dawley® (SD), 8 Wistar Albino Glaxo 

(WAG) and 8 Lewis rats were analysed for the presence of LV-specific RNA using 

RT-PCR (5’UTR). Twelve of the 24 rats tested positive for LV by RT-PCR with 

positive individuals in all three strains of rats included in the study (table 3.4). LV 

RNA was found in brain and heart while all pancreas specimens were negative. RNA 

was also extracted from plasma of each animal. None of the plasma samples was 

tested positive for LV-specific RNA by RT-PCR. 

A selected number of the 24 rats were also tested for presence of LV by IHC. Four of 

15 pancreas specimens tested by IHC were LV positive. The IHC positives represented 

two of three rat strains (representative result in figure 3.9).  

All animals were tested by serology. Plasma was investigated for the presence of LV-

specific antibodies using an IIFT. A low titre (1:4) of LV-specific antibodies was 

found in 3 animals (animals 3, 7 and 9) representing 2 of the 3 rat strains investigated. 

Immunofluorescence was observed only in LV 87-012-infected Vero cells. In contrast, 

none of the sera showed reactivity with LV 145SL infected cells. Thus, potential cross 

reactivities can be excluded. 

RT-PCR (5’UTR) positive samples were further analysed by VP1 RT-PCR. Four 

samples were positive by VP1 RT-PCR (2-WAG, 3-WAG, 10-SD and 13-SD). Three 

sequences share similarity of 98 % to 99 % with LV M1146 on aa level (2-WAG, 
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10-SD, 13-SD). A short sequence of 126 nt was obtained from 3-WAG with 71 %  aa 

identity to LV M1146. 

 

Table 3.4 Summary of laboratory rat strains tested for the presence of LV by RT-PCR, 
IHC, serology and virus isolation. 

Animal designation RT-PCRa IHCb Serologyc Virus isolationd 
1-WAG - negative negative n.d. 
2-WAG heart negative negative unsuccessful 
3-WAG heart negative positive unsuccessful 
4-WAG - negative negative n.d. 
5-WAG brain negative negative n.d. 
6-WAG heart positive negative unsuccessful 
7-WAG - positive positive n.d. 
8-WAG brain negative negative unsuccessful 
9-SD - negative positive n.d. 
10-SD heart n.d. negative unsuccessful 
11-SD - negative negative n.d. 
12-SD brain negative negative n.d. 
13-SD brain negative negative unsuccessful 
14-SD - negative negative n.d. 
15-SD heart positive negative unsuccessful 
16-SD brain positive negative n.d. 
17-Lewis brain n.d. negative unsuccessful 
18-Lewis heart n.d. negative unsuccessful 
19-Lewis - n.d. negative n.d. 
20-Lewis - n.d. negative n.d. 
21-Lewis - n.d. negative n.d. 
22-Lewis - n.d. negative n.d. 
23-Lewis - n.d. negative n.d. 
24-Lewis - n.d. negative n.d. 
a RNA was extracted from brain, heart and pancreas of each animal. Shown are organs that 
were positive by LV specific RT-PCR. 
b Immunohistochemistry with formalin-fixed paraffin-embedded pancreas tissue. 
c Plasma of each animal was tested by IIFT. 
d Homogenised tissue that was positive by RT-PCR was applied to LV-susceptible Vero-B4 
cells. 
Abbreviations: WAG: Wistar Albino Glaxo, SD: Sprague Dawley, n.d.: not done 
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Figure 3.9 Rat pancreatic islet cell staining by immunohistochemistry. LV is stained (red) 
with an LV-specific polyclonal anti-VP1 antiserum and background is stained in green. 

 

All attempts to isolate LV from tissues of RT-PCR-positive animals on Vero-B4 cells 

were unsuccessful. The inoculated cells did not show signs of CPE. No LV antigen 

could be detected by IFA and no LV genome could be detected by RT-PCR. 

 

3.4 Ljungan virus prevalence in wild rodents trapped in Germany and Thailand 

LV was found in different species of voles and mice in Scandinavia, USA, and 

Northern Italy (Niklasson et al., 1999; Johansson et al., 2003; Niklasson et al., 2006b; 

Tolf et al., 2009a; Hauffe et al., 2010). Nothing is known about LV presence in 

Germany. Therefore, different rodent and insectivora species were screened for LV by 

RT-PCR. 

In total, 454 animals were analysed, belonging to 15 different species. Animals were 

trapped in 28 urban and sylvatic areas in Germany. A pilot study on bank voles from 

Sweden revealed the highest LV copy numbers in the brain of LV infected animals 

positive for LV (see figure 3.17). The brain was therefore chosen as the target organ 

for screening by RT-PCR analysis. 
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A total of 44 (9.7 %) animals were found positive for LV, belonging to the following 

species: voles (Arvicolidae): field vole (Microtus agrestis) (8/47 [17 %]), common 

vole (Microtus arvalis) (5/26 [19.2 %]), bank vole (Myodes glareolus) (8/95 [8.4 %]); 

mice (Muridae): striped field mouse (Apodemus agrarius) (4/48 [8.3 %]), 

yellow-necked mouse (Apodemus flavicollis) (12/93 [12.9 %]), long-tailed field mouse 

(Apodemus sylvaticus) (1/18 [5.5 %]), harvest mouse (Micromys minutus) (1/5), house 

mouse (Mus musculus) (1/4) and brown rat (Rattus norvegicus) (2/7 [22.2 %]). No 

insectivore was positive for LV (table 3.5).  

Statistical data analysis showed that LV infection is species dependent (Chi square 

test: α=0.031, p=0.003). Infection rate among animals is 12.1 % (only including the 

nine species with LV positive individuals [N=348]). No species is significantly more 

or less frequently infected with LV (Chi square test). 

A possible correlation between LV infection with gender and also weight (used as 

criterion for animal age because no respective data were available) was investigated. 

Females tend to be more often LV infected than males (N=416; chi square test: 

α=0.101; fisher’s exact: p=0.051). Correlation of LV infection with animal weight was 

tested at the species level. LV-infected male Microtus agrestis voles have a 

significantly higher body weight than animals negative for LV (N=34; Student’s T-

test: α=0.0007). No correlation was found between LV infection and body weight with 

animals of the Myodes glareolus and Apodemus flavicollis species, respectively. 
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Table 3.5 Species investigated for LV presence (Germany). 

Species No. LV positive / No. total (%) 

 female male total 

Apodemus agrarius 2/21 (9.5 %) 2/27 (7.4 %) 4/48 (8.3 %) 
Apodemus flavicollis 6/39 (15.4 %) 6/54 (11.1 %) 12/93 (12.9 %) 
Apodemus sylvaticus 1/8 (12.5 %) 0/10 1/18 (5.5 %) 
Apodemus spec. 1/4 (25 %) 0/3 1/7 (14.3 %) 
Crocidura russula 0/1 0/1 0/2 
Crocidura spec. 0/2 0/12 0/14 
Micromys minutus 0/1 1/4 (25 %) 1/5 (20%) 
Microtus agrestis 2/13 (15.4 %) 6/34 (17.5 %) 8/47 (17 %) 
Microtus arvalis 0/4 5/22 (22.7 %) 5/26 (19.2 %) 
Microtus spec. 0/15 1/38 (2.3 %) 1/53 (1.9 %) 
Mus domesticus 0/1 0/3 0/4 
Mus musculus 1/1 0/3 1/4 (25 %) 
Myodes glareolus 5/34 (14.7 %) 3/61 (4.9 %) 8/95 (8.4 %) 
Octodon degus 0 0/1 0/1 
Rattus norvegicus 2/7 (28.6 %) 0/2 2/9 (22.2 %) 
Rattus spec. 0/1 0/1 0/2 
Sorex araneus 0/6 0 0/6 
Sorex minutus 0/5 0/2 0/7 
Sorex spec. 0/1 0/2 0/3 
Talpea europaea 0 0/3 0/3 
unknown 0/2 0/5 0/7 

total 20/166 (12.1 %) 24/288 (8.3 %) 44/454 (9.7 %) 

 

LV-positive animals were found in areas of Brandenburg, Mecklenburg-Western 

Pomerania, Saxony-Anhalt, Lower Saxony, Baden-Württemberg and in the city of 

Cologne representing a wide geographic range within Germany in both rural and urban 

areas, respectively (table 3.6, figure 3.10). 

 

 

 

 



Results	
 

 
87 

 

Table 3.6 Trapping locations itemised by numbers of LV positives and rodent species. 
No.a location speciesb LV posc No.a location speciesb LV posc 
1 Altdöbern M.arv 0/1 18 Mesekenhagen T.eur 0/1 
2 Bernitt M.dom 0/2 19 Mücke-Merlau C.rus 0/2 
  S.ara 0/2   C.sp 0/1 
  S.min 0/3   S.ara 0/1 
  total 0/7   S.min 0/1 
3 Bosenbach S.ara 0/1   total 0/5 
4 Britz A.fla 0/4 20 Niemegk A.fla 1/1 
  M.gla 3/10   M.agr 0/1 
  M.agr 4/11   total 1/2 
  M.arv 0/1 21 Penzin A.agr 1/33 
  total 7/26   A.fla 8/76 
5 Calvörde M.gla 2/10   A.syl 0/17 
  M.agr 0/5   M.gla 1/13 
  M.arv 0/2   M.min 1/4 
  M.sp 1/15   M.agr 0/1 
  total 3/32   M.arv 0/4 
6 Colmitz S.ara 0/1   M.sp 0/1 
7 Dinslaken R.sp 0/2   M.dom 0/1 
8 Dreetz S.min 0/2   S.ara 0/1 
9 Freiburg M.dom. 0/1   S.sp 0/1 
10 Golmenglin M.gla 0/11   n.d. 0/5 
11 Groß Schönebeck A.fla 0/1   total 11/157 
  M.agr 0/1 22 Raben/Marzehns M.agr 1/6 
  M.arv 5/14 23 Schwenow M.gla 0/1 
  total 5/16   M.agr 1/1 
12 Hohenfels A.fla 0/4   total 1/2 
  A.syl 1/1 24 Tornow A.agr 3/9 
  M.mus 0/2   M.mus 1/2 
  O.deg 0/1   total 4/11 
  total 1/8 25 Walbeck M.gla 2/41 
13 Horst A.agr 0/6   M.agr 2/22 
  S.min 0/1   M.arv 0/3 
  total 0/7   M.sp 0/39 
14 Riems M.min 0/1   n.d. 0/2 
  M.arv 0/1   total 4/107 
  total 0/2 26 Warburg C.sp 07 
15 Kirchdorf T.eur 0/1   R.nor 2/9 
16 Ködnitz S.sp 0/1   total 2/16 
17 Köln A.fla 2/6 27 Westergellersen C.sp 0/3 
  A.sp 1/7 28 Wiek S.min 0/1 
  M.gla 0/14     
  C.sp 0/3     
  S.sp 0/2     
  total 3/32     
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a  Numbers corresponding to position on distribution map (figure 3.10). 
b abbreviations: A.agr: Apodemus agrarius, A.fla: Apodemus flavicollis, A.syl: Apodemus 
sylvaticus, A.sp: Apodemus spec., C.rus: Crocidura russula, C.sp: Crocidura spec., M.min: 
Micromys minutus, M.agr: Microtus agrestis, M.arv: Microtis arvalis, M.sp: Microtus spec., 
M.dom: Mus domesticus, M.mus: Mus musculus, M.gla: Myodes glareolus, O.deg: Octodon 
degus, R.nor: Rattus norvegicus, R.sp: Rattus spec., S.ara: Sorex araneus, S.min.: Sorex 
minutus, S.sp.: Sorex spec., T.eur.: Talpea europaea, n.d.: species not determined. 
c  Number LV positive / number total analysed. 

 

 

 

Figure 3.10 Trapping locations for wild rodents in Germany. Red dots: LV-positive 
animals were found by RT-PCR. Blue dots: all investigated animals were negative for LV by 
RT-PCR. Locations with positives/total number investigated are shown: 1st Altdöbern (BB) 
0/1; 2nd Bernitt (MWP) 0/7; 3rd Bosenbach (RP) 0/1; 4th Britz (BB) 7/26; 5th Calvörde (SA) 
3/32; 6th Colmnitz (S) 0/1; 7th Dinslaken (NRW) 0/2; 8th Dreetz (BB) 0/2; 9th Freiburg (BW) 
0/1; 10th Golmenglin (SA) 0/11; 11th Groß Schönebeck (BB) 5/16; 12th Hohenfels (BW) 1/8; 
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continued from figure 3.10: 13th Horst (MWP) 0/7; 14th Insel Riems (MWP) 0/2; 15th 
Kirchdorf (MWP) 0/1; 16th Ködnitz (B) 0/1; 17th Köln (NRW) 3/32; 18th Mesekenhagen 
(MWP) 0/1; 19th Mücke-Merlau (H) 0/5; 20th Niemegk (BB) 1/2; 21st Penzin (MWP) 11/157; 
22nd Raben/Marzehns (BB) 1/6; 23rd Schwenow (BB) 1/2; 24th Tornow (BB) 4/11; 25th 
Walbeck (LS) 4/107; 26th Warburg (LS) 2/16; 27th Westergellersen (LS) 0/3; 28th Wiek 
(MWP) 0/1. Abbreviations: BB: Brandenburg, MWP: Mecklenburg-Western Pomerania, RP: 
Rhineland-Palatinate, SA: Saxony-Anhalt, S: Saxony, NRW: North Rhine-Westphalia, BW: 
Baden Württemberg, B: Bavaria, H: Hesse, LS: Lower Saxony 

 

PCR results were confirmed by sequencing. Sequences similar to LV 87-012 were 

most abundant (27 of 44 positives) and were found in all species positive for LV. Due 

to high sequence similarity in 5’UTR between strains 87-012 and 174F, a 

differentiation in either the one or the other strain was not possible for some samples. 

However, vole species had only sequences similar to 87-012 and/or 174F (first LV 

genotype). In contrast, some sequences from mouse species also showed similarity to 

strains 145SL and M1146 (table 3.7). 

The picornavirus 5’UTR is highly conserved and is therefore used for screening, but 

such an assay is not sufficient for genotyping. The genotype can be determined by 

sequencing of the VP1 region (Oberste et al., 1999a; b). For this purpose, an LV-

specific VP1 semi-nested RT-PCR assay was established (3.1.4). All samples positive 

by 5’UTR RT-PCR were also analysed by VP1 RT-PCR. Only one sample was 

positive (07/0019). A 500 nt fragment was obtained with closest similarity to both LV 

strains M1146 and 64-7855 (nt level: 70 %, aa level:72.3 %) (table 3.8). This putative 

new LV strain was designated as LV Marianne. 
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Table 3.7 LV 5’UTR sequences obtained from LV-positive rodent samples  

Sample Speciesa strainb Sample Speciesa strainb 
04/0173 A.agr M1146 04/0042 M.agr 87-012 
04/0176 A.agr 87-012/174F 04/0116 M.agr 87-012 
04/0346 A.agr M1146 04/0136 M.agr 87-012 
07/0305 A.agr 87-012 07/0088 M.agr 87-012 
04/ 0062 A.fla M1146 07/0186 M.agr 87-012 
07/0049 A.fla 145SL 07/0132 M.sp 87-012 
07/0193 A.fla 87-012 04/0067 M.arv 87-012 
07/0203 A.fla 87-012 04/0093 M.arv 87-012 
07/0209 A.fla 87-012 04/0094 M.arv 87-012/174F 
07/0218 A.fla 87-012 04/0099 M.arv 87-012/174F 
07/0233 A.fla 87-012 04/0095 M.arv 87-012/174F 
07/0255 A.fla 87-012 04/0055 M.gla 87-012/174F 
07/0316 A.fla 87-012 04/0037 M.gla 87-012/174F 
07/0317   A.fla 87-012 04/0050 M.gla 87-012/174F 
59/60Mu/04 A.fla 87-012 07/0019 M.gla 174F 
07/0047 A.fla 145SL 07/0036 M.gla 87-012 
04/0022 A.syl 87-012 07/0130 M.gla 87-012/174F 
07/0051 A.sp 145SL 07/0187 M.gla 87-012 
07/0225 M.min 87-012 07/0206 M.gla 87-012 
04 /0030 M.agr 87-012 04/0399 M.mus 87-012 
04 /0058 M.agr 87-012 08/0280 R.nor n.d. 
04/0041 M.agr 87-012 08/0290 R.nor n.d. 
a Abbreviations: A.agr: Apodemus agrarius, A.fla: Apodemus flavicollis, A.syl: Apodemus 
sylvaticus, A.sp: Apodemus spec., M.min: Micromys minutus, M.agr: Microtus agrestis, 
M.arv: Microtus arvalis, M.sp: Microtus spec., M.mus: Mus musculus, M.gla: Myodes 
glareolus, R.nor: Rattus norvegicus 
b Similarity to known LV strain in partial 5’UTR 
n.d.: not determined 

 

Phylogenetic analysis of the 500 nt VP1 segment showed clustering between first and 

second genotype on the one hand and between third and fourth genotype on the other 

hand (figure 3.11). Interestingly, the sequenced 5’UTR PCR product of sample 

07/0019 shared high similarity with LV 174F. 
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Table 3.8 Amino acid identities between LV strains (and HPeV) and LV Marianne 
based on the sequenced 500 nt VP1 segment. 
aa 
identities 

Mar 87-012 87-012G 174F 145SL 145SLG M1146 64-7855 

Mar         
87-012 64.5        
87-012G 64.5 99.4       
174F 64.5 100 99.4      
145SL 65.1 78.4 78.4 78.4     
145SLG 64.5 77.8 77.8 77.8 99.4    
M1146 72.3 72.3 72.3 72.3 68.1 67.5   
64-7855 72.3 68.7 68.1 68.7 68.7 68.1 77.1  
HPeV 33.8 34.4 34.4 34.4 37.4 36.6 34.6 34.6 
GenBank accession number for each virus strain is shown in figure 3.11. Abbreviations: 
aa: amino acid, Mar: LV Marianne 
 

 

Figure 3.11 Phylogenetic analysis of LV Marianne based on the sequenced 500 nt segment. 
LV strains available at GenBank were used for analysis (accession numbers are shown in 
parantheses). HPeV1 was used as outgroup. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of branch 
length = 1.15865385 is shown. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) are shown next to the branches 
(Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree. All positions containing gaps 
and missing data were eliminated from the dataset (complete deletion option). There were a 
total of 130 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 
(Tamura et al., 2007). 
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There are also no data about LV prevalence in rodents from Asia. Therefore, brain 

samples from 87 animals belonging to 8 different rodent species from Thailand were 

also investigated. 

A total of 14 (16.1 %) animals were positive for LV by RT-PCR, belonging to the 

following species: bandicoot rat (Bandicota indica) (7/36 [19.4 %]), Savile's bandicoot 

rat (Bandicota savilei) (1/8 [12.5 %]), ryukyu mouse (Mus caroli) (2/6), black rat 

(Rattus rattus) (3/22 [13.6 %]) and common treeshrew (Tupaia glis) (1/4). (table 3.9). 

 

Table 3.9 Species investigated for LV presence (Thailand) 

Species No. LV positive / No. total (%) 
 Female Male total 
Bandicota indica 4/15 (26.7 %) 3/21 (14.3 %) 7/36 (19.4 %) 
Bandicota savilei 0/5 1/3 (33.3 %) 1/8 (12.5 %) 
Mus caroli 0/1 2/5 (20 %) 2/6 (33.3 %) 
Rattus argentiventer 0 0/3 0/3 
Rattus exulans 0/2 0/1 0/3 
Rattus rattus 1/9 (11.1 %) 2/13 (15.4 %) 3/22 (13.6 %) 
Rattus tiomanicus 0/2 0/3 0/5 
Tupaia glis 0/2 1/2 1/4 (25 %) 
total 5/36 (13.9 %) 9/51 (17.7 %) 14/87 (16.1 %) 
 

Animals were trapped in 5 different provinces in Thailand. LV-positive animals were 

found in the regions of Bangkok, Buri Nam and Prachuap Khiri Khan (table 3.10, 

figure 3.12). 

No correlation was found between LV infection and gender and LV infection and age, 

respectively. 
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Table 3.10 Wild rodent trapping locations in Thailand itemised by LV positives and 
rodent species 

Province Species LV posa Province Species LV posa 
Bangkok B. indica 1/2 Chumpon R. tiomanicus 0/4 
 R. exulans 0/1 Nakhon P B.indica 0/11 
 R. rattus 1/5  M.caroli 0/1 
 R. tiomanicus 0/1  R.rattus 0/2 
 total 2/9  total 0/14 
Buri Ram B. indica 0/4 Prachuap B. indica 6/19 
 B. salivei 1/8  R. argentiventer 0/3 
 M. caroli 2/5  R. rattus 2/8 
 R. exulans 0/2  T. glis 1/4 
 R. rattus 0/7  total 9/34 
 total 3/26    
a Number LV positive / number total analysed 
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Figure 3.12 Wild rodent trapping locations in Thailand. Red areas: LV-positive animals as 
detected by RT-PCR. Blue areas: all animals tested negative for LV by RT-PCR. 
Abbreviations: B: Bangkok, BR: Buri Ram, C: Chumpon, NP: Nakhon Pathom, PKK: 
Prachuap Khiri Khan. 

 

III 

3.5 Ljungan virus RNA persists in tissues of infected laboratory mice 

Several viruses have been associated with diabetes. It has been suggested that one 

potential mechanism for virus-induced autoimmune disease is persistent virus 

infections (Fujinami et al., 2006). The parvovirus B19 is an example of a virus 

persisting in various human tissues and subsequently responsible for disease during 

pregnancy (Soderlund-Venermo et al., 2002). 

This thesis investigates the concentration and persistence of LV in several organs of 

infected CD-1 mice over the course of several months to clarify the continuity of LV 

infection over the life course. It is postulated that LV persistence might account for the 

onset of diabetes in bank voles and in LV-infected CD-1 laboratory mice. LV-infected 

male CD-1 laboratory mice were investigated for the presence of LV-specific RNA by 

RT-PCR over the course of several months. 

LV infection of suckling mice resulted in signs of acute encephalitis, myocarditis and 

pancreatitis a few dpi. Approximately 70 % of the mice recovered from acute signs of 

disease. Clinical signs of diabetes followed 15 weeks later. The clinical picture of LV-

infected laboratory mice was recently described (Niklasson et al., 2006a; b). 

All organs investigated for LV-specific RNA were found positive by real-time RT-

PCR. In the acute infection, the highest levels of virus genome equivalents were found 

in the brain (7.39e+10 LV RNA copy equivalents per g tissue) followed by pancreas 

(1.07e+9 LV RNA copy equivalents per g tissue) and heart (8.09e+8 LV RNA copy 

equivalents per g tissue). Virus loads of other organs range from 3.86e+8 (large 

intestine) to 1.53e+7 LV RNA copy equivalents per g tissue (kidney) (Figure 1). In all 

organs, levels of LV genome equivalents decreased and reached a minimum at day 56 
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pi. By day 56 pi, LV RNA levels began to increase in all organs and remained at a 

constant level from day 98 pi until day 174 pi when the experiment was terminated 

(Figure 3.12). Thymus and bladder were obtained from some animals. Both organ 

types were found to be LV positive (thymus: 6.07e+5 [13 dpi, n=1], 3.02e+6 [17 dpi, 

n=1], 1.25e+4 [27 dpi, n=2] and 5.54e+4 [56 dpi, n=2] LV RNA copy equivalents per 

g tissue; bladder: 2.15e+6 [98 dpi, n=1] and 7.19e+5 [130 dpi, n=1] LV RNA copy 

equivalents per g tissue). 
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Figure 3.12 LV genome copies in laboratory mouse organs detected by real-time RT-PCR. 
Data are plotted as LV genome equivalents per g of tissue. Each circle represents one LV-
infected laboratory mouse. Circles on the x-axis mean LV-negative organs. 

 

To highlight the acute phase of infection, an additional study was performed. Suckling 

mice were infected as described above and the same organs were collected, but a 

shorter time frame was chosen reflecting the first 10 dpi (table 3.11). Most animals 

developed clinical symptoms of encephalitis 7 dpi with trembling, irritability and 

paralysis. On day 10 (when the experiment was terminated), 75 % of infected animals 

had clinical symptoms, 25 % were symptomless, and 25 % were dead. Body weight 

was measured during the whole study time. LV infection had an effect on body weight. 

Infected animals weighed less than non-infected animals until 5 dpi. After 5 dpi, the 

weight of symptomless animals reached approx. the same level as non-infected 

animals. In contrast, encephalitis was associated with body weight loss compared to 

both non-infected counterparts and symptomless animals (figure 3.13). 

 

 

Figure 3.13 Influence of LV infection to body weight during the first 10 dpi. One-day-old 
CD-1 laboratory mice were intraperitoneally infected with LV 145SL. Changes in weight 
from Mock-infected counterparts were calculated over time. First symptoms of encephalitis 
were observed 7 dpi. Animals with encephalitis are shown as dotted line. Symptomless (but 
infected) animals are shown as solid line. Data are presented for at least three animals per 
date.  
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Since the previous study included only male mice, only male mice were also 

considered for analysis of the acute infection. For 2 dpi, only 1 male was available, 

whereas 2 males could be included for all other time points (table 3.11). 

  

Table 3.11. Animal designation used for LV infection study with acutely infected 
laboratory mice. 

dpi 1 2 3 5 7 10 
Animal 
designation 

A1 
B2 

B3 A4 
C4 

B5 
C5 

A6 
B7 

A8 
B8 

 

All organs were again analysed for LV presence by RT-PCR. One dpi, 1 animal (2B2) 

was LV positive in all organs, while A1 was negative in all organs. B3 (2 dpi) was LV 

positive only in spleen (3.63x105) and bladder (including urine) (5.2x104). Three dpi, 

A4 was positive only in intestine (including faeces) (1.95x104) and C4 was positive in 

all organs (brain was not available). From 5 dpi on, all organs of all animals were 

positive for LV, except for brain of A6 that was negative. Interestingly, the highest 

mean copy numbers were found in intestine until 3 dpi, and lung, brain and heart had 

the lowest mean copy numbers. However, an increasing mean copy number within 

time was detected only in brain, heart and slightly in the lung, whereas mean copy 

numbers in all other organs remained at a constant level until 10 dpi (figure 3.14). 

Copy numbers were considered separately for each animal, varied a lot between 

animals sacrificed at the same time point, and also organ distribution was different 

among animals, reflecting individual differences of this outbred strain. However, with 

the exception of A6, the brain was the organ with the highest copy numbers from day 

7 on, consistent with signs of acute encephalitis (figure 3.15). 
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Figure 3.14 LV genome copies in laboratory mouse organs detected by real-time RT-PCR. 
Data are plotted as LV genome equivalents per g of tissue. Each circle represents one LV-
infected laboratory mouse. Circles on the x-axis mean LV-negative organs. 

Figure 3.15 LV genome copies in laboratory mouse organs detected by real-time RT-PCR. 
Shown are copy number organ distributions for each animal with more than two LV-positive 
organs. Data are plotted as LV genome equivalents per g of tissue. 

 

For each animal, virus isolation was attempted from brain and liver. The size of other 

organs of suckling mice was too small for both RNA extraction and virus isolation. 

Infectious LV particles could be isolated from both tissue types. An increasing titre 

was found only in brain, while titre in liver decreased over time (figure 3.16). 

 

 

Figure 3.16 LV titre in brain and liver of acutely infected laboratory mice. Titres are 
shown as per g of tissue. Black circles: brain, white circles: liver.  
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To extend the findings from laboratory mice to wild rodents, organs obtained from 13 

wild-caught bank voles were investigated for the presence of LV. In total, nine animals 

were found to be positive for LV by real-time RT-PCR (figure 3.17). All voles tested 

positive in at least two organs, while one was positive in all investigated organs. The 

highest mean LV genome copy number was found in the brain (figure 3.17).  

 

Figure 3.17 LV genome copies in wild bank vole organs detected by real-time RT-PCR. 
Data representing nine individuals are plotted as LV genome equivalents per g of tissue. 
Means in LV genome copies in different organs are: 5.45e+5 (brain); 3.68e+4 (heart); 
6.21e+5 (pancreas); 5.79e+5 (lung); 2.02e+5 (kidney); 1.41e+5 (liver). 
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3.6 Ljungan virus infection in lytic versus non-lytic cell culture 

3.6.1 Morphological changes of Vero-B4 and BHK21 cells post LV infection 

LV-infected Vero-B4 cells showed first signs of CPE 4 dpi. Distinct groups of cells 

rounded up and became detached from the surface. The number of cells showing CPE 

increased over time. A full destruction of the cell monolayer could be observed 10 dpi. 

No CPE was seen in Mock-infected cells (figure 3.18). In contrast, BHK-21 cells 

showed no CPE post LV infection (data not shown). 

 

 

Figure 3.18 Cytopathic changes on Vero-B4 cells post LV infection (A, C) and 
Mock-infected cells (B, D). A, B: 4 dpi. C, D: 10 dpi. 

 

LV-infected cells were stained with DAPI to visualize the DNA in the nucleus. LV-

infected Vero-B4 cells contained condensed chromatin and apoptotic bodies (figure 
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3.19), features characteristic of apoptosis. These nuclear changes could not be 

observed in Mock-infected Vero-B4 cells and in LV-infected BHK-21 cells, 

respectively (data not shown). 

 

 

Figure 3.19 Chromatin condensation in LV-infected Vero-B4 cells 7 dpi. Nucleus DNA 
was stained with DAPI (blue). LV protein was stained with mAb LV-05sA4-H (red). 
Prominent examples are indicated by arrows. Magnification: 40x. 

 

 3.6.2 LV propagation in Vero-B4 and BHK-21 cells 

Both Vero-B4 and BHK-21 cells were infected with LV 87-012. Cells were acetone 

fixed, and presence of LV antigen was detected by IIFT using a polyclonal anti-VP1 

rabbit antiserum (Tolf et al., 2008). First fluorescence was observed 3 dpi in both cell 

lines with staining in the cell cytoplasm, indicating that both cell lines were susceptible 

to LV. No fluorescence was seen in Mock-infected cells (figure 3.20). Groups of 

neighbouring fluorescent cells were observed for both, Vero-B4 and BHK-21 cells, 

respectively (compare also to figure 3.6).   
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Figure 3.20 IIFT on Vero-B4 (A, B) and BHK-21 (C, D) cells. Cells were infected with LV 
87-012 (MOI1) (A, C) (B, D: Mock-infected) acetone fixed 3 dpi and analysed for presence 
of LV antigen by use of a polyclonal rabbit anti-VP1 antiserum. Magnification: x20. 

 

LV production over time was measured by determining the CCID50 of cell culture 

supernatants of LV infected cells. LV RNA replication in cells was measured by real-

time RT-PCR assay. 

LV titre in Vero-B4 cells increased logarithmically over time by six log-levels until 

8 dpi. After day 8 pi, the titre increased only slightly in these cells (approx. 0.5 

log-levels), consistent with the observed complete CPE at this time. In contrast, only a 

minor increase in virus titre was determined for BHK-21 cells, indicating no or low 

release of virus particles in the cell culture supernatant (figure 3.21 A). 

Detected by real-time RT-PCR, the amount of LV RNA increased in both cell lines 

with a similar rate of increase (figure 3.21 B). Thus, LV replicates in Vero-B4 as well 

as in BHK-21 cells with similar growth characteristics. In addition, the number of LV-

infected BHK-21 cells positive by IIFT increased until 6 dpi with approx. 90 % of 
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cells positive (data not shown). These data indicate both, LV RNA production and (at 

least) LV protein production, but inhibition of virus release or virus assembly in 

BHK-21 cells. 

 

 

Figure 3.21 Growth kinetics of LV in Vero-B4 and BHK-21 cells. (A) Virus titres as 
determined by cell culture infectious dose 50 assay. Mean titres of octuple samples are shown 
for each time point. Note that BHK-21 cells can not be maintained longer than six days. (B) 
LV RNA replication was determined by real-time RT-PCR assay. Means of duplicate samples 
are shown for each time point. 

 

3.6.3 DNA fragmentation in LV-infected Vero-B4 and BHK-21 cells 

Internucleosomal DNA degradation is a hallmark of apoptosis. DNA extracted from 

LV-infected Vero-B4 cells showed the typical laddering with DNA degradation. This 

DNA ladder was not observed in Mock-infected Vero-B4 cells. The topoisomerase I-

inhibiting alkaloid camptothecin was used as a positive control for induction of 

apoptosis (figure 3.22). No DNA fragmentation was observed when detected with 
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BHK-21 cells. In contrast, DNA extracted from BHK-21 cells treated with 

camptothecin was indeed fragmented (data not shown). 

 

 

Figure 3.22 DNA fragmentation in Vero-B4 cells treated with camptothecin (A) and 
infected with LV (B, C). B: Effects of different MOI on DNA laddering. C: MOI1; increasing 
DNA fragmentation over time. M: marker, - Mock, + camptothecin treated (A) and LV 
infected, respectively (B, C). 

  

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labelling 

(TUNEL) is a more sensitive method for detection of DNA strand breaks. The TUNEL 

assay was used to confirm these results at the single cell level. Again, DNA 

fragmentation was observed only in LV-infected Vero-B4 cells, but not in BHK-21 

cells while Mock-infected cells were negative for both cell lines. Cells treated with 

camptothecin were again positive for both cell lines.  
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Figure 3.23 TUNEL staining of Vero-B4 (A-D) and BHK-21 (E-F) cells. LV was adsorbed 
at an MOI1 for 1 h at 37 °C, and DNA fragmentation was determined by dUTP nick end 
labelling 8 dpi (Vero-B4) and 4 dpi (BHK-21), respectively. Fluorescence was only observed 
in LV-infected Vero-B4 cells (D) whereas LV-infected BHK-21 (H) and Mock-infected cells 
(A, E) did not show fluorescence. Treatment with 5 µM Camptothecin was used as a positive 
control for apoptosis induction (B, F). In order to prove the method, cells were treated with 
DNase I for 10 min prior to staining (C, G). 

 

3.6.4 Detection of active Caspase-3 in LV-infected Vero-B4 cells 

Caspase-3 is a key enzyme in the initiation of apoptotic cell death. This enzyme exists 

as uncleaved precursor in the cell. Once the apoptotic pathway is initiated, the enzyme 

is cleaved into its active form (Nicholson et al., 1995). 

LV-infected Vero-B4 cells were investigated for presence of active Caspase-3 by IIFT 

and western immunoblotting. Active caspase-3 was detected in LV-infected cells with 

co-staining of LV antigen by IIFT. Furthermore, fluorescence was also observed in 

cells without visible LV antigen (figure 3.24) possibly through bystander apoptosis. 

Western blotting showed a very weak reaction to active caspase-3, while presence of 

uncleaved caspase-3, actin and LV proteins VP0, VP3 and VP1 could clearly be 

detected (data not shown).  
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Figure 3.24 Detection of active caspase-3 and LV antigen in Vero-B4 cells 5 dpi. An 
active caspase-3 specific polyclonal rabbit antibody (green fluorescence) and mAb LV-
05sA4-H (red fluorescence) were used for staining. 

 



 

4 Discussion 
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4.1 Development and evaluation of methods for detection and characterisation of 

Ljungan virus 

4.1.1 RT-PCR based assays 

Real-time PCR has become a “gold standard” for detection and quantitation of viruses 

and viral load, respectively. Advantages over conventional PCR assays are for instance 

the higher sensitivity, higher speed, lower inter-assay and intra-assay variability, and 

the possibility to quantitate viral load allows to adjust antiviral therapies and to 

monitor patient’s therapeutic response (Mackay et al., 2002). 

These benefits were enhanced by developing a novel real-time RT-PCR assay for 

detection and quantitation of LV genomes. A highly conserved genome region 

targeting the LV 5’UTR was chosen for primer and probe design. The assay 

specifically detects all known LV strains, but not the related parecho- and 

cardioviruses (Niklasson et al., 1999), showing, high assay specificity. The ratio 

between viral RNA copies and infectious virus particles differs between various virus 

stocks of the same virus. For determination of assay sensitivity it is therefore not 

recommended to use RNA extracted from virus stocks whose titre was determined by 

cell culture-based assays (Drosten et al., 2002). This problem was circumvented by 

using in vitro transcribed RNA to determine the assay sensitivity. Detection limit of 

both one-step and two-step RT-PCR assay is ≤ 10 copies per reaction. This detection 

limit is close to other PCR assays for detection of parechoviruses (Nix et al., 2008). 

The real-time assay was linear over the tested range of either virus RNA or in vitro-

transcribed RNA. Assay reproducibility was determined by intra- intervariability tests 

with ≤ 1 CT value for both assays, showing the high reproducibility for this RT-PCR. 

LV real-time RT-PCR was established as both one-step and two-step assay. Mean CT 

values of the two-step assay were below mean CT values of the one-step assay for all 

in vitro-transcribed RNA concentrations tested, indicating a higher sensitivity of the 

two-step assay. However, the use of one-step RT-PCR is less time consuming and also 

reduces the risk of contamination which makes it more suitable for diagnostic 

approaches. Picornaviruses replicate by using an intermediate of positive- and 
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negative-strand RNA. Determination of the ratio of positive- and negative strands 

gives information about the kind of virus infection, i.e. acute or persistent (Girard et 

al., 2002). Such conclusions are also possible for LV by using the two-step assay with 

either the forward primer (for detection of negative strands) or the reverse primer (for 

detection of positive strands) in reverse transcription reaction. The assay was evaluated 

using RNA extracted from LV-infected laboratory mouse tissues. LV RNA from 

different LV strains used for infection was specifically detected and quantitated with 

different viral loads in all types of organs tested. This approach was extended to 

“field” conditions with organs taken from rodents trapped in the wild. Again, LV RNA 

could be detected, and viral load in different organs reflected that obtained for 

laboratory mice, showing that this assay can be applied in fast and reliable detection of 

LV RNA in different sample types. 

Melting curve analysis was established to confirm RT-PCR results and also to obtain 

strain information of samples positive by RT-PCR. Sequences identical to the targeted 

5’UTR region of LV strains 87-012, 174F and 145SL could be detected, and these 

strains could clearly be distinguished within a few minutes. This assay offers an 

alternative to sequence analysis of PCR products. However, probes could only be 

designed for these three strains because of too high sequence variation to M1146 and 

64-7588. A positive RT-PCR but negative melting curve result should therefore be 

analysed further. To overcome this problem, pyrosequencing was developed. This 

assay enables the detection of sequences from all known LV strains. Furthermore, it 

should be possible to obtain short sequences not similar to known LVs. However, 

pyrosequencing lacks sensitivity. High copy numbers are necessary for positive 

results. 

Picornaviruses are known to recombine within species (Simmonds, 2006). Several 

recombination breakpoints were identified for HPeVs (Zoll et al., 2009b). There are 

also few data for LV, indicating recombination events also in this species (Tolf et al., 

2009a). Genotyping of picornaviruses has been established by use of VP1 sequences 

(Oberste et al., 1999b; Al-Sunaidi et al., 2007). The 5’UTR targeting real-time PCR is 

highly sensitive and suitable for screening purposes, but not for genotyping and further 
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characterisation of LV-positive samples. Two further RT-PCR assays were established 

to address this challenge. Primers were designed based on all available LV sequences 

to amplify RT-PCR products from the LV 2A/2B and VP1 regions, respectively. RNA 

from all available LV strains could be amplified, and these assays could also be 

successfully applied to wild rodent samples. Using VP1 RT-PCR, only 1 out of 44 

samples that was LV positive by 5’UTR RT-PCR was also positive by VP1 RT-PCR, 

indicating a higher sensitivity of 5’UTR RT-PCR. 

RT-PCR assays described here widely expand the spectrum available for LV detection 

and characterisation. However, for a full characterisation of LV-positive specimens, 

further tests are needed, such as virus isolation and a broad spectrum of serological 

assays.  

 

4.1.2 Development and characterisation of murine monoclonal antibodies to LV 

MAbs provide a powerful tool for detection and characterisation of viruses. The 

production and characterisation of murine mAbs specific to LV is described here. A 

number of 22 mAbs were found to be specific to LV. These mAbs were expanded and 

further characterised by IIFT, IHC, western immunoblotting and immune precipitation. 

The potential to inhibit the infection of cell culture with LV was also determined. 

Evaluated by IIFT, all 22 mAbs were reactive to LV strains 87-012 and 174F, that 

constitute the first LV genotype. These data indicate a high antigen cross reactivity 

among both strains. Such a result is not surprising because of the high amino acid 

similarity of 99 % in the P1 region between both strains (Johansson et al., 2002). In 

contrast, only three mAbs (LV-05sA1-D, LV-05sA4-G and LV-05sA4-H) showed also 

reactivity to LV 145SL (84 % amino acid similarity to 87-012 in P1 region), the only 

member of the second LV genotype, suggesting the occurrence of common epitopes 

among the three LV strains recognised by these three mAbs. 

Immunohistochemistry is used to stain antigen(s) in tissue sections. Fixation of tissue 

material is necessary for e.g. preservation of cell structures, but there is also the 
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difficulty that fixative solutions may change antigenic epitopes (Shi et al., 1997; 

Ramos-Vara, 2005) making it a higher challenge for mAbs to recognise these epitopes. 

However, 5 mAbs were identified with positive binding to LV antigen in IHC. All of 

these 5 mAbs belong to the IgM subclass. A possible reason might be that IgM 

antibodies have higher avidity but less specificity to the antigen than do IgG 

antibodies. 

Using IIFT and IHC, a potential cross reactivity of the mAbs to other closely related 

members of the picornaviridae was tested, i.e. the LV strain M1146 (third LV 

genotype) and the closely HPeV type 1 and 2, respectively. No cross reactivity of 

mAbs to these viruses was detected. The specificity of mAbs to LV genotypes 1 and 2 

without cross reactivity to closely related picornaviruses is important for testing 

diagnostic samples by immuno assays. 

All mAbs failed to react with denatured protein tested by western immunoblotting 

suggesting the conformational nature of epitopes required for binding to the LV 

capsid. To determine the target capsid protein(s) of each mAb, an immunoprecipitation 

of capsid proteins was attempted with mAbs bound to Protein G conjugated magnetic 

beads. The protein target(s) of 20 mAbs were successfully identified except for 

subclass IgM mAbs LV-05fB2-Q and LV-06s05b-33 which might be due to the low 

affinity of IgM antibodies to Protein G. Attempts using Protein L-conjugated beads 

were not successful either (data not shown). Eight mAbs precipitated VP1 as target 

protein, two mAbs recognised VP0 and no mAb was specific to VP3. The major 

antigenic sites in other picornaviruses, e.g. poliovirus and coxsackievirus A9, are 

located in VP1 (Minor et al., 1986; Pulli et al., 1998). Using the peptide scanning 

technique and an enzyme immunoassay, respectively, Joki-Korpela et al. (2000) 

identified two antigenic sites in HPeV1, one in VP1 and one in VP0. The latter was 

shown to be highly conserved among HPeV1 isolates and also closely related to LV 

(Joki-Korpela et al., 2000). Another study by Tolf et al. (2008) describes the 

characterisation of rabbit polyclonal antibodies to LV capsid proteins. Antibodies 

against VP1 and VP0 could detect native LV proteins but no native protein was 

detected by use of an anti-VP3 antibody, suggesting the presence of immunodominant 
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epitopes in capsid proteins VP1 and VP0, but not in VP3 (Tolf et al., 2008). 

Immunoprecipitation with 10 mAbs resulted in more than one band after visualising. 

Four mAbs recognised VP0 and VP3, two mAbs VP0 and VP1 and four mAbs showed 

reactivity to all three capsid proteins. B-cell epitopes are thought to be conformational 

(Alho et al., 2003). Considering the three-dimensional structure of picornaviruses, it 

might be possible that antibodies bind to epitopes that are part of more than one capsid 

protein. Furthermore, in a study determining the putative common epitope of 

enteroviruses by sequence-independent single-primer amplification mediated 

immunoscreening analyses, several clones were identified that were concentrated at 

the capsid protein junctions covering two proteins (Shin et al., 2003). However, a 

possible co-precipitation of capsid proteins during immunoprecipitation can not be 

excluded. Further studies should be undertaken to determine immunogenic epitopes of 

LV, e.g. by peptide scanning technique or by studying virus neutralisation escape 

mutants. 

Seven mAbs inhibited LV infection to cell culture. Three neutralising mAbs were class 

IgG and four neutralising mAbs were class IgM antibodies. All three class IgG and 

one class IgM mAbs had VP1 as target protein. In addition, for two neutralising class 

IgM mAbs VP0 is involved in binding to the virion. Rabbit antisera were raised 

against synthetic peptides covering immunodominant sites of HPeV1 in VP1 and VP0, 

respectively. Both peptides neutralised infectivity of HPeV1 in cell culture (Joki-

Korpela et al., 2000). Furthermore, the VP1 protein of poliovirus induces a 

neutralising antibody response in mice and rabbits (Fiore et al., 1997). Our results are 

in line with these data. 

In conclusion, murine mAbs specific to LV but not to other picornaviruses were 

produced. These mAbs should prove useful for the development of assays for the 

specific detection of LV, e.g. in human tissue by IHC. Furthermore, for 

epidemiological studies an easy-to-perform but specific assay is needed. The cELISA 

assay described here could be adapted for human sera to elucidate the role of LV in 

humans since a possible association of LV and human disease has been reported 

(Niklasson et al., 2007a, 2009a, 2009b; Samsioe et al., 2009). MAbs can also be used 
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for investigation of LV pathogenesis in vitro and in vivo. For instance, the mAb 

treatment of LV infected animal models developing diabetes (Niklasson et al., 2007b; 

Holmberg et al., 2009) is encouraged. MAbs described here will also help analyse 

immunodominant regions of the LV capsid and will hence contribute to understand 

characteristics of parechoviruses that are distinct from other picornaviruses. 

 

4.2 LV presence in rodent species 

This thesis demonstrates that three strains of laboratory rats widely used as animal 

models are infected with Ljungan virus. These strains, along with the previous 

observation of LV in the BB rat (Niklasson et al., 2007), present a previously 

unrecognized picture of widespread presence of a pathogenic agent in laboratory rats. 

The four strains positive for LV encompass a broad range of genetic variation within 

laboratory rats as a whole (Thomas et al., 2003; Sudo et al., 2007). 

Both wild rats and laboratory rats are naturally infected with a number of pathogens. 

During the period of domestication, many of the original rat stocks harboured different 

pathogens whose elimination from the host was more and more successful when 

improvements in sanitation, nutrition and husbandry were made, together with 

procedures which enable the elimination of pathogens not transmitted in utero (Baker, 

1998). Active surveillance of pathogens in breeding facilities led to a decline of 

microbiological contamination in laboratory animals (Hankenson et al., 2003).  

There are several possible explanations as to why a new pathogen, apparently 

widespread among laboratory rat strains, might only be detected at this time. If the 

laboratory animal is the natural reservoir for a pathogen it often causes no or minimal 

disease in the animal. Such a pathogen causing only minor disease will be difficult to 

diagnose clinically, and will typically also be difficult to cultivate by common 

isolation techniques, making the chance of detecting such a pathogen low. Additional 

characteristics of LV biology add to this picture. Data from wild rodents and 

laboratory mice suggest that Ljungan virus disease outcome is dependent on the stress 

level of the infected host (Niklasson et al., 2006a; Niklasson et al., 2006b; Samsioe et 
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al., 2006). LV is also difficult to cultivate, making it characteristically difficult to trace 

and identify. In the present study evidence of Ljungan virus infection in laboratory rats 

is presented by three independent methods. LV was found in by RT-PCR (LV-specific 

viral RNA), IHC (LV-specific protein) and IIFT (LV-specific antibody reaction).  The 

low titre of antibodies detected by IIFT found in the present study is consistent with 

the findings in LV infected wild rodents (personal communication Bo Niklasson). 

It has recently been suggested that LV is involved in the pathogenesis of diabetes in 

the BB rat type 1 diabetes model (Niklasson et al., 2007b). LV causes malformation 

and perinatal deaths in laboratory mice infected during controlled conditions (Samsioe 

et al., 2006), and it has also been suggested that LV is a zoonotic pathogen responsible 

for intrauterine deaths in pregnant women (Niklasson et al., 2007a; Samsioe et al., 

2009) and central nervous system malformation in humans (Niklasson et al., 2009). 

Additional studies are needed to elucidate the potential role of LV as a pathogen in the 

BB rat and other rat strains and what impact this pathogen might have on their use as a 

range of animal models of human disease. The potential role as a human pathogen 

should also be investigated to reduce the risk of pregnant women working in an animal 

facility. 

LV was first isolated from bank voles in Northern Europe and has later been identified 

in species from voles and mice in North America and South Europe (Niklasson et al., 

1999; Johansson et al., 2003; Tolf et al., 2009a; Hauffe et al., 2010). It was not known 

whether LV circulated in Germany, and therefore the natural reservoirs of LV and the 

geographical distribution of LV remained unknown. Rodents and insectivores were 

trapped at 28 different sites in Germany and analysed for LV presence by RT-PCR. 

LV was found in several species of voles and mice, i.e. Microtus agrestis, Microtus 

arvalis, Myodes glareolus, Apodemus agrarius, Apodemus flavicollis, Apodemus 

sylvaticus, Micromys minutus, Mus musculus, Rattus norvegicus. These results 

considerably extend the known host range of LV, including the commensal house 

mouse and brown rat. No species was significantly more or less LV positive. In 

addition, no insectivore carried LV. These data suggest that LV is prevalent in many 
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rodent species to a similar extent, and that the host range is limited to rodents. 

However, additional studies on other mammals (and possibly also on invertebrates like 

insects and ticks) are necessary to determine the whole host range of LV. All species 

found positive for LV are extremely common in Europe and Asia (Mitchell-Jones et 

al., 1999; IUCN red list of threatened species). Therefore, a wide geographical 

distribution of LV in these rodent species seems likely. LV has been suggested to play 

a role in the origin of cyclic rodent population density in northern latitudes (Niklasson 

et al., 2006b). Such cycles in rodent populations have also been observed in Germany 

(personal communication Dr. Jens Jacob, Julius Kühn-Institut, Münster, Germany). 

The influence of LV as a pathogen (apparently abundant in many rodent species) on 

rodent population dynamics should therefore be elucidated. 

In this study, LV was found at different sites of Germany, encompassing the North, 

South, East, and the West showing that this virus is widely distributed within 

Germany. The reason for LV-negative sites might be due to the small sample size of 

these areas. 

Although not significant, a trend was found that females are more often LV infected 

than males. Niklasson et al. (2006a) found that LV-infected male laboratory mice 

develop disease to a higher extent than females. If this is also true for wild rodents, one 

explanation might be that diseased male rodents are more difficult to catch because of 

a higher susceptibility to morbidity and mortality, and also to predation. For many 

viruses, animal infection shows sex differences in disease pathogenesis. One example 

is coxsackievirus B3 (CVB3). Male mice are more susceptible to CVB3 infection than 

females accompanied with a strong cytotoxic T-cell response in male mice, but not in 

female mice (Wong et al., 1977). In addition, coxsackievirus is associated with the 

development of diabetes mellitus post infection of pancreas Langerhans islet cells. 

This virus-associated disease occurs predominantly in males (Yoon et al., 1978). In 

contrast, in lymphocytic choriomeningitis virus (LCMV) infections female mice are 

more susceptible to morbidity and mortality (Quinn et al., 1993). It has been suggested 

that female mice more likely develop TH1 lymphocytes and are more resistant to 

pathology when TH1 response is beneficial (CVB3), whereas females develop disease 
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in infections where TH1 response is deleterious (LCMV) (Whitacre et al., 1999). 

Immune response post LV infection should be investigated in future studies. 

Ecological and/or behavioural rodent biology may be another reason for a sex 

difference in LV infection.  

Sequences from LV 5’UTR were created for LV-positive samples. Sequences close to 

4 of the 5 known LV strains were found. A virus-host coevolution, as discussed for 

hantavirus (Plyusnin and Morzunov, 2001), seems unlikely, since no LV strain 

corresponded to one rodent species exclusively. Indeed, Microtus species and Myodes 

glareolus were only positive for LV 87-012 and/or 174F, but LV 145SL was originally 

isolated from a bank vole, supporting this idea. Interestingly, LV M1146 sequences 

were also found in German mice, revealing that the term “American LV” is not 

correct. LVs should rather be designated by strain or genotype. 

Using VP1 RT-PCR one bank vole sample was positive and a 500 nt fragment could 

be achieved. The best matching sequence were LV M1146 and 65-7855 with 72.3 % 

aa identity each. Lowest aa identity was 64.5 % between the new sequence and LV 

strains 87-012 and 174F, respectively. Genetic identity to HPeV1 was only 33.8 % 

compared to all previously described LVs. In enteroviruses, serotype correlates with 

genotype and molecular analysis has been established for genotype determination. 

Strains with no less than 75 % nt and 88 % aa identity of VP1 are considered as one 

genotype (Oberste et al., 1999b).  These criteria were also established for LV (Tolf et 

al., 2009a). Based on these data, a putative new LV genotype was found extending the 

information available on LVs. This sequence data should be further analysed to obtain 

complete sequence information on this strain. This will help to gain insight into LV 

phylogeny and evolution. 

LV was also found in animals from Thailand. This is the first report extending the 

known geographical distribution of LV also to Asia. These findings support the 

assumption of a worldwide LV distribution. Three rat species were analysed positive 

for LV, i.e. Rattus rattus, Bandicota indica and Bandicota savilei, the latter two only 

distributed in South-East Asia, while the house rat is a commensal animal that is found 
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worldwide (IUCN red list of threatened species). In addition, the Mus caroli species 

(that is also only present in East Asia) was identified to be a host for LV. The finding 

of three LV positive species endemic in Asia raises interesting questions about LV 

evolution. Is there an ancestral rodent species from which LV originated or was LV 

transmitted from migrating rodents, such as the house rat that originates from Asia? 

More sequence information from additional LV strains are necessary to address this 

question as well as the extension of studies on LV prevalence in other continents 

including more rodent species. Interestingly, one tree shrew species (Tupaia glis) was 

positive for LV. Again, additional studies should clarify whether species from the 

order Scandentia are reservoir hosts for LV or if this finding is a result of a possible 

spill-over infection. 

In this study, rats were found to be LV carriers from both the laboratory and the wild 

and also from different areas in the world. Rats are live close to the human 

environment with several millions of individuals. LV is suggested to be transmitted by 

the faecal-oral route (Niklasson et al., 1999). Is the rat one major reservoir for LV, and 

is it responsible for transmission to humans?  

 

4.3 LV pathogenesis 

It has been reported previously that LV infection is associated with diabetes in LV-

infected laboratory mice and in wild rodents (Niklasson et al., 2006a, b). This led to 

the hypothesis that LV persistence might contribute to the outcome of diabetes. Thus, 

the abundance of LV genome in several organs obtained from LV-infected CD-1 

laboratory mice was investigated in the course of time post infection. All investigated 

organs were found positive for LV throughout the tested period, indicating a persistent 

systemic infection. One possible explanation as to why all organs were found to be LV 

positive is that viruses often persist in immune cells, i.e. lymphocytes and/or 

monocytes (Oldstone, 1991). The highest LV genome copy numbers during the acute 

infection were present in the brain. In addition, the amount of LV genome copy 

numbers and infectious virus particles increased over the first 10 dpi. This is 
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concordant with the clinical picture of encephalitis. Thus, LV might have a tropism for 

the nervous system immediately post infection. In addition, LV genome copy numbers 

also increased in heart tissue during acute infection. This indicates a replicating LV 

infection also in this organ which might lead to clinical signs of myocarditis as 

described by Niklasson et al. (2006a, b). The transition from the acute to the persistent 

infection occurs between day 17 pi and day 56 pi because mice surviving acute clinical 

signs of disease recovered. In addition, a decline in the viral load could be detected in 

all organs until day 56 pi.  By day 56 pi the virus load rose slightly and remained at a 

more or less constant level by day 98, with slight variation among individuals. 

Because CD-1 mice are an outbred strain, variation in LV susceptibility among several 

individuals could be due to genetic variability. The increase in the LV load after day 

56 pi might be the result of behavioural stress (post puberty of mice). It has recently 

been demonstrated that a combination of LV infection and environmental stress may 

cause diabetes in CD-1 laboratory mice (Niklasson et al., 2006b). 

Furthermore, 13 wild bank voles were investigated for the presence of LV and nine of 

them were found positive for LV in different organs. These results indicate a systemic 

LV infection of wild bank voles, too. While there is indeed no direct proof of a 

persistent LV infection in wild bank voles, the detected LV genome copy numbers are 

only somewhat below the detected LV genome copies of LV-infected laboratory mice 

during persistent infection. All investigated wild bank voles were freeranging, 

independent individuals at the time of trapping and there is no evidence of the 

timepoint in life when these animals became infected with LV. It was recently shown 

that adult laboratory mice are less susceptible for LV infection than suckling mice or 

adolescents (Niklasson et al., 2006a). Furthermore, the voles were trapped during a 

peak of population densities which occurs every three to four years in Northern 

Scandinavian latitudes (Hörnfeldt et al., 1986; Hörnfeldt, 1994, 2004; Stenseth, 1999). 

A large fraction of bank voles trapped during a peak density have diabetes (Niklasson 

et al., 2006a). High population densities in bank voles are thought to contribute to 

stress directly or indirectly, by increasing predator numbers and predation pressure, 

resource shortage or prevalence of other pathogens (Niklasson et al., 2006a). LV 
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infection in combination with stress could be shown to be essential for the outcome of 

diabetes in the laboratory (Niklasson et al., 2006b). Due to the fact that the vole 

samples were obtained from a frozen sample bank it could not be investigated whether 

the analysed animals had diabetes. However, part of the reason for the high number of 

animals positive for LV might be the time of trapping because the rate of animals 

positive for LV at non-peaks is lower than that found in this study (preliminary 

unpublished results). 

In summary, LV RNA persists in infected CD-1 laboratory mice. LV causes a 

systemic infection that leads to diabetes later in life. This leads to the suggestion that 

LV persistence might contribute to disease onset because the findings match the 

previous results that LV, in combination with environmental factors, is the causative 

agent of disease in both wild bank voles and laboratory mice. 

Furthermore, this study provides an animal model to study the mechanism(s) of LV 

persistence in vivo. Moreover, RT-PCR data from LV-infected bank voles will aid 

future investigations on the prevalence of LV in wild rodents in combination with 

signs of disease, temporal variations and LV genotype circulation in various rodent 

species. 

Green monkey kidney cells (GMK) and BHK-21 cells, respectively, were found to be 

susceptible for LV infection (Niklasson et al., 1999; Johansson et al., 2004). To 

compare LV infection in Vero-B4 cells (that also originate from green monkey kidney) 

and BHK-21 cells, LV-infected cells were analysed for production of infectious 

particles, LV protein and LV RNA. In both cell lines, LV protein and LV RNA were 

produced to a similar extent. There was an increase of LV titre in Vero-B4 cells, 

correlating with the increase in LV RNA and protein, respectively. In contrast, only 

low levels of virus titres were produced by BHK-21 cells, suggesting that Vero-B4 

cells are permissive for LV infection, while LV infection in BHK-21 cells is restricted. 

The high increase of virus titre correlated well with increasing CPE of Vero-B4 cells 

over time, whereas no CPE was visible for LV-infected BHK-21 cells. A number of 

RNA viruses including influenza virus (Hinshaw et al., 1994), sindbis virus (Levine et 
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al., 1993), and Theiler’s murine encephalomyelitis virus (Jelachich and Lipton, 1996) 

trigger apoptosis as a result of productive infection. These viruses use the cellular 

apoptotic pathway for cell egress resulting in CPE. Other viruses such as poxviruses 

(Ink et al., 1995) and Epstein-Barr virus (Gregory et al., 1991) have established 

mechanisms inhibiting apoptosis to maintain their infection. 

It was recently shown that lytic LV variants may evolve during continuing cell culture 

passages with mutations over the whole virus genome of the cell culture-adapted LV 

variant (Ekström et al., 2007a). Own observations are in line with these findings. 

Original virus stocks isolated from rodents in SMB showed no or minor CPE 14 dpi. 

In contrast, when LV was passaged more than 30 times in Vero-B4 cells a CPE was 

observed a few hours post infection resulting in high virus titres (data not shown). A 

study by Tolf et al. (2009b) showed that lytic LV infection of GMK cells is associated 

with three significant aa substitutions in the capsid proteins VP0 and VP1 and that 

lytic replication is associated with an apoptotic response in GMK cells. 

To determine whether lytic LV production in Vero-B4 cells is a result of apoptosis, 

characteristic features of apoptosis were analysed for both Vero-B4 and BHK-21 cells. 

Internucleosomal DNA degradation, chromatin condensation, and active caspase-3 

were only detected in lytic Vero-B4 cells post LV infection. LV was passaged six 

times in either Vero-B4 or BHK-21 cells before infection of Vero-B4 and BHK-21 

cells, respectively. Although passaged in the respective cell line before infection, cell 

lysis was only observed in Vero-B4 cells indicating that LV adaptation to the host cell 

is only one of the events contributing to cell lysis. It is suggested that tissue type or 

host species are other important determinants for lytic versus non-lytic infection. The 

observations presented here may reflect events during LV life cycle in vivo. Acutely 

infected laboratory mice show signs of encephalitis and myocarditis (Niklasson et al., 

2006b; this thesis). The infected animals have pathological lesions in the brain and 

heart (data not shown). Increasing LV RNA copy numbers were also found in both 

organs during acute infection, in addition to increasing LV titres in the brain. 

Furthermore, LV infection leads to a full destruction of pancreas beta cells in both 

wild bank voles and laboratory mice infected with LV (Niklasson et al., 2003a, b). 
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These pathological findings could be a result of apoptosis, such as in 

coxsackievirus-infected heart and CNS, respectively (Gebhard et al., 1998; Feuer et 

al., 2003). Non-lytic LV infection, however, could be the result of apoptosis-inhibiting 

effects, that are varying in different hosts or tissues and are induced by either virus or 

cell. 

Further studies should clarify the mechanisms of both LV persistence and LV 

apoptosis. This knowledge would help understand LV pathogenesis and could then be 

applied as a model system for investigation of human disease. Furthermore, to know 

the pathogenetic mechanisms of a very abundant pathogen will be helpful to learn how 

this pathogen is maintained in its reservoirs.   
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6 Abbreviations 

A    Adenine 
aa    Amino acid 
AdV    Adenovirus 
AMP    Adenosine monophosphate 
approx.   Approximately 
APS    Ammoniumperoxodisulfate 
Aqua dest.   Water (distilled by Millipore) 
ATCC    American Tissue and Cell Culture Collection 
ATP    Adenosine triphosphate 
BB    BioBreeding 
bp    Base pair 
BSA    Bovine serum albumin 
C    Cytosine 
CCID50   Cell culture infectious dose 50 
cDNA    Complementary (copy) DNA 
cm    Centimetre 
CNS    Central nervous system 
CPE    Cytopathogenic effect 
cre    Cis-acting replication element 
CT    Threshold cycle 
C-terminus   Carboxyl-terminus 
CVB    Coxsackievirus B 
°C    Degree Celsius 
d    Day 
DAPI    4′,6-Diamidino-2-phenylindol 
ddNTP   Didesoxynucleoside triphosphate 
dNTP    Desoxynucleoside triphosphate 
DMEM   Dulbecco´s Modified Eagles Medium 
DMSO   Dimethylsulfoxid 
DNA    Desoxyribonucleicacid 
Dnase    Deoxyribonuclease 
dpi    Days post infection 
ds    Double strand     
DTT    Dithiothreitol 
dUTP    Deoxyuridine Triphosphate 
ECHO   Entero cytopathogenic human orphan 
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ECACC   European Collection of Cell Cultures 
E. coli    Escherichia coli 
EDTA    Ethylendiamine tetraacetic acid 
e.g.    Exempli gratia (for example) 
EIA    Enzyme immunoassay 
eIF4    Eukaryotic initiation factor-4A 
ELISA   Enzyme-linked immunosorbent assay 
EMCV   Encephalomyocarditis virus 
ER    Endoplasmic reticulum 
et al.    Et alii (and others) 
FCS    Fetal calf serum 
FITC    Fluorescein isothiocyanate 
FMDV   Foot-and-mouth disease virus 
6-FAM   6-FAM-phosphoramidite 
g    Gram 
G    Guanine 
(x) g    Centrifugal force (9.81 m/s2) 
GMK    Green monkey kidney 
GTP    Guanosine-5'-triphosphate 
h    Hour 
HAV    Hepatitis-A virus 
HPeV    Human Parechovirus 
HPRT    Hypoxanthine-guanine Phosphoribosyl Transferase 
HRP    Horseradish peroxidase 
i.e.    Id est (that is) 
IFA    Immunofluorescence assay 
i.p.    Intraperitoneal 
IgG    Immunoglobulin subclass G    
IgM    Immunoglobulin subclass M 
IHC    Immunohistochemistry 
IIFT    Indirect Immunofluorescence test 
IRES    Internal ribosomal entry site 
IPTG    Isopropyl β-D-1 thiogalactopyranoside 
IUFD    Intra uterine fetal death 
iv    In vitro 
LB    Lysogeny broth 
L-Gln    L-glutamine 
LV    Ljungan virus 
M    Molar or nucleotide code for A or C 
mAb    Monoclonal antibody 
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MCA    Melting curve analysis 
mg    Milligram 
MGB    Minor groove binder 
min    Minute 
ml    Milliliter 
mM    Millimolar 
MMLV   Moloney murine leukemia virus 
MOI    Multiplicity of infection 
MOPS   (3-[N-Morpholino] propane-sulfonic acid) 
mRNA   Messenger RNA 
μg    Microgram 
μl    Microliter 
N    Amount 
NCBI    National Center for Biotechnology Information 
n.d.    Not done 
NEAA   Non essential amino acids 
nm    Nanometer 
nmol    Nanomol 
no.    Number 
nt    Nucleotide 
N-terminus   Amino-terminus 
OD    Optical density 
ORF    Open reading frame 
PAA    Polyacrylamide 
PBS    Phophate buffered saline 
PBS-T   PBS containing 0.1 % TWEEN® 20 
PCR    Polymerase chain reaction 
pH    Potentia hydrogenii 
pi    Post infection 
pmol    Picomol 
R    Nucleotide code: A or G 
RGD    Amino acid motif: Arginyl-glycyl-aspartic acid 
RKI    Robert Koch-Institute 
RNA    Ribonucleic acid 
RNase    Ribonuclease 
ROX    6-Carboxy-X-Rhodamine 
rpm    Rounds per minute 
RT    Reverse transcriptase 
sec    Second 
S    Svedberg 
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SARS    severe acute respiratory syndrome 
SD    Sprague Dawley® or standard deviation 
SDS    Sodium dodecylsulfate 
SDS-PAGE   SDS-polyacrylamide gelelectrophoresis 
SMB    Suckling mouse brain 
SOC    Super optimal broth with catabolite repression (medium) 
ss    Single strand 
T    Thymine 
TBE    Tick-borne encephalitis or Tris-borate-EDTA 
TEMED   N,N,N´,N´-tetramethyl ethylendiamine 
Tm    Melting temperature 
TMB    Tetramethylbenzidine 
TOPO    Topoisomerase 
Tris    Tris hydroxymethyl aminomethane 
TUNEL   Terminal transferase dUTP nick end labelling 
T1D    Type-1 diabetes 
U    Uracil or unit 
UTR    Untranslated region 
UV    Ultraviolet light 
V    Volts 
VP    Virus protein 
VPg    Virus protein genome linked 
W    Nucleotide code: A or T 
WAG    Wistar Albino Glaxo 
X-gal    Bromo-chloro-indolyl-galactopyranoside 
Y    Nucleotide code: C or T 
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