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Zusammenfassung 

Fledermäuse sind sehr ursprüngliche Säuger, die sich vor ca. 50 Millionen Jahren 

entwickelten. Mit jetzt 1.240 beschriebenen Arten sind sie eine der artenreichsten 

und am weitesten verbreiteten Säugetierordnungen überhaupt. Fledermäuse sind die 

einzigen Säuger, die aktiv fliegen und daher verschiedenste Gebiete der Welt 

erreichen konnten. 

Fledermäuse scheinen auch einzigartig als Wirt für verschiedenste Viren zu sein. 

Bisher sind mehr als 100 verschiedene Viren in Fledermäusen nachgewiesen, von 

denen einige Epidemien in anderen Säugern einschließlich des Menschen 

hervorrufen können. Als natürliche Reservoirwirte für Tollwut und verwandte 

Lyssaviren sind sie seit längerem Gegenstand intensiver Forschungen weltweit. 

Aktive und passive Überwachungsstudien wurden durchgeführt, um ein mögliches 

Übertragungsrisiko von Lyssaviren auf Menschen und andere Wirte (Fuchs, 

Waschbär, Hund etc.) einschätzen und minimieren zu können. Allerdings erklären 

solche Untersuchungen noch nicht, warum in Fledermäusen selbst kaum 

Erkrankungen durch solche Viren beobachtet wurden, noch eine zugrunde liegende 

Resistenz oder Immunität der Fledermäuse als Reservoirwirte. Offensichtlich ist, 

dass Fledermäuse resistenter gegen Lyssavirusinfektionen als andere Wirte sind. 

Dieses Phänomen stand im Vordergrund der vorliegenden Arbeit in der folgenden 

Fragen untersucht werden sollten: 

(1) Wie schützt das angeborene Immunsystem Fledermäuse vor einer 

schwerwiegenden Erkrankung nach Infektion mit Lyssaviren? Welchen Anteil hat die  

Interferonantwort, die nach Erkennung von Viren durch Muster erkennende 

Rezeptoren als erste Verteidigungslinie gegen Virusinfektionen fungiert, in 

Fledermäusen? Um diese Fragen untersuchen zu können, wurden Typ I und Typ III 

Interferone (IFN) von Europäischen Fledermausarten kloniert und funktionell 

charakterisiert (Kapitel 2 und 4).  

(2) Wie haben sich Lyssaviren an den Wirt Fledermaus adaptiert, um der antiviralen 

Immunantwort durch Beeinflussung der IFN kaskade zu entkommen? Wie wird die 

virale Replikation durch IFN und IFN induzierte Proteine kontrolliert? Um diese 

komplexen Interaktionen zwischen Wirt und viralen Pathogen zu untersuchen und 
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verstehen zu können, wie das Immunsystem Europäischer Fledermäuse (Eptesicus 

serotinus, Myotis myotis und Nyctalus noctula) auf eine Infektion mit 

Fledermauslyssaviren (EBLV-1 und 2) reagiert, sollte ein Wirtsmodell etabliert 

werden. Da alle 52 europäischen Fledermausarten vom Aussterben bedroht und 

daher strikt geschützt sind, sollten permanente Zelllinien verschiedener Gewebe von 

M. myotis etabliert und in vitro Untersuchungen dieser Fragen funktionell analysiert 

werden (Kapitel 3 und 4). Die gewonnenen Ergebnisse zeigen: 

(a) Typ I und Typ III IFN von europäischen Fledermäusen haben eine typische 

Genstruktur, vergleichbar mit Interferonen anderer Säuger, aber auch einige 

besondere strukturelle Eigenschaften (Kapitel 2 und 4); 

(b) Beide charakterisierten Typ I IFN, IFNκ und ω haben unterschiedlich starke 

antivirale Aktivität gegen Lyssavirusinfektionen in empfänglichen Zelllinien (Kapitel 

2); 

(c) Die etablierten permanenten Zelllinien von M. myotis sind unterschiedlich 

empfänglich für Lyssaviren und enthalten eine funktionelle IFN-Signalkaskade 

(Kapitel 3); 

(d) Typ III IFNλ von E. serotinus und M. myotis zeigt Zelltyp spezifische Aktivität in 

Abhängigkeit des Expressionsniveaus von IFNλ-Rezeptoren (Kapitel 4); 

(e) Eine mögliche Strategie von Lyssaviren, der angeborenen Immunantwort zu 

entkommen besteht in der Blockierung der IFN-Induktion und/oder IFN-indizierter 

Resistenzmechanismen (Kapitel 3); 

(f) Die höhere Resistenz der Gehirnzelllinie MmBr gegen Lyssavirusinfektion weist 

auf eine natürliche Fähigkeit des Zentralnervensystems von Fledermäusen hin, die 

Replikation der neurotropen Lyssaviren besser kontrollieren zu können (Kapitel 3). 

Die hier vorgelegten Ergebnisse ermöglichen einen ersten Einblick in die angeborene 

Immunantwort gegen RABV und EBLV Infektion in einem Reservoirwirt und stellen 

ein in-vitro-Modell für weitere Untersuchungen zu Wirt-Pathogen-Interaktion in 

Fledermäusen bereit. 
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Summary 

Bats are ancient mammals that evolved more than 50 million years ago. There are 

1,240 different species (> 20% of mammalian species) described so far, which 

represent one of the most abundant, diverse and widely distributed mammalian 

groups. Bats are the only mammals which actively fly and therefore can migrate to 

different areas of the world. It has been increasingly recognized that bats are 

reservoirs for more than 100 virus species, and several are associated with animal 

and human epidemics. As natural hosts of rabies virus (RABV) and related 

lyssaviruses, bats have become a focus of research not only in South America and 

Africa, but also in Europe and North America. 

Bats are also considered to be unique in their potential to host emerging and re-

emerging zoonotic viruses. To evaluate and reduce the potential risk of rabies 

transmission to humans or carnivore hosts (like fox, raccoon and dog etc.), active 

and passive surveillance studies of bat have been performed. Using these 

approaches diverse lyssaviruses have been detected in bats. However, these studies 

did not explain the rarely discovered epidemics and the underlying resistance or 

immune mechanisms in bats as natural hosts for lyssaviruses. Probably, bats are 

more resistant to lyssavirus infections than other animals. This hypothesis is 

introducing the research questions of the present thesis: 

(1) How do the innate immune responses protect bats from fatal outcome of 

lyssavirus infections? Interferon (IFN) responses which can be induced by the 

recognition of viruses by pattern recognition receptors act as the first line of defense 

against lyssavirus infections. Therefore, type I and type III IFNs from European bats 

were cloned and functionally characterized in this thesis (Chapter 2 and 4). 

(2) How do the lyssaviruses adapt to escape the host defenses by counteracting the 

IFN-mediated immune responses? And how do the bats control the viral replication 

via the IFN responses? To explore the complicated interactions and understand how 

European bats (Eptesicus serotinus, Myotis myotis and Nyctalus noctula) interact 

with European bat lyssaviruses (EBLV-1 and 2), a natural host related model for 

investigations of the bat´s immune system and the virus-host interactions has to be 

established. Since all of 52 identified European bats species are endangered and 
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strictly protected, stable cell lines from different tissues of M. myotis for in vitro 

studies were developed and used for molecular and functional studies (Chapter 3 

and 4). 

The data obtained from this thesis revealed that: 

(a) European bat IFNs do have similar but also distinct molecular characteristics 

compared with other mammalian IFNs (Chapter 2 and 4); 

(b) Both investigated bat type I IFNs, IFNκ and ω present potent anti-lyssaviral 

activities and display a pathogen associated pattern in the tested cell line (Chapter 

2); 

(c) The established immortalized M. myotis cell lines are differently susceptible to 

lyssaviruses and contain a functional IFN-mediated signaling cascade (Chapter 3); 

(d) Bat type III IFNλs display cell-type specific functions due to the distinct expression 

of the IFNλ receptor (Chapter 4); 

(e) In bat cell lines a possible evasive strategy of lyssavirus is based on the 

counteraction of IFN production and/or IFN-mediated defensive pathways (Chapter 

3); 

(f) The higher resistance of brain derived cell line MmBr compared to other cell lines 

to lyssavirus infection indicates the natural ability of bat´s central nervous system to 

control the growth of neurotropic virus, which might be an essential reason for the 

nonclinical outcome (Chapter 3). 

Overall, the present thesis provides first insights into IFN-mediated innate immune 

responses against RABV and EBLVs infection in their natural reservoir hosts and an 

useful toolbox for comparative analysis of virus-host interactions. 
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Chapter 1 Overview 

1.1 Introduction 

1.1.1 Overview of bats - worldwide distribution 

Bats of the order Chiroptera represent with around 1,240 described species about 

20% of recognized mammalian species. They are divided into two suborders: 

Megachiroptera containing a single family, Pteropodidae; and Microchiroptera 

containing 19 families (Figure 1) (Agnarsson et al., 2011). Bats in Megachiroptera, 

the Old World fruit bats or flying foxes, are found in tropical and subtropical Africa 

and east to the Western Pacific (Luzynski et al., 2006). The Microchiroptera, the 

specialized echolocating bats, are found throughout the world (Hutson et al., 2001). 

Bats are economically and ecologically valuable. They consume insects, disperse 

seeds and pollinate flowers. However, due to the long-term misunderstanding and 

ignorance, bat populations in many countries are declining rapidly. The World 

Conservation Union classifies more than 22% of bat species as threatened and 

another 23% as near threatened with extinction (Hutson et al., 2001). In Europe, all of 

the 52 species are endangered. This led to the agreement on the Conservation of 

Populations of European Bats in 1994 through legislation, education, conservation 

measures and international co-operation (Hutson et al., 2001). 
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Figure 1 Relationships among bat families. 

Phylogenetic tree was built based on the cytochrome b sequences of bat species. The Chiroptera is 
divided into Megachiroptera (Pteropodidae) and Microchiroptera which contains Yangochiroptera. The 
target species in this thesis include E. serotinus, M. myotis and N. noctula which belong to 
Vespertilionidae family. This figure is taken from Agnarsson et al. (Agnarsson et al., 2011). 
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1.1.2 Bats as virus reservoirs 

1.1.2.1 Specific physiology of bats 

Why are bats associated with so many viruses, and what make them so special? 

Bats combine several special traits which make them different from other mammals 

(Calisher et al., 2006). First, they have a large population size and a variable 

population structure. They are one of the most abundant, diverse and widely 

distributed mammalian families. Their variety and worldwide distribution contribute to 

the biodiversity of their pathogens (Kuzmin et al., 2011). Second, they are the only 

mammals which actively fly. The flight ability enables a long distance and seasonal 

migration, which can be facilitated for viral dissemination. Reports have shown that in 

the Americas rabies virus (RABV) infections were associated with the migratory 

routes of some bat species (Brosset, 1990; Mondul et al., 2003; Rohde et al., 2004). 

For instance, the RABV variants related to Lasionycteris noctivagans and Pipistrellus 

subflavus were found in a wide range of their seasonal migratory locations (Mondul et 

al., 2003; Rohde et al., 2004). Third, they are one of the most social mammalian 

groups. Many bat species live in dense aggregations and share one roost with 

several species (Kuzmin et al., 2010), which can provide more opportunities for intra- 

and interspecific transmission of viruses within colonies. In fact, the highly mobility 

along with social nature of bats play a major role in viral perpetuation in bats and 

spill-over events into other mammals (Kuzmin et al., 2011). Forth, most of them can 

enter daily torpor and seasonal hibernation. This is particularly important, since 

animals are more tolerant to infectious diseases during torpor and hibernation 

(Omatsu et al., 2007). Presumably low temperature may affect the viral replication 

and depress the immune function in hibernating bats. It was reported that bats 

infected with Japanese encephalitis virus could maintain viremias for more than 3 

months when they were kept at low temperature (Sulkin and Allen, 1974), suggesting 

low temperature may limit immune responses against viremia (Calisher et al., 2006). 

Fifth, they have a very long life span, normally up to 25 to 35 years. The longest-lived 

Brandt´s bat (Myotis brandtii) can live more than 40 years (Seim et al., 2013). This 

longevity contributes to the long-term maintenance of viruses in bats, thus it 

increases the chance of viral transmission. Furthermore, they evolved early and 

changed very little over the past 50 million years (Simmons et al., 2008). They have a 
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long history of co-speciation with some viruses, like henipaviruses and lyssaviruses 

(Badrane and Tordo, 2001; Gould, 1996). Additionally, all Microchiropterans and 

Rousettus genus from Megachiroptera use echolocation. Emission of echoes enables 

transmission of viruses between adjacent individuals via small particles of 

oropharyngeal fluids, mucus, or saliva (Holland et al., 2004). By combining these 

features, bats play critical roles in the maintenance and transmission of emerging and 

re-emerging viruses (Calisher et al., 2006). With a number of highly virulent disease 

outbreaks and discovery of more than 100 virus species from bats, attention has 

been drawn to bats as potential reservoirs for the disease agents (Chua et al., 2002; 

Halpin et al., 2007; Lau et al., 2005; Leroy et al., 2005; Li et al., 2005; Towner et al., 

2007). From mentioned viruses, some like lyssaviruses, Hendra virus and Nipah virus 

were reported to infect other mammals and humans and caused lethal diseases 

(Hazelton et al., 2013; Luby et al., 2009; Weyer et al., 2011). Of these zoonotic 

viruses, bats are considered as the natural host for Hendra and Nipah viruses (Halpin 

et al., 2000; Mackenzie and Field, 2004), severe acute respiratory syndrome 

coronavirus (SARS-CoV) (Li et al., 2005), Ebola virus (Leroy et al., 2005) and 

lyssaviruses (Noah et al., 1998). 

1.1.2.2 Bats as reservoirs for lyssaviruses and as rabies 

transmitters around the world 

Lyssaviruses belong to the Lyssavirus genus, family Rhabdoviridae and the order 

Mononegavirales (Dietzgen et al., 2012). Lyssaviruses, including the RABV and 

related viruses, are the causative agents for rabies, a fatal viral zoonotic disease. 

According to the International Committee on Taxonomy of Viruses (ICTV), the genus 

Lyssavirus is divided into different species based on demarcation criteria: (a) genetic 

distances, (b) antigenic patterns recognized by antibodies and (c) ecology. Until now, 

15 lyssavirus species have been reported (Table 1) (World Health Organisation, 

2013). Of all lyssaviruses, 12 species were classified earlier, 2 including Bokeloh bat 

lyssavirus (BBLV) and Ikoma lyssavirus (IKOV) were described recently, and one 

Lleida bat lyssavirus (LLEBV) was found as a new tentative lyssavirus (Arechiga 

Ceballos et al., 2013). Rabies is the first identified viral disease linked to bats 

(Banyard et al., 2013). Despite the absence of proof for the association of Mokola 

virus (MOKV) and IKOV with bats, analysis of viral evolution and virus-host 
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interaction indicates that all lyssaviruses most likely originated in bats worldwide 

(Badrane and Tordo, 2001; McElhinney et al., 2013). 

Table 1 Lyssavirus species. 

This table combines data from Arechiga Ceballos et al. and Freuling et al. (Arechiga Ceballos et al., 
2013; Freuling et al., 2012; World Health Organisation, 2013). 

Virus species Potential vector/reservoir Distribution 

Rabies virus (type species) 
(RABV) 

Carnivores (worldwide); bats 
(Americas)  

Worldwide (except several 
islands)  

Lagos bat virus (LBV) Frugivorous bats (Megachiroptera)  Sub-Saharan Africa  

Mokola virus (MOKV) (isolated from Shrews)  Sub-Saharan Africa  
Duvenhage virus (DUVV) Insectivorous bats  Sub-Saharan Africa  
European bat lyssavirus 1 
(EBLV-1)  

Insectivorous bats (Eptesicus 
serotinus) 

Europe  

European bat lyssavirus 2 
(EBLV-2)  

Insectivorous bats (M. daubentonii, M. 
dasycneme)  

Europe 

Australian bat lyssavirus (ABLV) Frugivorous/insectivorous bats 
(Megachiroptera/Microchiroptera) 

Australia  

Aravan virus (ARAV) Insectivorous bats (M. blythi)  Central Asia  
Khujand virus (KHUV) Insectivorous bats (M. mystacinus)  Central Asia  

Irkut virus (IRKV) Insectivorous bats (Murina 
leucogaster)  

East Siberia  

West Caucasian bat virus 
(WCBV) 

Insectivorous bats (M. schreibersi)  Caucasian region  

Shimoni bat virus (SHIBV) Hipposideros commersoni  East Africa 
Bokeloh bat lyssavirus* (BBLV) Insectivorous bats (M. nattereri)  Europe  
Ikoma lyssavirus* (IKOV) (isolated from Civettictis civetta)  Africa  
Lleida bat lyssavirus* (LLEBV) bent-winged bats (M. schreibersii)  Europe, Spain 

*not yet approved by ICTV 

In Africa, 4 lyssavirus species Lagos bat virus (LBV), MOKV, Duvenhage virus 

(DUVV) and Shimoni bat virus (SHIBV) are circulating in bats (Kuzmin et al., 2011). 

LBV is the most detected African bat lyssavirus circulating in Sub-Saharan Africa, 

and found in several African fruit bat species including Epomorphorus wahlbergi, 

Rousettus aegyptiacus and Eidolon helvum (Kuzmin et al., 2008). It is hypothesized 

that lyssaviruses originated and evolved in African bats (Banyard et al., 2011). This is 

supported by the diversity of lyssaviruses: LBV, MOKV, DUVV, SHIBV, West 

Caucasian bat virus (WCBV) and IKOV discovered in Africa (Banyard et al., 2011; 

Kuzmin et al., 2011). Additionally, the close genetic relationship between European 

bat lyssavirus 1 (EBLV-1) and DUVV indicates that African lyssaviruses can be an 

ancestor of EBLV (Badrane and Tordo, 2001). Some bat species have a broad 

geographical distribution; e.g. H. commersoni (reservoir for SHIBV) distributes in the 

Old World from tropical Africa to China, and M. schreibersii (DUVV and WCBV) 
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distributes from the Middle East and Caucasus, across southern Europe and down 

through Africa. Thus, it was speculated that such bat species may act as lyssavirus 

dispersers globally from Africa (Banyard et al., 2011). However, this notion requires 

further supports from surveillance data.  

In Eurasia, 8 distinct lyssaviruses associated with bats have been discovered so far 

(Table 1). Of these, three including EBLV-1, EBLV-2 and Irkut virus (IRKV) have 

been connected with human deaths (Belikov et al., 2009; Fooks et al., 2003; Roine et 

al., 1988). Of note, bat related rabies cases in Eurasia are principally attributed to 

EBLV-1 and EBLV-2 (McElhinney et al., 2008). However, more and more new 

lyssaviruses including WCBV, LLEBV and BBLV were isolated recent years, 

indicating that the diverse lyssavirus species are emerging in European bats 

(Arechiga Ceballos et al., 2013; Botvinkin et al., 2003; Freuling et al., 2011). In 

Europe, so far five different bat species have been identified as potential reservoir 

hosts for lyssaviruses; e.g. E. serotinus, E. isabellinus and M. myotis (EBLV-1); M. 

daubentonii, M. dasycneme (EBLV-2); M. nattereri (BBLV) and M. schreibersi 

(WCBV; LLEBV) (Amengual et al., 2007; Amengual et al., 1997; Arechiga Ceballos et 

al., 2013; Freuling et al., 2011; Kuzmin et al., 2005).  

Different from other lyssavirus species in bats of the Old World, RABV in bats is 

observed only in the Americas, despite RABV in carnivores is worldwide distributed 

(Kuzmin et al., 2011). During 1958 - 2009, 49 cases of human rabies caused by bat 

RABV variants were reported in the United States and Canada (Blanton et al., 2010; 

De Serres et al., 2008). Whilst RABV transmission is associated with a large number 

of bat species in Central and South America, in North America investigation of RABV 

infection mainly focuses on certain bat species such as the big brown bat (E. fuscus), 

the little brown bat (M. lucifigus), and the Brazilian (Mexican) free-tailed bat (Tadaria 

brasiliensis) (Banyard et al., 2011; Patyk et al., 2012). The transmission of RABV 

from bats to humans has been gaining increasing attention with the potential risk to 

the public health (Messenger et al., 2002). The first link between rabies and vampire 

bats was reported in the beginning of 20 century (Carini, 1911) and later transmission 

to livestock was observed in Central and South America (Haupt and Rehaag, 1921). 

Several decades after the first observation of rabies in vampire bat, rabies was also 

found in the insectivorous bats in Florida, America (Schneider et al., 1957; Venters et 
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al., 1954). Nowadays, 16% of wildlife-associated rabies cases were reported from bat 

species (Belotto et al., 2005).  

In Australia, Australian bat lyssavirus (ABLV) was the only lyssavirus detected in 

bats, and associated with pteropid and insectivorous bats (Fraser et al., 1996; Gould 

et al., 1998; Gould et al., 2002). Phylogenetic analysis revealed that ABLV is closely 

related to RABV (Guyatt et al., 2003). However, in contrast to the rabies epidemics in 

Africa and Americas, rabies in Australia is rare in humans and wildlife only with a few 

occasional human cases (Allworth et al., 1996; Hanna et al., 2000; Hayes, 2013; 

Samaratunga et al., 1998) and two recent horse cases (Arthur et al., 2013; Roth, 

2013). 

As the natural reservoirs for lyssaviruses and rabies transmitters worldwide, bats 

have attracted the attention for rabies control. Annually there are more than 55,000 

human deaths caused by rabies around the world (Knobel et al., 2005). 

Investigations on the cross species transmission of lyssaviruses from bats to humans 

and other animals are expected for contribution to the development of effective 

control strategies. It is known that RABV and related lyssaviruses exhibit 

epidemiological differences (Banyard et al., 2011). Bat rabies in the South and North 

Americas is only associated with RABV in hematophagus and insectivore bats (Patyk 

et al., 2012; Ruiz and Chavez, 2010), whereas in Europe it is mainly attributed to 

EBLV-1 and 2 (van der Poel et al., 2006). Under experimental conditions, there is no 

distinguishable difference of the clinical diseases between EBLV-1 infection in 

European bats and RABV infection in North American bats (Davis et al., 2013b; 

Freuling et al., 2009b; Johnson et al., 2008b). However in nature, EBLV-1 seems less 

pathogenic comparing with RABV. A 12-year longitudinal study of natural infection 

with EBLV-1 in M. myotis colonies provided evidence for subclinical infection 

(Amengual et al., 2007). In Europe, the spill-over events of EBLV-1 from bats are 

very rare, and were so far described only in a stone marten (Muller et al., 2004), 

sheep (Tjornehoj et al., 2006), and domestic cats (Dacheux et al., 2009). In contrast, 

spill-over of RABV from bats has led to the establishment of terrestrial reservoirs 

including domestic animals, like dogs and cats, and wildlife like skunks, foxes and 

raccoons in North America (Daoust et al., 1996; Leslie et al., 2006; Patyk et al., 
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2012). These differences in epidemics attract interests into studies on the virus-host 

interactions. 

It has been proposed that host switching in Lyssavirus from the Chiroptera to the 

Carnivora orders has around 1000 years history (Badrane and Tordo, 2001). The 

epidemics indicate successful spill-over events and establishment of further life 

cycles of lyssaviruses in the new hosts. This normally dead-end outcome of host 

switching suggests an increase of virulence of lyssavirus in the other animals. 

Sustention of propagation and transmission of RABV in a new host requires an 

optimal balance between virus and host cellular machinery (Nadin-Davis and Real, 

2011). Being the natural reservoirs, bats have developed mechanisms to avoid the 

clinical disease, while the lyssaviruses found a way to achieve the sustained infection 

and transmission. However, the mechanisms of the interactions between bats and 

lyssaviruses are poorly understood. Studies on rabies resistance of bats may shed 

lights on this issue. 

1.1.3 Bat´s resistance to lyssavirus infection 

In nature, the clinical symptom of rabies in bat populations seems rare (Amengual et 

al., 2007; Brookes et al., 2005; Schatz et al., 2013). A remarkable difference with 

terrestrial rabies in carnivores is that bat rabies does not seem to cause large 

population die-offs. In foxes, during the peak of an epidemic, more than 50% of the 

population can succumb to rabies (Bogel et al., 1981). It was reported that bats can 

transmit lyssavirus among conspecifics without clinical symptom within the roosts 

(Banyard et al., 2011). However, the mechanisms of lyssavirus transmission between 

the apparently healthy bats to other animals are still unknown. In nature, it appears 

that many bats survive infection with evidence of sero-conversion (Brookes et al., 

2005; Harris et al., 2009; Serra-Cobo et al., 2002). A high prevalence of EBLV-1 

antibodies (up to 20%) was detected in the healthy Serotine bats E. serotinus (Perez-

Jorda et al., 1995). Viral RNA and antibodies were also found in healthy E. 

isabellinus bats in surveillance during 1998 – 2003 in Spain (Vazquez-Moron et al., 

2008). In addition, in a 12-year longitudinal surveillance study of M. myotis in natural 

colonies in Spain, it was found that bats displayed high levels of immunity after 

repeated EBLV-1 infection but showed no significant increase in mortality rate 

(Amengual et al., 2007). All of these observations suggest the subclinical or 
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asymptomatic disease after lyssavirus infection in natural bat populations. However, 

recently Davis et al. reported that 92% of grounded T. brasiliensis were RABV 

positive and a number of E. fuscus bats from different colonies developed rabies 

(Davis et al., 2012). Therefore, it suggests that lyssaviruses are able to cause clinical 

disease in bats, but bats can also harbor viruses in natural conditions without 

detectable disease symptoms. The subclinical infections of lyssavirus in bats were 

not only observed in nature, but also under experimental conditions. After 

experimental infection, the outcomes are mainly dependent on the routes of 

inoculation (Table 2), and normally the intracranial inoculation leads to death 

(Banyard et al., 2011). However, in total, only a small proportion of bats develop 

clinical symptoms after experimental infection, indicating that lyssaviruses may be 

less pathogenic to bats (Franka et al., 2008; Freuling et al., 2009b; Johnson et al., 

2008b; McColl et al., 2002). Similar situation was also observed in other bat-borne 

pathogenic viruses. After the experimental infection of Hendra or Nipah virus, bats 

exhibited no clinical or subclinical disease, while guinea pigs and horses succumbed 

to the same dose of virus (Middleton et al., 2007; Williamson et al., 1998; Williamson 

et al., 2000). The mechanisms behind these differences in disease development 

between bats and other animals are unknown. However, it suggests that bats may 

have developed an ability to control viral infection more effectively than other 

mammals (Banyard et al., 2011). 
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Table 2 Experimental studies on Eurasian lyssaviruses in bats. 

This table is taken from Banyard et al. (Banyard et al., 2011). 

Virus Bat species Latin name Inoculation 
routes 

Mortality 
(%) 

Incubation 
Period 
(days) 

Salivary 
excretion 

Reference 

EBLV-1 Egyptian 

fruit bat  

Rousettus 

aegyptiacus  

IC  62.5  11–34  not 

measured 

(Van der 

Poel et al., 

2000) 

ABLV  Gray-

headed 

flying fox 

 

Pteropus 

poliocephalus  

IM  33  

 

15–24  Yes  (McColl et 

al., 2002) 

ARAV  

 

Big brown 

bat  

Eptesicus 

fuscus 

IM  75  16–22  No  (Hughes et 

al., 2006) 

KHUV     60  14–20  Yes 

 

IRKV  

 

   54. 5 7–16  Yes 

EBLV-1  Big brown 

bat  

Eptesicus 

fuscus  

IM  44  12–58  Yes  (Franka et 

al., 2008) 

   SD  0  – No 

 

   PO  0  – No 

 

   IN  

 

0  – No 

 

EBLV-2  Daubenton´s 

bat  

Myotis 

daubentonii  

IC  100  12–14  No  (Johnson 

et al., 

2008a)    IM  0  – No 

 

   IN  0  – No 

 

   SD  14  

 

33  Yes 

EBLV-1  

 

 

Serotine bat  

 

Eptesicus 

serotinus  

 

IC  

 

100  

 

7–13  

 

No  

 

(Freuling et 

al., 2009b) 

 

   IM  

 

14  

 

26  

 

No 

 

   IN  

 

0  

 

–  

 

No 

 

   SD  43  17–20  Yes 

IC, intracranially; IM, intramuscular; SD, subdermal; PO, oral (per os); IN, intranasal.  

 

There are some reasons discussed which might contribute to the resistance of bats 

to lyssaviruses:  

(a) Co-evolution of specific bat species with different lyssavirus species. 

Although it is known that different lyssavirus can infect different bat species and other 

animals, they display distinct epidemiological differences (Banyard et al., 2011). They 
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have restricted geographical distribution, for example, bat associated RABV is only 

observed in the Americas, while all other lyssaviruses have been discovered in the 

Old World. They also associate with particular species, like EBLV-1 is mainly in 

Serotine bats, while EBLV-2 is in Daubenton's bats (Schatz et al., 2013). This 

specific long co-evolution enables virus and host to shape each other at molecular 

and cellular levels.  

(b) The primary difference of the genome. Comparative analysis of two bat 

genomes P. alecto and M. davidii with other mammals revealed some immune-

relevant gene families under positive selection, expansion or contraction (Zhang et 

al., 2013). Bat genomes present some unique characteristics related to antiviral 

immune responses. For example, positively selected genes were found highly 

concentrated in the DNA damage checkpoint and nuclear factor kappa B (NF-κB) 

pathways (Zhang et al., 2013). Since the DNA damage response and NF-κB 

signaling play important roles in host immune defense, these nucleotide changes 

may have affected the bat´s immune system (Zhang et al., 2013). Additionally, 

genomic and transcriptomic analysis revealed that the key natural killer (NK) cell 

receptors and some intracellular pathogen recognition receptors (PRRs) are absent 

in bats (Papenfuss et al., 2012; Zhang et al., 2013). Although the relationship 

between these specific genomic features and the antiviral defense in bats has not yet 

been investigated, the fundamental changes in the immune system must have 

influence in the host resistance to viruses. 

(c) The usage of receptors which mediate the entry of lyssaviruses into the 

hosts. It has been well known that different lyssavirus species can infect a wide 

range of animals and cell types. This suggests it may exist a ubiquitous and highly 

conserved receptor that mediates the entry of lyssavirus in a variety of hosts 

(Banyard et al., 2011). Previous studies reported that the conserved ubiquitous 

expression of a henipavirus receptor Ephrin B2 in different hosts enables 

henipaviruses infect more than 10 different species in six mammalian orders 

(Bonaparte et al., 2005; Eaton et al., 2006; Negrete et al., 2005). Similarly, SARS-

CoV also uses a conserved receptor angiotensin-converting enzyme 2 among 

mammals (Kuhn et al., 2004; Li et al., 2003; Tipnis et al., 2000). However, the 

presence of such conserved receptors in bats and their interactions with lyssavirus 
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are little studied, and even studies using mouse models do not clarify this (Tuffereau 

et al., 2007). It is proposed that three molecules serve as receptors for RABVs: 

nicotinic acetylcholine receptor, neuronal cell adhesion molecule, and p75 

neurotrophin receptor (Lafon, 2005). However, whether the interactions between 

lyssavirus and their receptors contribute to the viral resistance of bats, and how 

lyssaviruses use these receptors for transmission and spill-over are yet to be 

investigated.  

(d) The existence of a tissue for virus residing in bats (Banyard et al., 2011). It 

may exist as yet undefined tissue that can sustain virus infection in bats in the 

absence of illness for a long period. Such a tissue was proposed to be brown fat 

especially in the hibernating bats (Allen et al., 1964; Sulkin et al., 1957). Brown fat is 

the adipose tissue found highly abundant in hibernating mammals (Gesta et al., 

2007). Early studies reported that high virus titer was seen in brown fats in 

insectivorous bats (Allen et al., 1964; Sulkin et al., 1957). However, this hypothesis 

was not supported by later observations (Franka et al., 2008). 

(e) The effective adaptive immunity. It is common that a healthy bat contains 

neutralizing antibody which indicates pre-exposure or previous infection. An infection 

study on E. fuscus repeatedly infected by RABV suggested that significant 

immunological memory may develop to increase the resistance after a long-term 

repeated infection (Turmelle et al., 2010b). 

In a word, to unravel the mysteries between bats and lyssaviruses, the specific 

`immunological solutions` with studies into bat immunology and virus-host 

interactions are in demand. 

1.1.4 Bat´s antiviral immunity 

Bats can mount both innate and adaptive immune responses to virus infection (Baker 

et al., 2013). The preliminary evidences collected from present datasets provide an 

access to understanding the characteristics of bat´s immune system (Lindblad-Toh et 

al., 2011; Papenfuss et al., 2012; Shaw et al., 2012; Wang et al., 2010; Zhang et al., 

2013). This could help to better understand the mechanisms that confer bats the 

ability to remain asymptomatic when infected by pathogenic viruses. 
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Innate immunity plays pivotal roles in the first line of defense, providing immediate 

protection against pathogen infection. The identification of a number of innate 

immune molecules provides the first step and an important insight to understand the 

innate antiviral immunity in bats. Some PRRs, such as Toll-like receptors (TLRs), 

retinoic acid inducible gene 1 (RIG-1) and melanoma differentiation-associated 

protein 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) have been 

cloned and described in megabat P. alecto, providing evidence of conservation of 

these virus sensors in innate immunity between bats and other mammals (Cowled et 

al., 2011; Cowled et al., 2012). Studies on interferons (IFNs) and their receptors also 

suggested their antiviral functions in bats (Biesold et al., 2011; Omatsu et al., 2008; 

Zhou et al., 2011a; Zhou et al., 2011b). Further, the crucial roles of PRRs and IFN-

mediated immune responses will be also investigated and discussed in the European 

bats during lyssavirus infection in this thesis. 

Viral replication in the early stage of infection in bats is controlled by innate immunity 

(Baker et al., 2013). However, the spill-over events of some lethal viruses from bats 

to other mammals imply that these viruses are at least successful in evasion of innate 

immune mechanisms (Calisher et al., 2006; Johnson et al., 2010a; Muller et al., 

2004). That means the adaptive immune responses are also activated to some 

extents. A variety of immune cells including B cells, T cells, macrophages, 

neutrophils, eosinophils, basophils and follicular dendritic cells have been described 

from bats based on morphological and physiochemical characteristics (Sarkar and 

Chakravarty, 1991; Turmelle et al., 2010a). These immune cell populations exhibit 

similar characteristics to those from other mammals. Evidences have revealed the 

presence of both cell-mediated and antibody-mediated immune responses in bats 

(Baker et al., 2013). Helper and cytotoxic T cells have been shown to recognize and 

clear the RABV from infected cells in mice (Lafon, 2011). However, the cell-mediated 

immune response to virus infection has not yet been investigated in bats. Only a few 

studies have described in vitro responses of lymphocytes to T cell mitogens in bats 

(Chakravarty and Paul, 1987; Janardhana et al., 2012; Paul and Chakravarty, 1987). 

Until now, nothing is known about the responses controlled by cytotoxic T cells or 

helper T cells against virus infection in bats. The characterization of different T cell 

populations remains in a black box due to the lack of bat specific lymphocyte 

markers. Only one T cell co-receptor, CD4, was characterized at sequence level 
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(Omatsu et al., 2006). Likewise, limited work has been performed to characterize the 

bat cytokines (Cogswell-Hawkinson et al., 2011; Iha et al., 2009). The lack of both 

tools and information of humoral and cellular effectors is the main reason for the very 

limited knowledge about the cell-mediated immunity in bats. 

Antibody responses play a very important role in the host defense during the 

pathogen infection. It has been shown that bat immunoglobulins (Igs): IgM, IgG and 

IgA have similar characteristics with human Igs (Chakravarty and Sarkar, 1994; 

McMurray et al., 1982). However, genetic analysis revealed that bat IgG isotypes 

seem to diversify after speciation as in other mammals and display a highly diverse 

antibody repertoire (Baker et al., 2010; Bratsch et al., 2011; Butler et al., 2011). The 

differences in antigen binding may help to understand the co-existence of virus and 

antibody in bats (Baker et al., 2013). Nevertheless, the association of Ig repertoire 

with antigen-antibody interactions in bats still needs functional studies. Following the 

infection, different Ig classes are undergoing switching, which the variable region of 

the heavy chain stays the same to sustain the same antigen specificity, whereas the 

constant region recombines into a new class to interact with different effectors 

(Stavnezer and Amemiya, 2004). Previous studies showed that the predominant 

antibody shifted from IgM to IgG within 20 days in big brown bats (E. fuscus) during 

the infection of Japanese encephalitis virus (Leonard et al., 1968). In neotropical bats 

(A. lituratus), strong IgM and IgA responses were observed 3 - 5 weeks after 

Histoplasma capsulatum infection, and IgG responses were shown at 8 - 9 weeks 

(McMurray et al., 1982). However, most studies of the antibody-mediated responses 

in bats against lyssavirus infection are based on viral antigen neutralization assays 

(Amengual et al., 2007; Davis et al., 2013a; Davis et al., 2013b; Freuling et al., 

2009b; Johnson et al., 2008b; Turmelle et al., 2010b). Production of anti-bat Ig 

antibodies and development of serological assays are required for investigations of 

different Ig classes in bats during lyssavirus infection.  

Since the first barrier that the virus has to overcome to reach a successful infection is 

innate immune system, the innate immune mechanisms contribute significantly to the 

observed disease resistance in bats. PRRs and IFNs play a major role in the innate 

immunity (Honda et al., 2005; Levy et al., 2011; Takaoka and Yanai, 2006). 

Therefore investigations of the interactions between host IFN system and viruses will 
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shed lights on the innate resistant mechanisms to viral infection, particularly to 

lyssavirus infection in their natural reservoir hosts. These studies will finally contribute 

to better understanding how the immune defense control infections and how viruses 

manipulate the responses of bats.  

1.1.5 Overview of IFN system 

IFN, the first identified cytokine, was discovered in 1957 as a secreted protein which 

could induce viral resistance in response to influenza virus infection in chicken cells 

(Isaacs and Lindenmann, 1957). This secreted protein was designated IFN based on 

its ability of interfering viral replication. Three types of IFNs, type I, II and III have 

been classified so far. Type I includes various members, like IFNα, β, κ, ε, ω, δ, ζ, ν 

or τ. Most of mammalian animals encode a dozen of IFNαs, a single IFNβ and 

various numbers of other type I IFNs. All type I IFN loci are in the same chromosomal 

region, suggesting a single ancestor derivation through gene duplication and 

diversification (Diaz et al., 1994; Hardy et al., 2004). The classical type I IFNα/β is 

expressed almost ubiquitously and functions in various cell types. Type II IFN which 

only contains a single member IFNγ was first found in supernatant of human 

leukocytes following incubation with phytohemagglutinin in 1965 (Wheelock, 1965). 

IFNγ is mainly secreted by activated immune cells: primarily T and NK cells, but also 

B cells, NKT cells, and professional antigen presenting cells (Schroder et al., 2004). 

Type III IFNs are a newly identified IFN family by two individual research groups in 

2003 (Kotenko et al., 2003; Sheppard et al., 2003). They are found to be closely 

related in structure and sequence to the cytokine IL10 (Kotenko, 2002). Type III IFNs 

consist of three well described IFNλ molecules called IFNλ1, IFNλ2, IFNλ3 (also 

called IL29, IL28A and IL28B, respectively) and a recently reported novel member 

IFNλ4 which was found to locate on human chromosome 19q13.13 along with other 

three members (Kotenko et al., 2003; Prokunina-Olsson et al., 2013; Sheppard et al., 

2003). In contrast to the ubiquitous expression of type I IFN, the expression of IFNλs 

is mainly restricted to epithelial cells and plasmacytoid dendritic cells (Sommereyns 

et al., 2008). Different types of IFNs use distinct receptors which include type I IFN 

receptors IFN-αR1/R2, type II IFN receptors IFN-γR1/R2 and type III IFN receptors 

IFN-λR1 (also called CRF2-12) and IL-10R2 (also called CRF2-4) (Kotenko et al., 

2003; Sheppard et al., 2003). Binding to distinct receptors in response to infection, 
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IFN signaling is triggered and initiates the canonical Janus kinase/signal transducer 

and activator of transcription (JAK/STAT) signaling pathway (Figure 2) (Donnelly and 

Kotenko, 2010). In this pathway, JAKs first associate with IFNRs, then phosphorylate 

STAT1 and STAT2. Subsequently, the dimerization of phosphorylated STAT1/2 

recruits interferon regulatory factor (IRF) 9 to form an IFN-stimulated gene factor 3 

(ISGF3) complex. This ISGF3 complex translocates into nucleus and binds to the 

specific nucleotide sequences named IFN-stimulated response elements (ISREs), 

which results in transcriptional induction of various IFN-stimulated genes (ISGs) 

(Onoguchi et al., 2007; Thomson et al., 2009). These ISGs encode antiviral proteins, 

like ISG56, myxovirus resistance 1 (Mx1) and IFN-induced protein with 

tetratricopeptide repeats 3 (IFIT3), protein kinase R (PKR, or eIF2aK2) and 2´-5´-

oligoadenylate synthetase 1 (OAS1) and so on, to activate of antiviral status. 

 

Figure 2 A model of the IFN signaling pathway.  

The type I, II and III IFNs bind to their distinct receptor complexes on cell surface. Signal transduction 
is then activated to induce expression of a variety of ISGs. This figure is taken from Donnelly and 
Kotenko (Donnelly and Kotenko, 2010). 
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All of the IFNs belong to class II receptor cytokines, and share a certain structural, 

functional characteristics and a common ancestor (Kotenko, 2002; Kotenko and 

Langer, 2004). Although derived from the same origin, different types of IFNs have 

diversified during the evolution and adaptation. Type I and type III IFNs are potent 

antiviral molecules induced by viral infection, whist type II IFN is not induced by 

infection itself, but produced from activated immune cells and plays a critical role in T 

cell polarity and in activating cellular immunity (Sorgeloos et al., 2013). It has been 

shown that type I and type III IFNs share a common signaling pathway, and function 

to eliminate viruses, despite use different receptors and display different expression 

patterns (Onoguchi et al., 2007). Since the IFN system plays pivotal roles in the host 

immunity, it is of interest to study the interactions between IFN system and 

lyssaviruses. 

1.1.6 Interactions between IFN system and lyssaviruses 

Due to the long adaptation of virus and its host, many viruses have developed 

powerful countermeasures to inhibit the host IFN system at all levels (Figure 3) 

(Goodbourn et al., 2000; Haller et al., 2006; Randall and Goodbourn, 2008). The 

main ways by which the viruses counteract the IFN system are summarized as 

follows (Randall and Goodbourn, 2008): (a) Inhibit the production of IFNs; (b) 

Globally interfere with host gene transcription or translation; (c) Suppress the IFN-

mediated signaling pathways; (d) Block the actions of antiviral enzymes induced by 

IFN; (e) Develop an IFN-insensitive replication strategy. 
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Figure 3 Viral inhibitors of the virus-induced IFN response loop. 

Viral gene products interfere with IFN system at all levels including IFN induction pathways, the basic 
transcription of IFNs, IFN-mediated signaling pathways and the functions of IFN effectors. This figure 
is taken from Haller et al. (Haller et al., 2006). 

 

The importance of the IFN response against neurotropic viral infection in humans is 

getting more and more attention in recent years (Sorgeloos et al., 2013). RABV and 

other related lyssaviruses, the well-known neurotropic viruses, are one of the highly 

pathogenic virus groups. Their effective replication in the host neurons suggests they 

have developed evasive strategies to overcome innate and adaptive immune 

responses (Figure 4) (Hemachudha et al., 2013). In recent years, evidences from 

human and mouse models are accumulating to unravel the counteracting 

mechanisms to IFN responses by RABV, such as interfering with phosphorylation of 

IRF3, inhibition of STAT signaling, or interacting with IFN-induced antiviral proteins, 

like promyelocytic leukemia protein (PML) (Blondel et al., 2002; Brzozka et al., 2005, 

2006; Vidy et al., 2005; Vidy et al., 2007). It has been well identified that the 

production of type I IFN can be induced by nuclear imported IRF3 after 

phosphorylation by the kinases TBK-1 and IKK-i which can be specifically blocked by 

phosphoprotein of RABV (P protein) (Figure 4) (Brzozka et al., 2005; Panne et al., 
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2007). P protein also interferes with STAT signaling by binding to the phosphorylated 

STAT1 and STAT2, thus to inhibit their nuclear translocation or inhibit STAT binding 

to ISGs, and results in suppression of antiviral responses (Figure 4) (Brzozka et al., 

2005; Rieder and Conzelmann, 2011; Vidy et al., 2007). Interplay between RABV and 

antiviral ISG was also observed in PML, which was found to reduce the RABV 

replication by overexpression (Blondel et al., 2010). However, P protein plays as an 

antagonist to PML through direct interaction (Blondel et al., 2002). Intriguingly, the 

countermeasures targeting the STAT proteins by P protein are conserved across the 

Lyssavirus genus (Wiltzer et al., 2012). Not only P protein, nucleoprotein also has a 

function to evade activation of the RIG-1-mediated antiviral response (Masatani et al., 

2010). Presumably, if only the IFN signaling but not the IFN production is blocked by 

virus, a successful spread cannot be achieved because of the activation of the 

antiviral state of neighboring cells (Randall and Goodbourn, 2008). As mentioned 

above, RABV was observed to contain more than one powerful strategy targeting the 

whole IFN system in human and mouse models. In a previous study, the inhibition of 

nuclear import of phosphorylated bat STAT1 was also observed in cell cultures from 

megabat R. aegyptiacus infected with RABV (Fujii et al., 2010). Bat type I IFN 

production and signaling were also shown to be antagonized by other bat-borne virus 

Henipavirus infection in megabat P. alecto cell lines (Virtue et al., 2011). However, 

whether the lyssaviruses use the same mechanisms in the bats as in humans or mice 

still needs further research.  
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Figure 4 RABV immune-evasion mechanisms.  

(A) RABV inhibition of innate immune response in the central nervous system (CNS). The P protein 
blocks phosphorylation of IRF3/7 and its nuclear import to inhibit the IFN production. It also inhibits the 
nuclear translocation of the phosphorylated STAT/IRF9 complex to suppress the expression of ISGs. 
(B) Evasion of adaptive immune response. This figure is taken from Hemachudha et al. (Hemachudha 
et al., 2013). 

 
It is also well known that RABV is sensitive to IFN responses. Human neuron derived 

cells can mount a robust IFNβ-correlative innate immunity response to RABV 

infection (Prehaud et al., 2005). Once the IFN-mediated antiviral state has been 

established, the RABV cannot replicate in the cell (Rieder and Conzelmann, 2011). 

This was further proven by the infection in IFNAR knockout mice which showed much 

higher susceptibility to RABV than wild-type mice (Faul et al., 2008). The host 

antiviral function is directed by the hundreds of IFN-induced immune effectors 

(Randall and Goodbourn, 2008). Among ISG encoded proteins, some such as PKR, 

Mx, OAS and ISGs: ISG15, 54 and 56 are extensively studied and present the major 

antiviral pathways, (Randall and Goodbourn, 2008). However, the knowledge about 

the antiviral properties and mechanisms of these immune effectors is very limited. 

Whilst the negative effects to rhabdovirus replication by OAS/RNase L system was 
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not reported (Silverman, 2007), the resistance induced by PKR to vesicular stomatitis 

virus (belonging to the same family Rhabdoviridae with RABV) was observed 

(Balachandran et al., 2000; Stojdl et al., 2000). Mx proteins are found to be effective 

against various RNA viruses (Haller et al., 2007), and the bovine origin Mx1 can 

inhibit specific strains of RABV (Leroy et al., 2006). ISG56 can inhibit the translation 

by interacting with the eIF3 complex and recognize 5´- triphosphorylated RNAs (Guo 

et al., 2000; Pichlmair et al., 2011). However, as one of the highly inducible ISGs, the 

antiviral effect of ISG56 to RABV has not yet been investigated. Generally, it seems 

that a subset of ISGs instead of a single gene is required to control the lyssavirus 

infection, and the studies on the anti-lyssaviral effectors are still at the beginning. In 

addition to the works on human and mouse models, studies on bats also revealed the 

antiviral functions of bat´s IFN system (Janardhana et al., 2012; Zhou et al., 2011a; 

Zhou et al., 2011b; Zhou et al., 2013). However, the IFN responses to lyssaviruses in 

bats were rarely reported (He et al., 2014). Overall, studies on the antiviral function of 

the IFN system and the powerful countermeasures developed by lyssaviruses have 

already attracted extensive attention, but all of these interesting findings were 

revealed only from the canonical but non-natural models (humans and mice). It has 

not been clear yet whether the host IFN system uses the same defense or the 

lyssaviruses react in the same way in bats as in humans and mice. Therefore, it will 

be of greater significance and more interesting and challenging if the studies are 

performed in the natural reservoir hosts. 

1.2 Aim of the work 

To step toward the understanding why bats can be persistently infected with highly 

pathogenic lyssaviruses in the absence of severe disease, the present thesis is 

focusing on the IFN-mediated innate immune responses of the representative 

European bat species (E. serotinus, M. myotis and N. noctula) against lyssaviruses. 

The tasks of this thesis are to clone and characterize the type I and type III IFNs from 

European bats (Chapter 2 and 4), establish European bat derived cell line models for 

in vitro study of immune responses against lyssaviruses: EBLV-1, EBLV-2 and RABV 

infection (Chapter 3), investigate the anti-lyssaviral activities of bat IFNs (Chapter 2 

and 4) and explore the IFN-mediated innate resistant mechanisms in bats (Chapter 2 

- 4). 
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Chapter 2 Anti-lyssaviral activity of interferon κ 

and ω from the Serotine bat, Eptesicus serotinus 

2.1 Abstract 

IFNs are cytokines produced by host cells in response to the infection with 

pathogens. By binding to the corresponding receptors, IFNs trigger different 

pathways to block intracellular replication and growth of pathogens and to impede the 

infection of surrounding cells. Due to their key role in host defense against viral 

infections as well as for clinical therapies, the IFN responses and regulation 

mechanisms are well studied. However, studies on type I IFNs are mainly focusing 

on IFNα and β subtypes. Knowledge about IFNκ and ω is limited. Moreover, most of 

the studies are done in human or mouse models but not in the original host of 

zoonotic pathogens. 

Bats are important reservoirs and transmitters of zoonotic viruses like lyssaviruses. A 

few studies have shown an antiviral activity of IFNs in fruit bats. However, the 

function of type I IFNs against lyssaviruses in bats is not studied yet. Here, IFNκ and 

IFNω genes from European Serotine bat, E. serotinus, were cloned and functionally 

characterized. E. serotinus IFNκ and IFNω genes are intron-less and well conserved 

between Microchiropterean species. The promoter regions of both genes contain 

essential regulatory elements for transcription factors. In vitro studies indicated a 

strong activation of IFN signaling by recombinant IFNω, whereas IFNκ displayed 

weaker activation. Noticeably, both IFNs inhibit to different extents the replication of 

different lyssaviruses in susceptible bat cell line. The present study provides 

functional data on the innate host defense against lyssaviruses in endangered 

European bats. 
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2.2 Introduction 

Worldwide more than 1,200 different species of bats have been described, 

representing the second most diverse mammalian order (Altringham, 2011). Bats 

have been identified as reservoirs for a plethora of viruses (Calisher et al., 2006), 

some of which are associated with recent human and animal epidemics like SARS-

CoV and Hendra virus. Thus, they have the potential to threat public health (Calisher 

et al., 2006; Halpin et al., 2000; Li et al., 2005). Bats of the genus Eptesicus can 

transmit lyssaviruses (Muller et al., 2004). Surprisingly, reports about epidemics 

inside bat populations are very limited, indicating that viral pathogens do not seem to 

induce a major disease outbreaks and certain pathogens like lyssaviruses are better 

controlled within bats (Calisher et al., 2006; Harris et al., 2006; Wibbelt et al., 2010). 

Therefore a question is whether a co-evolution of lyssaviruses and bat immune 

system resulted in a partial resistance against infections, due to the specific 

adaptation of the innate immune system of bats (Baker et al., 2013; Chakravarty and 

Sarkar, 1994; Dobson, 2005; Paul and Chakravarty, 1986)? 

IFNs are the first line defenders against lyssavirus infections (Chopy et al., 2011a; 

Chopy et al., 2011b; Rieder and Conzelmann, 2011; Rieder et al., 2012). They are 

produced by host cells in response to pathogens such as viruses, bacteria, fungi, and 

parasites and trigger the protective immune mechanisms. Vertebrate IFNs are 

classified into three classes: type I IFN, type II IFN, and type III IFN. Type I IFNs are 

the largest group in IFN family. Corresponding to their versatility, they are expanding 

and diverged into distinct subfamilies: IFNα, IFNβ, IFNκ, IFNω, IFNε, IFNδ, IFNζ, 

IFNτ and potentially new member IFNX (Walker and Roberts, 2009). With conserved 

intron-less structure and co-localized loci in chromosome, type I IFNs are considered 

to be arisen and expanded from gene duplications (Diaz et al., 1994; LaFleur et al., 

2001). Studies on their antiviral defenses and regulation mechanisms are rapidly 

mounting. Most of these studies focus mainly on IFNα and IFNβ subtypes, and little is 

known about other subtypes even in human and in mouse models. IFNs seem to play 

a crucial role in host-virus interactions in bats (Biesold et al., 2011; Virtue et al., 2011; 

Zhou et al., 2013). However, such studies have been limited to type I IFNα and IFNβ 

from the Egyptian fruit bat (R. gyptiacus), and type II IFNγ and type III IFNλ1 and 

IFNλ2 from Australian black flying fox, P. alecto (Janardhana et al., 2012; Omatsu et 
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al., 2008; Zhou et al., 2011b). In addition to sequence characterization, IFN induction, 

signaling pathway and antiviral activity were investigated in cell lines derived from E. 

helvum and P. alecto after viral infections (Biesold et al., 2011; Janardhana et al., 

2012; Virtue et al., 2011; Zhou et al., 2011b). Similar to mammalian IFNs, P. alecto 

IFNγ and IFNλ2 showed antiviral activities against Semliki forest virus and Hendra 

virus, and Pulau virus, respectively (Janardhana et al., 2012; Zhou et al., 2011b).  

Surprisingly, although bats are known as the principal vectors for RABV and other 

lyssaviruses, the information of IFNs during lyssavirus infections is scarce (Calisher 

et al., 2006). In Europe, so far five different bat species have been identified as 

potential reservoir hosts for lyssaviruses, e.g. E. serotinus, E. isabellinus (EBLV-1), 

M. daubentonii, M. dasycneme (EBLV-2), M. nattereri (BBLV) and M. schreibersi 

(WCBV; LLEBV) (Arechiga Ceballos et al., 2013; Blondel et al., 2010; Freuling et al., 

2011; Kuzmin et al., 2005). Since E. serotinus, as the natural host for EBLV-1, is 

responsible for the vast majority of bat rabies cases reported in Europe (Schatz et al., 

2013), we focussed on functional characterization of IFN from this species.  

IFNκ and IFNω genes were cloned, and after sequence analysis recombinant IFNκ 

and IFNω proteins were used in functional assays to investigate the initiation of IFN 

signaling pathway and anti-lyssaviral activity against EBLV-1, EBLV-2 and RABV 

infections in E. serotinus derived cell lines. This sheds lights on the function of IFNs 

within cells of the natural host of RABV and other lyssaviruses and the virus-host 

interaction in these specific mammalian hosts. 

2.3 Material and methods 

2.3.1 Animals sampling 

E. serotinus submitted for rabies diagnosis in the frame of enhanced passive 

surveillance (Schatz, unpublished) were screened for their suitability to obtain 

immune system related organ tissues. Spleens from two dead found E. serotinus 

from the city of Berlin, Germany, that did not show any evidence of accelerated 

autolysis were removed and stored in RNAlater until further analysis. 
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2.3.2 Nucleic acids extraction from tissue 

The total RNA extraction of E. serotinus spleen was performed generally using the 

RNeasy Mini Kit (Qiagen, Germany) according to manufacturer’s protocol. The 

genomic DNA was also isolated from spleen tissue by DNeasy Blood & Tissue Kit 

(Qiagen). The concentration and purity of RNA and genomic DNA were determined 

by Nanodrop (Thermo, U. S. A.), and then stored at -80°C for further use. 

2.3.3 PCR amplification of IFNκ and IFNω genes from E. serotinus 

(esIFNκ and esIFNω) 

As there are no appropriate genomic sequences for E. serotinus available, the 

following approach was used: IFNκ from P. vampyrus (genbank accession numbers: 

HM636500) and IFNω from Equus caballus (genbank accession numbers: 

NM_001114536) were used as query sequences to search for the IFNκ and IFNω 

genes from little brown bat, M. lucifugus in the whole genome sequence in the 

Ensembl database using the BLAST algorithm (http://www.ensembl.org/index.html), 

respectively. Subsequently, the exons from the matching scaffolds were subjected to 

NCBI blast programs of blastN and blastX to confirm the identities of IFNκ and IFNω. 

Reverse transcription polymerase chain reaction (RT-PCR) was performed to amplify 

the IFNκ and IFNω cDNA fragments from E. serotinus RNA using primer pairs based 

on the sequences of IFNκ and IFNω genes from M. lucifugus (Table 3). The reactions 

were prepared according to manufacturer’s instruction using the One-step RT-PCR 

Kit (Qiagen, Germany). PCR was performed using genomic DNA as template by 

GoTaq® Flexi DNA polymerase (Promega, U. S. A.) to get the DNA fragments. All of 

the PCR products were cloned into PCR2.1 vector (Invitrogen, U. S. A.) and 

transformed into E. coli competent cells. Plasmids were extracted from positive 

clones and sequenced by Applied Biosystems® 3130 Genetic Analyzer (Life 

Technologies, U. S. A.) at the Friedrich-Loeffler-Institut, Germany.  

 

 

 

 

http://www.ensembl.org/index.html
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Table 3 Primers used in Chapter 2. 

Name* Sequence (5´→3´) 

IFNκ-F TGACCAATATGAGCAAATCA 
IFNκ-R AAACTGCTTATCCTGTGGAA 
IFNω-F GACCACGTCCAGCTCAGC 
IFNω-R GCGCAGTCACTGTATTTCTT 
gwesIFNκ-F1 CAAGGGGGCCTTCTATGAAATGTCCATG 
gwesIFNκ-F2 TTCACTCAACCCACCTTCCAACCCACTT 
gwesIFNκ-R1   CCCTGGTGTCTCCTCTCATCTCCTCCA 
gwesIFNκ-R2 AAGTGGTTGGAAGGTGGGTGGAGTGAA 
gwesIFNκ-R3 GAAGGCCCCCTTGATGTCTCTTTTCA 
gwesIFNκ-R4 AATATGCAGCAAGTCACAGCCCAGT 
gwesIFNω-F1 AGCACCATCTCCCCTCTCTTCTGTCTG 
gwesIFNω-F2 ATCTCTGACCTCCTGCCCACAGAGAAC 
gwesIFNω-R1 CAGGGCCATGAGTAGAGAGAGCAGGAG 
gwesIFNω-R2 CCTTGGGCCAGAAGTTCTCCTATGACC 
gwesIFNω-R3 GCCCTAATGGTTTGGCTCAGTGGAT 
gwesIFNω-R4 GGTGTGCAGGAGGCAGCTTATCAGT 
AP1 GTAATACGACTCACTATAGGGC 
AP2 ACTATAGGGCACGCGTGGT 
PmalesIFNκ-F AAGGATTTCAGAATTCCTGGGCTGTGACTTGCTG 
PmalesIFNκ-R TAGAGGATCCGAATTCTTATTTCCTTCTGAGTAGTTC 
PmalesIFNω-F   AAGGATTTCAGAATTCTGTGACCTGCCTGAGGACC  
PmalesIFNω-R TAGAGGATCCGAATTCTCAAGGTGACCCCAGGTC 
pcDNAesIFNκ-F   CAGTGTGCTGGAATTCCACCATGAAAACCAAGTCTGATATG 
pcDNAesIFNκ-R GATATCTGCAGAATTCTTATTTCCTTCTGAGTAGTTC 
pcDNAesIFNω-F   CAGTGTGCTGGAATTCCACCATGGCCCTCCTGCTCTC 
pcDNAesIFNω-R   GATATCTGCAGAATTCTCAAGGTGACCCCAGGTC 
GAPDH-F TCGGAGTGAACGGATTTG 
GAPDH-R CCTTGAACTTGCCATGAGTAG 
ISG56-F CAGGCTAAATCCAGAAGATG 
ISG56-R TTCCAGAGCAAATTCAAAAT 
Mx1-F TCTACTGCCAAGACCAAGCGT 
Mx1-R CGAGGGAGCAAGTCAAAGGA 
IFIT3-F AGCAGAGGAGCTTGCAGAAG 
IFIT3-R CCGGAAAGCCATAAACAAGA 
EBLV1-F GAAAGGKGACAAGATAACACC 
EBLV1-R ARAGAAGAAGTCCAACCAGAG 
EBLV2-F GGTGTCTGTAAAGCCAGAAG 
EBLV2-R TTATAAGCTCTGTTCAAG 
RABV-F GATCCTGATGAYGTATGTTCCTA 
RABV-R GATTCCGTAGCTRGTCCA 

* F indicates forward primer, R indicates reverse primer. 

 

In order to get the complete gene sequences of esIFNκ and esIFNω, genome 

walking method was applied according to the Genome Walker Universal Kit Manual 

(Clontech, U. S. A.). esIFNκ and esIFNω specific genome walking primers were 

designed based on the gene fragments obtained above (Table 3). For 5´-end walking 

PCR, gwesIFNκ-R1 and AP1 or gwesIFNω-R1 and AP1 were used in the first round 

PCR, and gwesIFNκ-R2 and AP2 or gwesIFNω-R2 and AP2 were used in the second 

round PCR (Table 3). For 3´-end walking PCR, gwesIFNκ-F1 and AP1 or gwesIFNω-
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F1 and AP1 were used in the first round PCR, and gwesIFNκ-F2 and AP2 or 

gwesIFNω-F2 and AP2 were used in the second round PCR (Table 3). For longer 

promoter sequences, other sets of gene specific primers gwesIFNκ-R3/-R4 and 

gwesIFNω-R3/-R4 were used in the additional round of PCR (Table 3). All of the 

specific PCR products were cloned and sequenced in both directions. 

2.3.4 Sequence and phylogenetic analysis 

The open reading frames (ORFs) of esIFNκ and esIFNω were predicted by ORF 

finder program in NCBI (http://www.ncbi.nlm.nih.gov/projects/gorf/). The deduced 

amino acid (AA) sequences were blasted against protein databases 

(http://www.ncbi.nlm.nih.gov/BLAST/) for homologue search. Signal peptide and 

protein domains were identified by SMART (http://smart.embl-heidelberg.de/). 

Transcription start site was predicted with promoter predictor program 

(http://www.fruitfly.org/seq_tools/promoter.html). Potential transcription factor binding 

sites were identified using the MatInspector program (http://www.genomatix.de). N-

glycosylation sites were predicted by PROSITE (http://www.expasy.ch/prosite/). 

Sequence alignments were performed by ClustalX program. Phylogenetic trees were 

constructed by MEGA5.05 using the Neighbour-Joining method with bootstrap n= 

1000. Protein sequences from other species used in the phylogenetic analysis are 

shown in the Figure 6 legend.  

2.3.5 Construction of recombinant constructs and expression of 

recombinant esIFNκ and esIFNω 

In-Fusion cloning strategy was used to build the recombinant constructs for both 

prokaryotic and eukaryotic systems. For prokaryotic expression, gene specific PCR 

products amplified with primer pairs PmalesIFNκ-F/R or PmalesIFNω-F/R (Table 3) 

were inserted into pMAL-c2X plasmids which contain maltose binding protein (MBP) 

tag by In-Fusion HD Cloning Plus Kit (Clontech). Likewise, for eukaryotic constructs, 

specific primer pairs pcDNAesIFNκ-F/R or pcDNAesIFNω-F/R (Table 3) were used, 

in which a Kozak sequence was incorporated in the forward primers to favour the 

initiation of translation (De Angioletti et al., 2004). PCR products were inserted into 

pcDNA plasmids by In-Fusion HD Cloning Plus Kit (Clontech). All of the constructs 

were confirmed to contain the correct inserts by sequencing. To get MBP tagged 

http://www.ncbi.nlm.nih.gov/projects/gorf/
http://www.ncbi.nlm.nih.gov/BLAST/
http://smart.embl-heidelberg.de/
http://www.fruitfly.org/seq_tools/promoter.html
http://www.genomatix.de/
http://www.expasy.ch/prosite/


Chapter 2 Type I IFNs 

 28 

 

recombinant esIFNκ and esIFNω, pMAL™ Protein Fusion and Purification System 

(NEB, UK) were used. Protein induction and purification analysis were performed as 

described before (He et al., 2011). Additionally, endotoxins were removed from the 

purified proteins by ToxinEraserTM Endotoxin Removal Kit (GenScript, U. S. A.). The 

concentration of purified proteins was determined by Nanodrop. 

2.3.6 Cell culture and activity evaluation of esIFNκ and esIFNω 

A naturally immortalized cell line from E. serotinus brain tissue (FLG-R) obtained 

from the cell culture collection of the Friedrich-Loeffler-Institut, Germany (cell bank 

number FLI-1093), was used to investigate the esIFNκ and esIFNω activity. Cells 

were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 

10% fetal calf serum (FCS) at 37°C and 5% CO2. Cells were seeded at a density of 4 

× 105 cells/well into 12-well tissue culture plates 10 -12 hours (h) before IFN 

stimulation. After washing with 1× PBS, cells were treated with purified MBP tagged 

esIFNκ or esIFNω at two concentrations of 1 μg/mL and 10 μg/mL. Cells treated with 

MBP tag purified from empty pMAL-c2X served as a negative control. Untreated cells 

were used as blanks. All cells were harvested into RLT buffer (Qiagen) 3 h post 

stimulation and stored at –80°C for further RNA extraction.  

Recombinant IFN from E. coli system without glycosylation may lose its activity, thus 

the E. serotinus brain cell line was used for expression of esIFNκ and esIFNω. Cells 

were seeded as described above, and then transfected with 1.2 μg pcDNAesIFNκ or 

pcDNAesIFNω plasmids using 2 μL Lipofectamine 2000 (Invitrogen) following the 

manufacturer's instructions. Transfection with empty plasmid pcDNA3 was used as a 

negative control, with 10 μg/mL polyinosinic:polycytidylic acid (poly I:C, Invivogen) as 

a positive control, and without transfection as blank. After transfection and incubation 

in a humidified atmosphere at 37°C and 5% CO2 for 24 h, supernatants were 

harvested and stored at –20°C for IFN activity test. Cells were collected into buffer 

RLT (Qiagen) and used for RNA extraction. To measure the capability of esIFNκ and 

esIFNω to activate the IFN signaling, the expression level of ISG56, Mx1 and IFN-

induced protein with IFIT3 as downstream indicators of the pathway were determined 

by quantitative Real-time PCR (qRT-PCR) as described below. 
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2.3.7 Anti-viral assay 

To study the inhibitory effect of IFNκ and IFNω on viral replication in vitro E. serotinus 

brain cells were seeded in 24-well plates at a density of 2 × 105 cells/well. Three 

hours after seeding, cells were washed with PBS and subsequently stimulated with 

MBP tagged esIFNκ or esIFNω at two concentrations of 1 μg/mL and 10 μg/mL for 

24 h. Similarly, to test the activity of recombinant esIFNκ and esIFNω over-expressed 

from bat cell line, serial dilutions (1:2, 1:8 and 1:32) of supernatants from transfected 

cells mentioned above were added instead of MBP tagged proteins into a final 

volume of 500 μL stimulation system. After 24 h, cells were washed with PBS twice 

and infected with EBLV-1 (E. serotinus isolate), EBLV-2 (M. daubentoni isolate) or 

RABV (European fox isolate) at a multiplicity of infection (MOI) of 0.1 for another 24 

h. Subsequently, cells were washed with PBS, collected into RLT and RNA was 

prepared using the RNeasy Mini Kit (Qiagen). The relative viral load was analysed by 

qRT-PCR as described below. 

2.3.8 qRT-PCR 

The qRT-PCR method was introduced to measure the mRNA expression levels of 

IFNκ, IFNω and IFN-induced genes in response to stimulations. Primers used for 

target genes and internal control GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) were listed in Table 3. Likewise, to determine the relative viral load 

indicative of virus replication after IFN stimulation in E. serotinus brain cells, qRT-

PCR was performed by using EBLV1, EBLV2 and RABV specific primers for 

targeting lyssavirus nucleoprotein genes (Table 3). The qRT-PCR was performed on 

the CFX96 Touch™Detection System (Bio-Rad, U. S. A.) using SensiFASTTM SYBR 

One-step Kit (Bioline, UK) according to the manufacturer’s instructions. To assess 

the specificity of the PCR amplification, a melting curve analysis was performed at 

the end of the reaction. The relative expression levels of targets were calculated by 2-

ΔΔCt method (Livak and Schmittgen, 2001).  

2.3.9 Statistical analysis 

All data were presented as means ± S.D.. Statistical significant differences were 

analysed by one-way ANOVA using the SPSS software package. 
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2.4 Results 

2.4.1 Sequence characteristics of esIFNκ and esIFNω 

IFNκ (scaffold:Myoluc2.0:GL430113:491398:492675:1) and IFNω 

(scaffold:Myoluc2.0:GL429988:1422681:1423811:1) genes of M. lucifugus in 

Ensembl were used as reference sequences to design primers to amplify 376 bp of 

esIFNκ and 404 bp of esIFNω specific fragments from E. serotinus. The obtained 

complete ORFs and partial promoter regions (Figure 5) were submitted to Genbank 

under accession numbers: KF758763 (esIFNκ) and KF758764 (esIFNω). ORFs of 

esIFNκ (Figure 5A) and esIFNω (Figure 5B) consisted of 627 bp (encoding 208 AAs) 

and 588 bp (encoding 195 AAs), respectively. Both IFNs contain a signal peptide and 

an IFN alpha, beta and delta domain (IFabd). Sequence analysis revealed that both 

esIFNκ and esIFNω genes are intron-less. The potential transcription start sites of 

both genes were indicated by promoter predictor revealing 2038 bp for esIFNκ and 

1071 bp for esIFNω promoter sequences. Transcription factors binding sites like, 

IRFs, ISREs and NF-κB were found in both promoter regions by MatInspector. N-

glycosylation sites were identified in esIFNκ: 50-NMSK-53 and esIFNω: 95-NSSV-98 

by PROSITE tool. 
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A esIFNκ 

-2038 CTGGGGCGGTGCAGAAGCATCCCGCCCCTGGCCGCCGCCTGTGTATGCAAATTAACCTGC 

-1978 CATCTTTGTTGGGTTAATTTGCATACTCACTCCTGATTGGCTGGTGGGCATTGCAAAGGT 

-1918 ACAGTCGATTTGCATCTTTCTCTTTTATTAGTGTAGATTTTGAGATATATTCAGAGGAGA 

-1858 TAGCTTTTATGAAACAGAGGTCTGACAAAAGACTGATCATCCAATAGTGCTTCTGATCAG 

-1798 AGCCACTGTTTGAGCGCGTGCACGCGCGTGCGCGCGCGCGTGTGTGTGTGTGTGTGTGCA 

-1738 CTATTTTGTGAACTCAAAGTTCCCCCTTTGGAGTGCACATGGTTGTTGGGGATATGTACA 

-1678 CAGTAAAGCCAGTGCAGAGAAACACAATTGAATGCACCTGTGCACCAGGTGGACGGCTAG 

-1618 CAGAGGACAGTCTTCATGTCTGACTTCTGCTTTATGAGGTCAGTGGGAGGTTGCATGGTG 

-1558 GAGAGGGTTGCCAGGGAAAACCCAGTTAAATTTGAATGTGGAATAAACATTGAATGCTTT 

-1498 TATAGGTACATCCCAAATATTGTACGGGTGTTCCATGTTTTTATTTGCTAAATCAGGCTG 

-1438 TACTAACAGTGGGAAAGATATGCATGTCAATCATCTTTTCTTTTTTGTCATGAATATTGT 

-1378 CAACATCAGCACCAGTTAACGTTTATAGGACTTGGGGAATGAGGTCCTTGCTCCAGGGAG 

-1318 GACCTATCAATGACTCCTGCTCCCTGAAACACTCGAACATCCTGCGTGCTCCATCACAGA 

-1258 TCCCTGAAGGTCCTGGACTCTACCTTAACCCTCCTTCTTCAAGACCTTGCCCAGTGACTG 

-1198 GCATGTGCTAGGAGCTAAAACTACATTTTGCAATAAATGAGGATATGATGTGGAATGTCT 

-1138 ATAAAAGCAGAAAATTTTGGGTGAAGGGAATAAAATGACAAAACTGTACGTGGAAGGAAG 

-1078 TACAGGGAACTTAAAGATTGCTAACAACAGCCATAAGTTAGAAGTTGTTACGTGAGGTAT 

-1018 ACAAGAAGGTGTTGCCCTCAGATGTGCTTTGCACCTTATAGAGGCTATGTGAGTAATTAC 

 -958 AAATATACGTGTGCATTCATATAAACATATATGTTTTTTAATGAAAAGTTTCAAGAATAG 

 -898 TGTATTGAATTCCCATGTATTCTATGTTCAACTGAATTGGAACTGAGTCTTATTAGATGG 

 -838 AAGCACTGGCTCGGTTTTAAGTAAAGGAAAGAATACTCAGAGAATATCAACATTTTCTAC 

 -778 CCCAGCCAGTTGCTCAGTGGTTAAAGCATTAGCCCTCAGACTGAAGGGGTGGCAACTTGA 

 -718 TTACAGTCAAGGCTCCATCCGGTTCCTGTCGGGGTACATGCAGGAGGCAACCAATCGATG 

 -658 TGTCTCTCACACTGATGTTTCTCTCTTCCTCTCTGTCTCTCCAACCTCCCTTCCACTCTC 

 -598 TCTAAAAAATCAATGGGGGGAAAAATATCCTCAGGTGAGGGTTAACAACAACAACAAAAG 

 -538 AATAGCAACATTTTCTAAAGGCAACAGAAAACCCAGCCGGCTTAGTCCTTTATTTGGTAA 

 -478 GTGCCATGATCAACTGACCAACTGTGTGTTTTTTTTGTTTATCTTTTGTGAGGCTCGGAA 

 -418 AAATCAAATAAAAAGAGAAAATATCCAAATCTAGAAGCTTAATTTTACAAGATTAGCCTT 

 -358 ACAATCAAATAATCACAGTCACCTGGTCAATGTCTATGATTAACTAAATTCTTGGAGGAT 

 -298 CCCTTTCTCTTATGTCATAGTGTTGGGTGAGTGTATAGAGACACAGCCTTCAGTTCTTTC 

 -238 TCAAATACTCTGCATCAGTCTTGTTACTTTGGTTCTATAGTACTGGGATGGATCATCCGG 

 -178 GCTTCTAGGAATTTCCAAAGTCAATGTAGTCACCCAAAGTAAAAAAAAAAAAAAAAAAAA 

 -118 GCCTCAGAGGTAAAGGAAAGGGGCCGAAACCCTGAGAACCATACAATGACAAATCAGAAA 

  -58 ACTCCTCCCCACTGAAGATATTCAGGTGTATAAAAGGCACACAAAGGCATACGTAAGACC 

    3 TAGCACAGCGCAGTTAATCTTGAGTACTGTGAATCTTTTAGCTTAGAAGAAAAATGAAAA 

    1                                                      M  K  T  

   63 CCAAGTCTGATATGATTCGAAAGTGTGTGTGGCCTGCGTGCCTCATGGGCCTGTTCGTCA 

    4   K  S  D  M  I  R  K  C  V  W  P  A  C  L  M  G  L  F  V  T  

  123 CTGGCACCCTCTCACTGGGCTGTGACTTGCTGCATATTCATCTGCGTAGAATCACCTGGC 

   24   G  T  L  S  L  G  C  D  L  L  H  I  H  L  R  R  I  T  W  Q  

  183 AAAATGTGAAGCTTCTGACCAATATGAGCAAATCATTTCCTCTGGAGTGCCTACGAGAAA 

   44   N  V  K  L  L  T  N  M  S  K  S  F  P  L  E  C  L  R  E  N  

  243 ACAAAGCTTTTGAGTTGCCCCAAGAGGTCCTATCACATATCCAGCCTCTTCTGAAAAGAG 

   64   K  A  F  E  L  P  Q  E  V  L  S  H  I  Q  P  L  L  K  R  D  

  303 ACATCAAGGGGGCCTTCTATGAAATGTCCATGCTGGCCTTCAATATCTTCACTCAACCCA 

   84   I  K  G  A  F  Y  E  M  S  M  L  A  F  N  I  F  T  Q  P  T 

  363 CCTTCCAACCCACTTGGGAAGAGGAACACCTGGAACAAATCCAAACCGGACTTGATCAGC 

  104   F  Q  P  T  W  E  E  E  H  L  E  Q  I  Q  T  G  L  D  Q  Q 

  423 AACTGCAGTACCTGGAACAATGCTTGAAAGAAGAGAAGGGACATGAAGACAAGGAAGAGA 

  124   L  Q  Y  L  E  Q  C  L  K  E  E  K  G  H  E  D  K  E  E  M 

  483 TGGAGGAGGATGAGAGGAGACACCCGGGAACTAGGATCCCCCAGCCCAGCAACTTAGAAC 

  144   E  E  D  E  R  R  H  P  G  T  R  I  P  Q  P  S  N  L  E  L 

  543 TGAGGAGGTATTTCCACAGGATAAGCAGTTTCCTGCAAGACAAGCAGTATAGTCACTGTG 

  164   R  R  Y  F  H  R  I  S  S  F  L  Q  D  K  Q  Y  S  H  C  A 

  603 CCTGGAAGATCGTCCAAGTGGAAATCAGAAGATGTTTCTACTACTTTCAGAAACTCATAG 

  184   W  K  I  V  Q  V  E  I  R  R  C  F  Y  Y  F  Q  K  L  I  E  

  663 AACTACTCAGAAGGAAATAAGGTAGATTTTTTT 

  204   L  L  R  R  K  *  

 

ATF2/c-Jun 

IRF1 

 NF-κB 

IRF4 
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B esIFNω 

-1071 TGATTTTTCCGGAGAGGAAAGGGGAGGGAAAGAGAGTTAGAAATATCAATGANNNNNACA 

-1011 CTGATAAGCTGCCTCCTGCACACCCCCTACTAGGGATGTGCCCTTAAGAAAGGTATATGC 

 -951 CCTTGACAGAAATCAAACCTGGAATCCCTCAGTCCGCAGGCCGACGCTCTATCCACTGAG 

 -891 CCAAACCATTAGGGCCTAACAGTTTCCTTTGCCACAAAGACACAAGCCCCTCTAACGTAG 

 -831 GGGATTCTAAAGACCTCAGGATGGGGTGAGCCTGCCTTCAGGGGGTGAATCCAAGAGAGT 

 -771 TTGGGCTGAGGACACTGTCACTCCAGAGGAAAAGCGTTATTAGAGCTGATATCATCTGTG 

 -711 GCGCTGGGAAAATATTACTATCTTGTGATGAAAATCTCCACACCTACACCCACCAGCAAA 

 -651 GAACCCGGATTGCTGCTGGGGGTATCGGCACAGCCTGAGGAGCACTAACAACCAGTTACA 

 -591 AACGCTGGAAGGAAATGGCAATGTCTACACAAGTCCTGAGCCAGTGGCCCCCGTGAAGCA 

 -531 TAACCACATGGCCCTGCAGGAATGGGTTCTAGAAGAGAAACATCCCAGAAACACAGTCAC 

 -471 TAAAAACCTCAGCCTCTGCAGTGCATAAAACAGTAAACAAAACTCAGTCCTTTGTTCTAA 

 -411 AGAGTTTATTTACCAACCATGGTCTGCTGAGTACCTGATAAAATACACAAACCCACAGAG 

 -351 ATGAGGTGACGCCCATGTTGCCCAGAGTCAAGGAAAACTTTTAATGCTAATACAAAGAAG 

 -291 AGCAATATTTATGCAGTATATTTATATACGTGAGTATGTACCTGTGTGAGTATTTACACA 

 -231 TCTACCTACACTTTCACTTTAGGACAAAGACATTTCTCATTTGACTATTAAGTATCCACT 

 -171 TGTATGGCACATCTGAAGTGTACGGTGAAATACAGTAGTGTAGATGGATGAGATCTTCTT 

 -111 AGAACACCTAAATTAAGTGAAAACAAAAAAGGAAGTGAAAGTGGAAAGAAATGCTTAGAA 

  -51 AATGAAAACTGTGGTGTTCCCTATTTAAGGGCGCTGCCTAGAAAGAAGGTCATTGGAGAA 

   10 CTTCTGGCCCAAGGTTGTTCACCAGACGCCCAGCTCAGCCAGGCCAGCAGCACCCTCCTT 

   70 TGCCCATGGCCCTCCTGCTCTCGCTGCTCACGGCCCTGGTGCTGTTCAGCTCTGGCCCCG 

    1      M  A  L  L  L  S  L  L  T  A  L  V  L  F  S  S  G  P  G  

  130 GTGGAGTTCTGGGCTGTGACCTGCCTGAGGACCACGTCCTGCTCAGCAGGGAGAACTTAG 

   20   G  V  L  G  C  D  L  P  E  D  H  V  L  L  S  R  E  N  L  V  

  190 TGCTTCTGAGCCAAATGAGTACCATCTCCCCTCTCTTCTGTCTGAAGGACAGAAAGCACT 

   40   L  L  S  Q  M  S  T  I  S  P  L  F  C  L  K  D  R  K  H  F  

  250 TCAGCTTCCCCCGGGCAACGGTGGATGGCAGCCAGGTCCAGAAGGCCCAGGCCCTCTCTG 

   60   S  F  P  R  A  T  V  D  G  S  Q  V  Q  K  A  Q  A  L  S  V  

  310 TCCTCCACGAGATGCTCCAGCAGATCTCCGACCTCCTGTCCACAGAGAACTCCTCTGTCA 

   80   L  H  E  M  L  Q  Q  I  S  D  L  L  S  T  E  N  S  S  V  T  

  370 CCTGGAACACGACCCTCGTGGACCAACTGCGCACAGGACTCCATCGGCAGCTGGAAGACC 

  100   W  N  T  T  L  V  D  Q  L  R  T  G  L  H  R  Q  L  E  D  L  

  430 TGGACACCTGTTGGGCGCGGGAGATGGGAGAGGAGGGATCTGCCCTGGCCACGCAGGGCC 

  120   D  T  C  W  A  R  E  M  G  E  E  G  S  A  L  A  T  Q  G  P  

  490 CGACCCTGGCCTTGAAGAGGTACTTCCGGGGCCTCCGTCTCTACCTGAAGGAGAAGAAAT 

  140   T  L  A  L  K  R  Y  F  R  G  L  R  L  Y  L  K  E  K  K  Y  

  540 ACAGTGACTGCGCCTGGGAAGTTGTCAGAGTGGAAATCATGAGGTCCTTCTCCTCAATAA 

  160   S  D  C  A  W  E  V  V  R  V  E  I  M  R  S  F  S  S  I  T  

  600 CAGCCTTGCAAGAAAGGCTGAGAAATAAGGATGGAGACCTGGGGTCACCTTGAAACG  

  180   A  L  Q  E  R  L  R  N  K  D  G  D  L  G  S  P  *  

Figure 5 The genomic and deduced AA sequences of esIFNκ (A) and esIFNω (B). 

The start and stop codons are shown in bold. The signal peptide is in gray. The IFabd domain is in 
gray and underlined. The predicted transcription start site is in grey and bold. The TATA box element 
is underlined and core sequence is in bold. Some of the predicted transcription factor binding sites are 
in bold and boxed. 
 

2.4.2 Phylogenetic analysis 

Phylogenetic trees of IFNκ and IFNω were constructed based on alignments of 

protein sequences from E. serotinus with sequences from 12 mammalian species 

including a human and five Chiroptera species by Neighbor-Joining method (Figure 

6).  

NF-κB 
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Figure 6 Phylogenetic analysis of IFNκ (A) and IFNω (B). 

Neighbor-Joining method (bootstrap n= 1000) was used to build the phylogenetic tree. (A) Protein 
sequences used for IFNκ: dog, Canis lupus familiaris (XP_003639432), human, Homo sapiens 
(NP_064509), horse, E. caballus (XP_001497233), pig, Sus scrofa (NP_001158329), monkey 
Nomascus leucogenys (XP_003281871), sheep, Ovis aries (XP_004004472), cattle, Bos Taurus 
(NP_001193352), and bats, P. vampyrus (ADK60922), M. brandtii (EPQ20610), M. lucifugus 
(scaffold:Myoluc2.0:GL430113:491398:492675:1) and E. serotinus (KF758763); (B) For IFNω, human, 
H. sapiens (EAW58624), horse, E. caballus (XP_003364007), pig, S. scrofa (ACF17563), sheep, O. 
aries (AAA31507), cattle, B. taurus (XP_876525), cat, Felis catus(NP_001095910), and bats, P. alecto 
(ELK15819), Eidolon helvum (AFH73816), M. davidii (ELK26495), M. brandtii (EPQ20230), M. 
lucifugus (scaffold:Myoluc2.0:GL429988:1422681:1423811:1) and E. serotinus (KF758764). Triangle 
indicates bat species. 

 

The obtained results showed that the IFNs of bats are distantly related from those of 

other mammals and humans with Megachiroptera and Microchirotpera obviously 
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forming two separate genetic groups (Figure 6 A and B). By sharing 87% to 95% 

protein sequence similarities, IFNκs from E. serotinus, M. lucifugus and M. brandtii 

formed a sister branch. In contrast, IFNκ from megabat P. vampyrus clustered firstly 

into non-bat mammalian group. The selected IFNω protein sequences of different bat 

species share 59% to 90% sequence similarities and grouped together. 

2.4.3 Recombinant esIFNκ and esIFNω initiate IFN signaling in E. 

serotinus brain cell line 

To evaluate the biological activities of both IFNs, expression levels of ISG56 mRNA 

were assessed by qRT-PCR after activation by recombinant esIFNκ and esIFNω. In 

esIFNω treated cells, ISG56 expression showed a dose dependent manner with an 

increase of 2 fold in 1 μg/mL group, and more than 17 folds in 10 μg/mL group (P < 

0.05) (Figure 7 A). In contrast to esIFNω stimulation, ISG56 expression was not 

induced by esIFNκ (Figure 7 A). 

To assure that the expression in E. coli is not influencing the biological activity, 

esIFNκ and esIFNω were additionally expressed in E. serotinus cell line. qRT-PCR 

results showed that both recombinant esIFNκ and esIFNω can induce the expression 

of ISG56 (Figure 7 B). Especially, in pcDNAesIFNω transfected cells, ISG56 

expression was 100 folds higher than in positive control transfected with poly I:C (P < 

0.01) (Figure 7 B). The up-regulation of ISG56 in pcDNAesIFNκ transfected cells 

induced a 9-fold enhancement comparing to empty plasmid (P < 0.05) (Figure 7 B). 

In addition to ISG56, Mx1 and IFIT3 were also elevated 5 and 14 times in response 

to poly I:C stimulation (P < 0.05), respectively, and 30 and 41 times in response to 

pcDNAesIFNω transfection (P < 0.01) (Figure 7 B). 
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Figure 7 esIFNκ and esIFNω initiate IFN signaling in E. serotinus brain cell line. 

(A) Cells were treated either with recombinant esIFNκ and esIFNω MBP tagged proteins (1 μg/mL and 
10 μg/mL) or MBP alone (1 μg/mL and 10 μg/mL) for 3 h as described. Only the higher concentration 
(10 μg/mL) of recombinant esIFNω induced a significant increase of ISG56 mRNA (*; P < 0.05) 
measured by qRT-PCR. (B) Cells were transfected with esIFNκ and esIFNω expression plasmids (1.2 
μg/well in 12-well plate) or poly I:C (10 μg/mL) as positive control. Note that the eukaryotic expressed 
esIFNκ and esIFNω induced a much stronger ISG56 mRNA level measured by qRT-PCR. The 
expressions of Mx1 and IFIT3 were also up-regulated by esIFNω. 
 

2.4.4 esIFNκ and esIFNω inhibit the replication of lyssaviruses in 

the bat brain cell line 

The relative virus RNA levels were determined by qRT-PCR after infection in the 

esIFNκ and esIFNω treated cell line. Generally, both esIFNκ and esIFNω can inhibit 

the lyssaviruses EBLV-1, EBLV-2 and RABV replications in the tested E. serotinus 

brain cell line to different extents. While the esIFNκ did not influence the viral 
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replication of EBLV-1, esIFNω showed a dose dependent suppression (58% to 91% 

reduction) (P < 0.05) (Figure 8 A). The tag protein MBP did not inhibit the EBLV-1 

replication (Figure 8 A). 

In further step, both esIFNκ and esIFNω containing supernatants were used for the 

antiviral assays against EBLV-2 and RABV in addition to EBLV-1. In the EBLV-1 

infected group, supernatants from poly I:C and pcDNAesIFNκ transfected cells 

showed moderate inhibitory effects (54% to 69% reduction) on EBLV-1 replication (P 

< 0.05), while the empty plasmid pcDNA3 supernatant showed no effect (Figure 8 B). 

esIFNω supernatant led to a dose dependent reduction of virus RNA from 92% to 

98% (P < 0.01) (Figure 8 B).  

In the EBLV-2 infected group, poly I:C transfected supernatants showed slight 

inhibitory potency to EBLV-2 infection (Figure 8 C). While esIFNκ reduced 11% to 

46% virus RNA at different concentrations, esIFNω decreased 67% to 86% (P < 

0.01) (Figure 8 C). In the RABV infected group, negative control and poly I:C 

transfected supernatants had no effect to RABV infection (Figure 8 D). Similar level 

of suppression effects were observed in esIFNκ at high concentration (78% 

reduction) and esIFNω (87% to 91%) treated groups (P < 0.01) (Figure 8 D). Overall, 

both recombinant esIFNκ and esIFNω showed antiviral properties in the E. serotinus 

brain cell line, but esIFNω has stronger effect that esIFNκ. The inhibitory effect of 

esIFNω against different lyssaviruses varies, with the order of EBLV-1 > RABV > 

EBLV-2. 

 



Chapter 2 Type I IFNs 

 37 

 

 

 

 

Figure 8 esIFNκ and esIFNω inhibit lyssaviruses replications in E. serotinus brain cell line.  

Cells were treated 24 h with (A) recombinant E. coli derived esIFNκ and esIFNω MBP tagged proteins 
(1 μg/mL and 10 μg/mL); MBP alone (1 μg/mL and 10 μg/mL) for 24 h or (B - D) recombinant 
eukaryotic expressed IFN in supernatants from esIFNκ and esIFNω transfected E. serotinus brain cell 
line. They were then infected with EBLV-1 (MOI: 0.1) for 24 h and the replication was determined by 
qRT-PCR for lyssavirus nucleoprotein gene. (A) Activity of recombinant E. coli derived esIFNκ and 
esIFNω. Recombinant esIFNω MBP tagged proteins decreased the EBLV-1 replication in a dose 
dependent manner. (C - D) Activity or recombinant eukaryotic derived esIFNκ and esIFNω. Whereas 
esIFNω was able to strongly inhibit the replication of EBLV-1 (B), EBLV-2 (C) or RABV (D) (MOI: 0.1) 
in a dose dependent manner, esIFNκ is expressing a much weaker activity especially against EBLV-2 
and RABV.  
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2.4.5 Expression patterns of IFNs and IFN-induced genes under 

lyssavirus infection 

To investigate the interaction between host IFN signaling and lyssavirus, the mRNA 

expressions of esIFNκ, esIFNω and IFN-induced genes ISG56, Mx1 and IFIT3 were 

measured by qRT-PCR under lyssavirus infection (Figure 9 A and B).  

 

 

Figure 9 Silencing expression patterns of esIFNκ, esIFNω and IFN-induced genes following 
lyssaviruses infection. 

E. serotinus brain cell line was infected with EBLV-1, EBLV-2 and RABV (MOI: 0.1) for 24 h. qRT-PCR 
was used to measure the expression of esIFNκ and esIFNω (A), and IFN-induced genes ISG56, Mx1 
and IFIT3 (B). (A) The expression of esIFNκ was down-regulated by 50% in the infected cells, whilst 
esIFNω showed no change. (B) Overall, the IFN-induced genes expressed in a silent level, with an 
exception of ISG56 which increased around 1 fold during EBLV-2 infection. 

 

Overall, a silent expression pattern was observed. IFNω expression did not change 

during infection, whereas IFNκ was even down-regulated 50% by all three viruses (P 

< 0.01) (Figure 9 A). Similarly, three tested IFN-induced genes remained in a silent or 
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near silent level with an exception of ISG56 which slightly increased in response to 

EBLV-2 infection (P < 0.05) (Figure 9 B). To further evaluate whether the esIFNκ and 

esIFNω mediated antiviral responses were still induced efficiently after viral infection, 

the expressions of IFN-induced genes were quantified. ISG56, Mx1 and IFIT3 

expression displayed a various up-regulated level in the IFNω pre-treated and later 

infected cells (P < 0.05) (Figure 10 A, B, C). By contrast, no induced expression was 

seen in the IFNκ pre-treated and infected cells (Figure 10 A, B, C). 

 

 

 



Chapter 2 Type I IFNs 

 40 

 

 

 

Figure 10 Expression patterns of esIFNκ, esIFNω and IFN-induced genes in the IFNs pre-
treated cells under lyssaviruses infection. 

Cells were firstly incubated with recombinant eukaryotic expressed IFN in supernatants from esIFNκ 
and esIFNω transfected E. serotinus brain cell line, then infected with EBLV-1 (A), EBLV-2 (B) and 
RABV (C) (MOI: 0.1) for 24 h. The expressions of IFN-induced genes ISG56, Mx1 and IFIT3 were 
determined by qRT-PCR. In the IFNω pre-treated cells, ISG56, Mx1 and IFIT3 expression displayed a 
low up-regulation, whereas in the the IFNκ pre-treated cells, no induced induction of these genes was 
seen. 
 
 

2.5 Discussion 

The identification of bats as a potential reservoir for zoonotic diseases such as 

RABV, SARS or Hendra virus has drawn attention to the understanding of bat 

immune system (Wibbelt et al., 2010). Especially, the ability of bats to host these 

infections without obvious clinical signs is still enigmatic to the scientific community 

(Freuling et al., 2009a; Wynne and Wang, 2013). Presumably, the long co-evolution 

contributed to the development of protective mechanisms, allowing long co-existence 

of bats together with their viruses. As in other species, IFNs play a pivotal role in the 

antiviral protection of host. To address this issue for European bats in the context of 

lyssavirus infections, we studied the activities of IFNs in vitro using established bat 

cell line. 

In present study we focus on cloning and characterization of type I IFNs from E. 

serotinus. First, IFNκ and ω were cloned completely whereas IFNα and β sequences 

could not be found. Therefore we concentrate on molecular and functional 
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characterization of IFNκ and ω from Serotine bat here. The sequence characteristics 

of intron-less genomic organization, conserved N-glycosylation sites of esIFNκ and 

esIFNω demonstrated the structural similarities of these two type I IFNs from 

Serotine bat to other mammals (Hughes, 1995). Furthermore, it indicates bat IFNκ 

and IFNω probably share similar functions with the IFNs of other mammals which 

was also confirmed by structural conservation of esIFNκ and esIFNω promoter 

region. Transcription factors, like IRF, ISRE, ATF2/c-Jun and NF-κB binding sites 

could be identified in proximal promoter regions of esIFNκ and esIFNω, suggesting 

fundamentally similar transcriptional regulation of bat type I IFNs with other 

mammals. However, the different IRF members and various positions of IRF and NF-

κB binding elements suggested that esIFNκ and esIFNω are likely to be regulated in 

a different manner. The identification of transcription factor binding sites is just a first 

step to investigate the intricate regulatory network of the less studied type I IFN 

members κ and ω. To address the interactions between these regulatory elements 

and transcription factors and to understand how the transcription factors cooperate to 

regulate the expression of IFNκ and IFNω, functional studies are required.  

All type I IFN genes have been in mammals identified in one single chromosomal 

region and expanded by duplication during evolution (Diaz et al., 1994; Hardy et al., 

2004). However, IFNκ gene is found outside the type I IFN locus, suggesting an 

independent development in different mammalian families (Hardy et al., 2004). Given 

the evolutionary relatedness of bats (Mindell et al., 1991; Pettigrew et al., 1989), IFNκ 

gene sequences in bat species should be more diversified. In fact, our phylogenetic 

analysis, in which IFNκ sequences from Microchiroptera and Megachiroptera 

grouped separately from other mammals including humans supports this hypothesis. 

Interestingly, both IFNs of E. serotinus grouped with other microbat associated 

sequences, albeit a clear separation from Myotis spp IFNs, i.e. M. lucifugus, M. 

brandtii and M. davidii, is visible. A similar genetic separation between these two bat 

families was also observed comparing cytochrome B sequences used for species 

identification (Ruedi et al., 2013). The sequence conservation as well as 

diversification of IFNκ and IFNω in different bat families imply the evolving and 

adaptable IFNs in bat species.  
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To determine the functional characteristics of IFNκ and IFNω in bats against virus 

infection, recombinant IFNκ and IFNω of E. serotinus were expressed in both 

prokaryotic and eukaryotic system and used for functional studies. The up-regulation 

of IFN-induced genes by esIFNκ and esIFNω demonstrated that both IFNs work as 

functional molecules in IFN signal pathways in bat cell lines. Particularly, different 

properties of esIFNκ and esIFNω in activation of IFN-induced genes implied their 

functional divergence in downstream signaling or effecting cell types.  

To further study their antiviral functions, the activities of esIFNκ and esIFNω were 

investigated against different lyssaviruses (EBLV-1, EBLV-2 and RABV) in E. 

serotinus brain cell line. Both esIFNκ and esIFNω protein possessed antiviral activity. 

This is consistent with type I IFNs in limitation of RABV infection in mice (Chopy et 

al., 2011a). Previous studies reported that recombinant type III IFN and type II IFN 

from P. alecto can inhibit Pulau virus, and Semliki forest virus and Hendra virus 

replication, respectively (Janardhana et al., 2012; Zhou et al., 2011b). However, the 

antiviral activity of bat type I IFNs is little studied. Even more, no study has yet shown 

whether bat IFNs are pathogen associated. Here, the different inhibitory extents of 

esIFNκ and esIFNω to EBLV-1, EBLV-2 and RABV, provided evidences for such 

association between IFNs and different viruses. The strong inhibition effect observed 

on EBLV-1 in E. serotinus cell line is the first evidence of IFNs in anti-lyssaviral 

immune response in this bat species and suggests that esIFNκ and esIFNω are also 

involved in anti-lyssavirus innate immune defense mechanisms in the natural hosts. 

However, as shown by performed experiments, the interaction between virus and bat 

IFN response seems to be more complex. Although, the restriction of viral replication 

in the IFN pre-treated cells suggested a robust IFN-mediated innate immune reaction 

limiting virus spread at an early infection stage, the general silencing of esIFNκ, 

esIFNω and their induced genes during infection indicate that bat associated 

lyssaviruses can interfere with the signaling cascades that lead to transcriptional 

activation of IFN system. This further highlight the importance of lyssaviral 

countermeasures against the host type I IFN system for the establishment of an 

infection (Lieu et al., 2013; Rieder and Conzelmann, 2011; Rieder et al., 2012; 

Wiltzer et al., 2012). Taken together, these results indicated a balance of persistent 
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infection and limited viral growth, provoking an understanding of co-existence of 

lyssaviruses in bats under natural condition. 

2.6 Conclusion 

To conclude, the type I IFNκ and IFNω were cloned and functionally characterized 

from E. serotinus in this study. Sequence and functional analysis revealed that while 

type I IFNs are generally conserved among mammals; they are evolutionally 

divergent and adapted in bats. Analysis of promoter regions of esIFNκ and esIFNω 

provided evidence for control architecture of IFNκ and IFNω transcription and 

functional studies indicated their different capacity in antiviral activity. Overall, present 

study on esIFNκ and esIFNω provides functional data on interactions of IFN system 

and lyssaviruses in bats, boosts the understanding of long term co-existence of bats 

with rabies and expands the knowledge of type I IFNs in mammals. In the future, 

comparative functional studies of type I IFNs including IFNα, β, κ and ω on the 

complex interactions between lyssaviruses and their natural host in vitro will be 

performed to understand the antiviral mechanisms of bats in natural in a more 

comprehensive way. 
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Chapter 3 Establishment of Myotis myotis cell 

lines for investigation of immune responses under 

lyssavirus infection 

3.1 Abstract 

Bats are natural reservoirs for many neurotropic viruses like lyssaviruses. In contrast 

to the lethal encephalitis in other animals caused by lyssavirus infection, clinical 

symptoms in bats are normally not seen. This indicates differences in the lyssavirus-

host interactions and underlines the necessity to develop natural host related models 

to study these phenomena. Due to the strict protection of European bat species, 

immortalized cell lines are the only alternative to investigate the innate anti-lyssavirus 

immune mechanisms. Here, we report the establishment of M. myotis derived cell 

lines from neural and immune relative tissues: brain (MmBr), tonsil (MmTo), 

peritoneal cavity (MmPca), nasal epithelium (MmNep) and nervus olfactorius 

(MmNol) after immortalization by SV 40 large T antigen. The usefulness of these cell 

lines to study antiviral responses has been confirmed by analysis of their 

susceptibility to lyssavirus infection and the mRNA patterns of immune-relevant 

genes after poly I:C stimulation. Performed experiments indicated varying 

susceptibility to lyssavirus infection with MmBr being considerably less susceptible 

than the other cell lines. Further investigation demonstrated a strong activation of 

IFN-mediated antiviral response in MmBr contributing to its resistance. The PRRs: 

RIG-I and MDA5 were highly up-regulated during RABV infection in MmBr, 

suggesting their involvement in promotion of antiviral responses. Thus the expression 

pattern of MmBr combined with the observed limitation of lyssavirus replication 

underpin a protective mechanism of the central nervous system controlling the 

lyssavirus infection. Overall, the established cell lines are important tools to analyze 

antiviral innate immunity in M. myotis against neurotropic virus infections and 

represent a valuable tool for a broad spectrum of future investigations in cellular 

biology of M. myotis. 
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3.2 Introduction 

Bats are the most abundant, diverse and widely distributed vertebrate order. In the 

order of Chiroptera which is divided into two suborders Megachiroptera and 

Microchiroptera, a total of 1,240 species have been yet described (Teeling et al., 

2002). Bats evolved early and changed very little over the past 52 million years 

(Simmons et al., 2008). Their wide distribution and migratory behaviour favour bats 

as vectors for viruses and raise concerns over their role in zoonotic diseases 

(Calisher et al., 2006; Halpin et al., 2007; Lau et al., 2005). Among the large number 

of viruses detected in bats, some (like Hendra virus, Nipah virus, SARS-CoV, Ebola 

virus, West Nile virus and lyssaviruses) were reported to be zoonotic (Dobson, 2005; 

Lau et al., 2005; Leroy et al., 2005; Li et al., 2005; Mackenzie and Field, 2004; Muller 

et al., 2007; Shi and Hu, 2008). Except MOKV and IKOV, bats host 13 Lyssavirus 

species including RABV, EBLV-1 and EBLV-2 (Arechiga Ceballos et al., 2013; 

McElhinney et al., 2013). Annually, there are approximately 55,000 human deaths 

caused by rabies, especially in the developing countries of Asia and Africa (Knobel et 

al., 2005). Some of them can be directly linked to the contact with bats (Johnson et 

al., 2010b; Lumio et al., 1986; Stantic-Pavlinic, 2005). Although bat associated 

viruses can cause severe diseases in various mammals, they seem to be less 

pathogenic for bats (Baker et al., 2013; Calisher et al., 2006; Harris et al., 2006; 

Johnson et al., 2008b; Middleton et al., 2007; Wibbelt et al., 2010; Williamson et al., 

1998; Williamson et al., 2000). After experimental infection with Hendra or Nipah 

virus, bats showed no clinical disease, while guinea pigs succumbed to the same 

dose of virus (Middleton et al., 2007; Williamson et al., 2000). Similar situation was 

also observed in Hendra virus infection in horses and bats (Williamson et al., 1998). 

Lyssaviruses are the only viruses that were reported to cause clinical disease in bats 

(Wynne and Wang, 2013). However, only a small proportion of bats develop clinical 

symptoms after experimental infection (Johnson et al., 2008b; McColl et al., 2002). 

This indicates a critical difference in the development of viral disease between bats 

and other mammals and requires profound investigation of bat immunology and host-

virus interactions.  

Since all of 52 identified European bats species are endangered and strictly 

protected, the use of animal trials for the investigation of immune mechanisms in bats 
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is not possible. Thus, development of stable cell lines for in vitro studies derived from 

European bat species is desirable. So far, several bat cell lines were reported in 

previous studies, but most of them were established from non-European bats, like 

Tb1-Lu from T. brasiliensis, Mvi/It from M. velifer incautus, and several primary 

immortalized cell lines from P. alecto, Carollia perspicillata, E. helvum and R. 

aegyptiacus (Biesold et al., 2011; Crameri et al., 2009; Eckerle et al., 2014; Mourya 

et al., 2013). Viral infection studies have been carried out in the fruit bat cell lines to 

investigate the susceptibility, infection kinetics of henipavirus as well as the host 

innate immunity (Crameri et al., 2009; Virtue et al., 2011). However, the susceptibility 

to lyssavirus has not yet been examined in these cell lines. Additionally, except for a 

brain cell line from E. serotinus employed to investigate the type I IFN response after 

lyssavirus infection (He et al., 2014), the use of a bat cell line as a tool for studies into 

lyssavirus infection in its natural reservoir host is rare. A broader variety of bat cell 

lines, particularly European bat cell lines from tissues of immune relevance, is 

therefore urgently in demand for lyssavirus-host studies.  

In this study, we established different cell lines from the European bat M. myotis, 

evaluated their susceptibility to EBLV-1, EBLV-2 and RABV infection and 

investigated innate immune gene responses after the poly I:C stimulation. The 

established M. myotis cell lines present a valuable in vitro model to study the 

interactions between lyssaviruses and their natural host, and to shed light on the 

mechanisms of resistance in bat´s CNS. 

3.3 Material and methods 

3.3.1 Ethics statement 

Ethical approval for all of the capturing and sampling were confirmed by the 

competent authorities in the respective Federal Republic of Germany and Czech 

Republic. The Czech Academy of Sciences Ethics Committee reviewed and 

approved the animal use protocol No. 169/2011 in compliance with Law No. 

312/2008 on Protection of Animals against Cruelty adopted by the Parliament of the 

Czech Republic. The capture and sampling of a M. myotis specimen in the Moravian 

Karst in November 2012 was in compliance with Law No. 114/1992 on Nature and 
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Landscape Protection, and was based on permit 01662/MK/2012S/00775/MK/2012 

issued by the Nature Conservation Agency of the Czech Republic. 

3.3.2 Primary cell culture and immortalization 

One M. myotis male captured in Sloupsko-Sosuvske caves of the Moravian Karst, 

was kept in a clean plastic box with soft mesh to enable roosting under temperature 

of hibernation torpor of 6°C and transferred to our laboratory within a day. It was then 

anesthetized using isofluranum (Isofluran, Piramal Healthcare, UK), euthanised by 

decapitation and subjected to necropsy in order to collect organs and tissues. 

Tissues were freshly isolated from euthanized bats, and then minced and cultured in 

DMEM supplemented with 10% FCS, penicillin 100 units/mL and streptomycin 100 

mg/mL (Sigma). Primary cells were cultured in 6-well plates till the confluence 

reaches 50-70%. Immortalization was done by transfection of pRSVAg1 plasmid 

expressing Simian Vacuolating virus 40 large T antigen (SV40T) with Lipofectamine 

2000 according to the protocol (Invitrogen). Immortalized cells were expanded and 

stock frozen. After several passages the established cell line was tested for the 

expression of SV40T by immunostaining and western blot as described below. 

Briefly, cells were first fixed with 3% paraformaldehyde and permeabilized with 0.5% 

triton X for immunostaining. After washing with PBS, cells were stained with mouse 

anti-SV40T monoclonal antibody (Santa Cruz Biotechnology) and goat anti-mouse 

IgG Alexa Fluor (Invitrogen) as second antibody and visualized by fluorescence 

microscope. For western blot, the same mouse antibody was used as primary 

antibody and bound antibody was detected with goat anti-mouse IgG peroxidase 

(Sigma). Images were developed using the ECL Kit (Thermo Scientific™ Pierce™) 

according to the manufacturer’s instruction.  

3.3.3 Species confirmation of different cell lines by PCR 

To confirm the identity of the established M. myotis cell lines derived from brain 

(designated MmBr), tonsil (MmTo), peritoneal cavity (MmPca), nasal epithelium 

(MmNep) and nervus olfactorius (MmNol), a M. myotis-specific PCR was developed. 

An NADH dehydrogenase subunit 1 (ND1) gene (Genbank accession number: 

DQ915043) from M. myotis was used as a species specific molecular marker. The 

genomic DNA from different cell lines was isolated by DNeasy Blood & Tissue Kit 

(Qiagen). The concentration and purity of genomic DNA were determined by 



 Chapter 3 Cell line establishment 

 48 

 

Nanodrop (Thermo). PCR was performed using a specific primer pair ND1-F and 

ND1-R (Table 4) and genomic DNA as a template by GoTaq® Flexi DNA polymerase 

(Promega) to get the ND1 fragments. PCR products were cloned and sequenced as 

described before (Chapter 2, 2.3.3).  

Table 4 Primers used in Chapter 3. 

Name* Sequence (5´→3´) 

ND1-F TATTAGCCCTATCAAGTTTAGC 
ND1-R GGATGCTCGGACCCATAA 
Actin-F GCGCAAGTACTCTGTGTGGA 
Actin-R ATCTCGTTTTCTGCGCAAGT 
ISG43-F CATGATGCTGCTCAACTCTA 
ISG43-R TAAGGTGGATTGTCAAGGTC 
TLR3-F TCTCGCTCCTTCTATGGG 
TLR3-R TGCCTGGAAAGTTGTTATCG 
RIG-1-F GAAGAGCAAGAGGTAGCAAA 
RIG-1-R CCTTTGCTTTCTTCTCAAAA 
MDA5-F TCCGAATGATTGATGCCTAT 
MDA5-R ATTATCCCTCTTGCTGACCC 

* F indicates forward primer, R indicates reverse primer. 

3.3.4 Poly I:C stimulation 

Different M. myotis cell lines were seeded in 24-well plates at a density ranging from 

1.2 to 2 × 105 cells/well, and cultured as described above. Around 20 hours after 

seeding, cells were transfected with poly I:C at a concentration of 10 µg/mL by 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. Twenty 

four hours post stimulation, cells were harvested into RLT buffer (Qiagen) for RNA 

extraction by an RNeasy Mini Kit (Qiagen).  

3.3.5 Lyssaviruses infection 

Early after immortalization, the third passage immortalized cell lines were used to 

check the infectivity of RABV. Cells were infected with RABV (European fox isolate, 

fused with green fluorescent protein, GFP) at a MOI of 10. Twenty four hours post 

infection (hpi), infected cells were fixed and permeabilized as described above and 

visualized by fluorescence microscope. MmBr and MmTo cells that were infected 

with a serial MOI of 0.01, 0.1, and 1.0 were harvested at 24 hpi and used for RNA 

extraction. To confirm the infectivity in later passaged cells, different immortalized cell 

lines of more than 15 passages were infected with lyssaviruses RABV, EBLV-1 (E. 

serotinus isolate) and EBLV-2 (M. daubentonii isolate) at a MOI of 0.1. The infected 

cells were cultured as described above. Cells were collected for RNA extraction at 24 
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hpi and prepared for immunofluorescence analysis using FITC conjugated anti-rabies 

monoclonal antibody (SIFIN) at 72 hpi. 

3.3.6 qRT-PCR 

qRT-PCR was introduced to measure the mRNA expression levels of immune related 

molecules in response to poly I:C stimulation and virus infection. These molecules 

include IFN-induced genes: ISG56, ISG43, Mx1 and IFIT3, and PRRs: TLR3, RIG-1 

and MDA5. Primers of target genes and internal control β-actin were listed in Table 3 

(Chapter 2) and Table 4. qRT-PCR was performed as described before (Chapter 2, 

2.3.8).  

3.3.7 Statistical analysis 

Statistical analysis was performed as described before (Chapter 2, 2.3.9). 

3.4 Results 

3.4.1 Permanent cell lines of different origin could be established 

after immortalisation 

Five M. myotis cell lines MmBr, MmTo, MmPca, MmNep and MmNol were 

successfully established by transformation with SV40T gene integrating into the 

chromosomal DNA. Varying cell morphologies were observed in the cell lines, with 

MmBr, MmTo, MmNep and MmNol being fibroblastic-like, and MmPca being 

epithelial-like (Figure 11 A). Expression of SV40T antigen was confirmed in four of 

the five cell lines by immunostaining and western blot, respectively (Figure 11 B and 

C). After immortalization, all five cell lines grew for more than 30 passages. The 

identity of the cell lines was validated by a M. myotis specific PCR using ND1 gene 

as a molecular marker. A predicted 515-bp fragment was obtained from genomic 

DNA of each cell line, and further confirmed by sequencing.  
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Figure 11 Newly established immortalized M. myotis cell lines from different tissues. 

MmBr - brain; MmTo - tonsil; MmPca - peritoneal cavity; MmNep - nasal epithelium; MmNol - nervus 
olfactorius. (A) Morphology of a 24 h culture of immortalized M. myotis cell lines. (B) Expression of 
SV40T antigen visualized by immunofluorescence and (C) western blot using anti-SV40T monoclonal 
antibody. Note the absence of SV40T antigen in MmTo cell line. 
 

3.4.2 M. myotis permanent cell lines express major innate immune 

molecules 

As the first step towards the characterization of the innate immune competence of 

different cell lines, the permanent or inducible expression of molecules involved in 

cell autonomous responses was examined. The PRRs, TLR3, RIG-1 and MDA5, 

display a various distribution pattern in different cell lines (Figure 12). Of note, MmBr 

has the lowest levels of TLR3, RIG-1 and MDA5 (Figure 12). For TLR3, about 10-fold 

higher mRNA levels (P < 0.05) were observed in MmTo, MmPca, MmNep and 

MmNol compared to MmBr, respectively, while for MDA5 about 30-fold (MmTo; 

MmNep) or about 6-fold (MmPca; MmNol) (P < 0.05) higher expression levels were 

measured (Figure 12). Additionally, more than 200 times higher expression levels of 

RIG-1 were shown in other cell lines compared to MmBr (P < 0.05) (Figure 12). 
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Figure 12 PRRs distribution patterns in the established unstimulated M. myotis cell lines. 

The mRNA expression levels of TLR3, RIG-1 and MDA5 in MmBr, MmTo, MmPca, MmNep and 
MmNol were determined by qRT-PCR (n= 3).  

 

Further investigation focused on the expression of TLR3, ISG56, ISG43 and MX1 

induced by the poly I:C stimulation (Figure 13). The obtained results indicate a 4-fold 

in MmBr, MmNep and MmNol and 8-fold in MmPca (P < 0.05) increase in the TLR3 

expression, whilst no change in MmTo (Figure 13 A). All of the IFN-induced genes 

were up-regulated to different extents in different cell lines (Figure 13 B, C, D and E). 

In detail, ISG56 expression increased from 19 folds in MmBr to as high as more than 

9000 folds in MmNol (P < 0.05) (Figure 13 B). The expression of ISG43 ranged from 

10 to 145 times more and Mx1 from 2 to 100 times more in MmTo and MmBr, 

respectively (Figure 13 C and D). IFIT3 was up-regulated from 12 to 420 times more 

in MmTo and MmNol, respectively (P < 0.05) (Figure 13 E). 
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Figure 13 Comparative analysis of the expression patterns of antiviral molecules after poly I:C 
stimulation. 

The established immortalized M. myotis cell lines were transfected with poly I:C (10 µg/mL) by 
Lipofectamine 2000. Twenty four hours post transfection, the mRNA expression levels of TLR3, 
ISG56, ISG43, Mx1 and IFIT3 were measured by qRT-PCR (n= 3).  

 
 



 Chapter 3 Cell line establishment 

 53 

 

3.4.3 M. myotis permanent cell lines display different susceptibility 

to lyssaviruses infection 

Being a natural reservoir species, the main advantage of the permanent M. myotis 

cell lines is their susceptibility to lyssavirus infection. At an early stage of 

immortalization, cell lines displayed a significant susceptibility to RABV (MOI of 10 at 

24 hpi) as demonstrated by the infection with GFP fused RABV. Notably, MmBr 

exhibited considerably lower viral load compared to the other cell lines (Figure 14). 

Later, all passaged immortalized cell lines showed susceptibility to EBLV-1, EBLV-2 

and RABV in a different extent (Figure 15 A and B). Generally, the MmBr cell line 

presented lower sensitivity to all three lyssaviruses (MOI of 0.1) than the other four 

cell lines measured by qRT-PCR at 24 hpi (Figure 15 A) and monitored by 

immunofluorescence at 72 hpi (Figure 15 B). Thus, the susceptibility could be 

ordered as MmNol and MmNep fully susceptible with a very high replication rate, 

MmPca and MmTo susceptible with a much less viral replication of EBLV-1 and 2, 

MmBr susceptible for EBLV-1 and RABV with a very low viral replication and just 

single infected cells after EBLV-2 infection (Figure 15 B). 

 

Figure 14 Susceptibility of the early passaged M. myotis cell lines to RABV infection. 

The third passage cells were infected with GFP fused RABV at a MOI of 10, and the propagation of 
RABV was visualized by fluorescence microscope at 24 hpi. 
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Figure 15 Susceptibility of the established immortalized M. myotis cell lines to lyssaviruses 
infection. 

(A) Cell lines were infected with lyssaviruses(EBLV-1, EBLV-2 and RABV) at a MOI of 0.1, and virus 
replication levels were measured by qRT-PCR at 24 hpi (n= 2). (B) Viral growth was analysed by 
immunofluorescence using anti-rabies monoclonal antibody at 72 hpi. Green: lyssavirus infected cell, 
Blue: nuclei stained with DAPI. 
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3.4.4 M. myotis permanent cell lines respond differently to RABV 

infection 

To further evaluate the cell line models for study of the different susceptibility 

between MmBr and other cell lines, mRNA expressions of PRRs and IFN-induced 

genes were investigated in MmTo and MmBr after RABV infection (MOI 0.01 to 1.0; 

Figure 16).  

 

Figure 16 Comparative analysis of the expression patterns of antiviral molecules in MmBr and 
MmTo during RABV infection. 

MmBr and MmTo were infected with RABV at a serial MOI of 0.01, 0.1 and 1.0, respectively. (A) The 
expression patterns of PRRs: TLR3, RIG-1 and MDA5 in the infected cells were investigated by qRT-
PCR at 24 hpi (n= 2). (B) The expression patterns of IFN-induced genes: ISG56, ISG43, Mx1 and 
IFIT3 were measured by qRT-PCR at 24 hpi (n= 2). 
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The expression of all three PRRs remained mostly unchanged in MmTo, while it was 

significantly regulated in MmBr with 2-fold increased expression of TLR3, about 25-

fold increased expression of RIG-1 and MDA5 at MOI of 1.0 (P < 0.05) (Figure 16 A). 

A comparable expression pattern was observed for the ISG56, ISG43, Mx1 and IFIT3, 

which was nearly not up-regulated in MmTo but displayed a dose dependent 

increase in MmBr along with the increase of MOI, especially for ISG56 and IFIT3 

(Figure 16 B). ISG56 mRNA level increased from 6 to 513 times, IFIT3 from 2 to 85 

times in the infected MmBr (P < 0.05). 

3.5 Discussion 

Cell autonomous and innate immune mechanisms are the first line defenses against 

viral infections. This is mediated mainly by the pattern recognition receptors and the 

machinery of the IFNs and IFN-induced effector molecules (Honda et al., 2005; Levy 

et al., 2011; Takaoka and Yanai, 2006). Viral pathogens like lyssaviruses developed 

evasive strategies to escape these host defenses by counteracting the IFN-mediated 

immune responses (Rieder and Conzelmann, 2009). Co-evolution of the evading and 

protective mechanisms resulted in the ‘natural host’ in a balance which does not 

necessarily end up with severe clinical symptoms or death. Bats, which changed very 

little over past 52 million years, illustrate this phenomenon very well by the resistance 

to viruses causing lethal diseases in other mammals (Baker et al., 2013; Leroy et al., 

2005; Middleton et al., 2007; Williamson et al., 1998; Williamson et al., 2000). 

To understand the evasive strategies of lyssaviruses and bat´s natural defensive 

capacity, studies in bats have to be performed. However, due to the strict protection 

of the endangered European bat species, in vitro models have to be used. In this 

study, we successfully established five M. myotis cell lines derived from neural and 

immune related tissues. To ensure the suitability of these cell lines to analyze 

lyssavirus-host cell interaction, the susceptibility to the infection as well as the 

presence of corresponding defense pathways have to be confirmed. The existence of 

the viral sensors TLR3, RIG-1 and MDA5 in these permanent cell lines suggests a 

capacity of these cell lines to sense a broad range of RNA viruses. The increased 

expression of dsRNA receptor TLR3 and IFN-induced genes ISG56, ISG43, Mx1 and 

IFIT3 after stimulation with poly I:C mimicking a viral infection indicates that this 

requirement for an effective in vitro model to study the bat´s innate immune 
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responses to virus infection is fulfilled (Virtue et al., 2011; Zhou et al., 2011b). The 

second requirement to serve as valuable models would be a varying susceptibility of 

such cell lines to infection by lyssaviruses. In the present study, different 

susceptibility observed in different M. myotis cell lines infected by EBLV-1, EBLV-2 

and RABV might be related to the different capacity of the cell lines to produce 

antiviral mediators and control the infection. Moreover, the strong difference in the 

susceptibility to RABV infection between MmBr and other cell lines provides a unique 

opportunity for comparative investigations of cell autonomous and innate immune 

mechanisms in a reservoir host.  

Preliminary results indicate a correlation between the observed varying susceptibility 

and the ability to up-regulate the PRRs and the IFN-induced genes. Emerging 

evidences have been shown that PRRs play pivotal roles in antiviral immunity in the 

CNS (Carty et al., 2013). In the brain derived cell line MmBr, the high up-regulations 

of RIG-1 and MDA5 revealed activation of RIG-1-like receptor pathway during RABV 

infection. As previously reported, RIG-1 is a major PRR to induce IFN in the RABV 

infected cells, and MDA5 may function to sustain the IFN induction (Rieder and 

Conzelmann, 2011). The increased expressions of IFN-induced genes: ISG56, 

ISG43, Mx1 and IFIT3 in MmBr indicate that the production of IFN was induced by 

activated RIG-1 and MDA5. In contrast, the low expression level of TLR3 implies a 

vague involvement of TLR3 in anti-RABV infection immunity or resistance. It was 

shown that TLR3 participated in and benefited the RABV pathogenesis in human 

neuron cells (Menager et al., 2009). However, the roles of TLR3 during RABV 

infection in bats need further investigations. Importantly, the significant expression 

patterns of PRRs observed in presented cell line models provide an access to this 

issue in vitro. To reach a successful infection, the viruses must overcome the barriers 

of innate immune system. It was reported that IFN production and signaling pathways 

were antagonized in P. alecto cell lines under henipavirus infection (Virtue et al., 

2011). Similarly, a recent study showed limited expressions of type I IFNs and IFN-

induced genes during lyssaviruses infection in an E. serotinus brain cell line (He et 

al., 2014). A correlation between the low viral load and high expression levels of IFN-

induced genes in MmBr contrasts to the high viral load and a silent expression 

pattern of antiviral effectors in MmTo, providing an evidence of a countermeasure to 

IFN system by lyssavirus in the peripheral tissue versus a protective mechanism to 
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infection in the brain tissue of bats. Interestingly, this preliminary study using 

established cell lines implies that immune mechanisms that control the virus 

replication are present in the CNS of bats. This further supports the notion that 

abortive infections in bats may be due to the limited growth or entry of virus in their 

CNS (Davis et al., 2013b). It seems that the ability to control the pathogenic RABV 

replication via IFN system in the CNS is an important reason that causes 

asymptomatic outcome in bats but lethal disease in other sensitive mammals 

(Hooper et al., 2011; Rieder and Conzelmann, 2011). 

3.6 Conclusion 

In conclusion, the established immortalized cell lines from the European bat M. 

myotis displaying a variable susceptibility to different lyssaviruses will serve as a 

useful model to study virus-host interactions and antiviral resistance mechanisms in 

the natural Lyssavirus host. This study provides a preliminary insight into the antiviral 

innate immunity correlated to CNS against neurotropic viruses infection in bats. 
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Chapter 4 Type III interferon (IFN) from European 

bats displays anti-lyssaviral activity distinct from 

type I IFN 

4.1 Abstract 

IFNs play an important role in antiviral defense. It has been reported that type I and 

type III IFNs co-express in response to virus infection and display similar antiviral 

activity through a common signaling cascade. However, differences in expression 

pattern and expression level as well as antiviral activity were also observed. In 

Chapter 2, it is shown that bat type I IFNs and IFN-mediated responses play 

essential roles in limiting lyssavirus infection in bat cell lines. The functional 

characteristics of type III IFNs are not yet investigated in European bats especially 

after lyssavirus infection. Study of type III IFNs will contribute to a more 

comprehensive understanding of the host resistant mechanisms against lyssavirus 

infection in the reservoir species. 

In this Chapter, the type III IFNs λ2 and 3 were cloned from European bats E. 

serotinus, M. myotis and N. noctula, and IFNλ4 was cloned and sequenced from M. 

myotis. After several times of PCR amplification by using degenerate primers, no 

evidence for an IFNλ1 could be found in any of the three bat species. Sequence 

analysis revealed that IFNλ2 and IFNλ3 share high protein sequence similarity but 

display distinct genomic organization, suggesting a retrotransposition event may give 

rise to the single exon IFNλ3 from the multiple exons IFNλ2. Different response 

patterns of IFNλ2 and IFNλ3 after poly I:C stimulation suggested that they might be 

differentially regulated. Moreover, the IFNλ-mediated signaling varied in different cell 

lines, which obviously correlated with the expression level of IFNλ receptor that was 

highly expressed only in cell lines from mucosal origin. In the highly responsive 

MmNep cell line, type I and type III IFNs were observed to activate a common 

signaling cascade and induce the same set of IFN-induced genes. Further antiviral 

assay revealed that the inhibition to lyssaviruses replication was effective only in the 

responsive cell lines especially in MmNep, a cell line derived from nasal epithelium. 
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Of note, in contrast to our recent study on type I IFNs (see Chapter 2), type III IFNλ 

displayed less potent antiviral activity but with no difference against different 

lyssavirus. Overall, these results provide first insights into the virus-host interactions 

through the IFN system in the lyssavirus natural reservoirs. 
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4.2 Introduction 

Rabies is lethal disease causing more than 55,000 human deaths every year (Knobel 

et al., 2005). Lyssaviruses (genus Lyssavirus, family Rhabdoviridae) are the main 

viral causative agents that are responsible for rabies. Albeit carnivores are the 

biggest group associated with rabies, bats are the major viral reservoirs, especially in 

North America and Europe (Noah et al., 1998; Schatz et al., 2013). It was reported 

that EBLV is the only zoonotic virus that has been detected in bats in Europe and 

becomes a primary focus in western Europe (van der Poel et al., 2006). Moreover, 

the long-term co-existence and the ability of a direct transmission of lyssaviruses 

from bats to other mammals post a potential risk to the public health. Therefore, the 

European bats have become a major focus of surveillance systems for EBLVs in 

Europe. The Serotine bats (i.e. E. serotinus and E. isabellinus), and Myotis species 

(i.e., M. daubentonii, M. dasycneme and M. myotis) are considered as the main 

reservoirs for EBLV-1 and EBLV-2, respectively. Studies on the investigation of host 

resistance mechanisms against lyssaviruses in the reservoir hosts are in demand to 

provide insights into development of effective strategies for rabies control. Previous 

studies revealed that IFN responses play a crucial role in combating lyssavirus 

infection in the European bat derived cell lines (Chapter 2 and 3) (He et al., 2014). 

However, more studies into the interactions between host IFN system and lyssavirus 

are required to provide a comprehensive understanding.  

IFNs are a group of glycoproteins playing a pivotal role in innate and adaptive 

immune responses against viral infection (Onoguchi et al., 2007). In 2003, a novel 

group of IFNs, known as type III IFNs, was discovered (Kotenko et al., 2003; 

Sheppard et al., 2003). Type III IFNs are closely related and exhibit antiviral activity 

similar to type I IFNs (Kotenko et al., 2003; Onoguchi et al., 2007; Sheppard et al., 

2003). Type III IFNs, first discovered in human genome, consist of three IFNλ 

molecules called IFNλ1, IFNλ2 and IFNλ3 (also called IL29, IL28A and IL28B, 

respectively) (Kotenko et al., 2003; Sheppard et al., 2003). These IFNs transmit 

signals through a receptor complex consisting of IL10R2 and IFNλR1 (Kotenko et al., 

2003; Sheppard et al., 2003). Recently, a novel member was discovered and 

designated IFNλ4 (Prokunina-Olsson et al., 2013). It was found on human 

chromosome 19q13.13 along with other three members (Prokunina-Olsson et al., 
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2013). It is genetically controlled in humans produced only by a frame-shift delta (Δ) 

G allele in the first exon of a genetic variant ss469415590 (TT/ΔG), and shares 

presumably the same signaling cascade with other three members (Prokunina-

Olsson et al., 2013). Accumulating evidences show that type III IFNs are regulated by 

a common mechanism similar to type I IFNs (Onoguchi et al., 2007; Samuel, 2007). 

Upon infection, both types of IFNs induce the activation of JAK/STAT signaling 

pathways, and then the phosphorylated STAT1/2 recruits IRF9 to form ISGF3 leading 

to nuclear translocation, and finally results in transcriptional induction of ISGs to 

activate the antiviral status (Samuel, 2007). However, type I and type III IFNs use 

distinct receptors with cell-type specific expression patterns. While type I IFN 

receptors are broadly expressed on most cell types including leukocytes, type III IFN 

receptors are restricted to cells of epithelial origin (Ank and Paludan, 2009; Kotenko 

et al., 2003; Sheppard et al., 2003; Sommereyns et al., 2008). This indicates that 

both types of IFNs are independent of each other upon infection. The different 

antiviral activities in vitro and in vivo were observed between IFNα and IFNλ, in which 

IFNα can potently restrict all tested viruses: encephalomyocarditis virus (EMCV), 

lymphocytic choriomeningitis virus (LCMV) and herpes simplex virus type 2 (HSV-2), 

whereas IFNλ displayed no inhibitory effect to EMCV or LCMV but reduced the viral 

level of HSV-2 (Ank et al., 2006). Numerous type III IFNs have been identified in the 

public whole-genome sequence data from a variety of species including cat, cow, 

dog, horse and bat etc. (Fox et al., 2009). However, the functional analysis of type III 

IFNs is mainly focusing on human and mouse models. The knowledge of bat type III 

IFNs is only limited to pteropid bats, where IFNλ presented antiviral activity to a bat 

orthoreovirus Pulau virus (Zhou et al., 2011b). However, nothing is known about the 

interactions between IFNλs and lyssaviruses in bats, particularly in European bats 

which are the natural reservoirs for EBLVs. Studies on functional characterization of 

IFNλs from European bats and their antiviral activity against EBLVs will provide a 

more comprehensive picture of the antiviral potential of IFNλ, and shed a light on the 

interacting mechanisms between viruses and bats. 

In this study, type III IFNλ genes were cloned and sequenced from European bats E. 

serotinus, M. myotis and N. noctula. The biological activities and signaling cascades 

that are mediated by both type I and type III IFNs were comparatively analyzed. 
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Antiviral activities of IFNλs towards EBLV-1, EBLV-2 and RABV infections were 

determined in the recently established bat cell lines. 

4.3 Material and methods 

4.3.1 Animal sampling 

Ethical approvals for all of the capturing and sampling were confirmed by the 

competent authorities in the respective federal states of Czech Republic. Ethics 

statement can be referred to Chapter 3, 3.3.1. Tissues from N. noctula were isolated 

freshly from euthanized bats, and put into RNAlater immediately. 

4.3.2 Cell cultures 

All of the cell cultures used in this study have been described in our previous studies, 

including immortalized cell lines MmBr, MmTo, MmNol, MmPca and MmNep from M. 

myotis and E. serotinus brain cell line (Chapter 2 and 3). All were cultured in DMEM 

supplemented with 10% FCS at 37°C and 5% CO2. 

4.3.3 Nucleic acids extraction 

The total RNA and genomic DNA extraction were performed as described before 

(Chapter 2, 2.3.2). 

4.3.4 PCR amplification of IFNλ genes from E. serotinus (esIFNλ), M. 

myotis (mmIFNλ) and N. noctula (nnIFNλ) 

RT-PCR was performed to amplify the IFNλ cDNA fragment from E. serotinus RNA 

using primers IFNλ-F1 and IFNλ-R1 (Table 5) which were designed based on IFNλ 

gene from M. lucifugus (genbank accession number: XM_006098836). The reaction 

was prepared according to the manufacture´s instruction of One-step RT-PCR Kit 

(Qiagen).  
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Table 5 Primers used in Chapter 4. 

Name
a
 Sequence (5´→3´) 

IFNλ-F1 GCTCCTGCTTAAGAACTGG 
IFNλ-R1 GAGGTTCAATGTGACAGAGG 
5esGSP GGAAGAGTCGCTCCTGCTCAAGACCTG 
5esNGSP AAGGTCCTGGGGGCCTTGAACAACTC 
3esGSP GACCTTCAGTGTCAGGGCCAGCTCAG 
3esNGSP CCAGGTCTTGAGCAGGAGCGACTCTTC 
UPM CTAATACGACTCACTATAGGGC 
NUP AAGCAGTGGTATCAACGCAGAGT 
IFNλ-F2 CTGAGACCCAGAAGAGGAGAC 
IFNλ-R2 GTCGGGTCTAGTTTGACAATTC 
IFNλ4-F ATGAGGCCCARTGGTGCA 
IFNλ4-R CACAGAGCCCCGACCTAA 
mmIFNλ2-F TGCGCTGGTGCTGATGCT 
mmIFNλ2-R GGGAGGGGCGTGGTGACG 
mmIFNλ3-F TGGGAAGAAGGAATCCCAG 
mmIFNλ3-R GGTGGGTGTCAGGGTCAGG 
mmIFNλ4-F TGGGTCTTGGTGACAGTGAA 
mmIFNλ4-R CCTGGGATCCAACCAACGG 
pcDNAesIFNλ3-F CAGTGTGCTGGAATTCCACCATGAAGCCGGACTGGGCTG 
pcDNAesIFNλ3-R1 TCACTTATCGTCATCGTCCTTGTAATCGGCACACAGGTCTCCAGC 
pcDNAmmIFNλ3-F CAGTGTGCTGGAATTCCACCATGAAGCGGGACTTGGCTG 
pcDNAmmIFNλ3-R1 TCACTTATCGTCATCGTCCTTGTAATCGGCACACAGGTCTCCAGC 
pcDNAIFNλ3-R2 GATATCTGCAGAATTCTCACTTATCGTCATCGTC 
b
Actin-F GCGCAAGTACTCTGTGTGGA 

b
Actin-R ATCTCGTTTTCTGCGCAAGT 

b
ISG56-F CAGGCTAAATCCAGAAGATG 

b
ISG56-R TTCCAGAGCAAATTCAAAAT 

b
Mx1-F TCTACTGCCAAGACCAAGCGT 

b
Mx1-R CGAGGGAGCAAGTCAAAGGA 

b
IFIT3-F AGCAGAGGAGCTTGCAGAAG 

b
IFIT3-R CCGGAAAGCCATAAACAAGA 

mmSTAT2-F ATGCTGCAGAACCTCGACAG 
mmSTAT2-R CTCAGCCAACTGGATAGGGC 
mmIRF9-F GCTCGAGAGAGGTGTCATGG 
mmIRF9-R CAGAAGTGGGCGGTTTTGAAG 
mmIFNλR1-F GAGGGAACCCCTGGTTTCAG 
mmIFNλR1-R CCTCTGATCCGGCCTGAATG 
a
 F indicates forward primer, R indicates reverse primer. 

b
 Primers can be used for E. serotinus and M. 

myotis species. 

 

The SMART-RACE approach was used to obtain the full length cDNA sequence of 

IFNλ gene from E. serotinus. The 5´and 3´-RACE-Ready cDNAs were prepared 

following the SMARTTM RACE cDNA Amplification Kit (Clontech). For 5´-end RACE 

PCR, gene specific primer (GSP) 5esGSP and universal primer A mix (UPM) were 

used in the first round PCR, and nested gene specific primer (NGSP) 5esNGSP and 

nested universal primer A (NUP) in the second round PCR. For 3´- end RACE PCR, 

3esGSP and UPM were used in the first round PCR, and 3esNGSP and NUP in the 

second round PCR. DNA fragments were obtained by PCR using genomic DNA as 
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template by GoTaq® Flexi DNA polymerase (Promega). All of the PCR products were 

cloned and sequenced as described before (Chapter 2, 2.3.3).  

To obtain the IFNλ2/3 genes from M. myotis and N. noctula, primer pairs IFNλ-F2 

and IFNλ-R2 which were designed based on esIFNλ gene were used to amplify the 

IFNλ cDNA and genomic DNA sequences from M. myotis and N. noctula, 

respectively. For amplification of IFNλ4, degenerate primers IFNλ4-F and IFNλ4-R 

(Table 5) were designed based on the nucleotide sequences from M. lucifugus 

(XM_006096747) and M. brandtti  (XM_005868846). 

4.3.5 Sequence and phylogenetic analysis 

The ORFs of IFNλ genes were predicted by ORF finder program in NCBI 

(http://www.ncbi.nlm.nih.gov/projects/gorf/). The deduced AA sequences were 

blasted against protein databases (http://www.ncbi.nlm.nih.gov/BLAST/) for 

homologue search. Signal peptide and protein domains were identified by SMART 

program (http://smart.embl-heidelberg.de/). N-glycosylation sites were predicted by 

PROSITE program (http://www.expasy.ch/prosite/). Sequence alignments were 

performed by ClustalX program. Phylogenetic trees were constructed by MEGA5.05 

using the Neighbour-Joining method with bootstrap n= 1000. Protein sequences from 

other species used in the phylogenetic analysis are shown in the Figure 18 legend.  

4.3.6 Construction of recombinant constructs for expression of 

recombinant IFNλ 

In-Fusion cloning strategy (Chapter 2, 2.3.5) was used to build the recombinant 

constructs for eukaryotic systems. Briefly, in the first PCR, specific primer pairs 

pcDNAesIFNλ3-F and pcDNAesIFNλ3-R1 were used, and then the first PCR product 

served as second PCR template by using primer pairs pcDNAesIFNλ3-F and 

pcDNAIFNλ3-R2 (Table 5). A Kozak sequence was incorporated in the forward 

primers to favor the initiation of translation (De Angioletti et al., 2004). The same PCR 

strategy was applied for M. myotis. Second PCR products were inserted into pcDNA3 

plasmids by In-Fusion HD Cloning Plus Kit (Clontech). All of the constructs were 

confirmed to contain the correct inserts by sequencing. 

http://www.ncbi.nlm.nih.gov/projects/gorf/
http://www.ncbi.nlm.nih.gov/BLAST/
http://smart.embl-heidelberg.de/
http://www.expasy.ch/prosite/
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4.3.7 IFNλ-mediated signaling in different bat cell lines 

The signaling pathway activated by IFNλ in different cell lines was investigated as 

described before (He et al., 2014). In brief, cells lines were seeded at a density 

ranging from 1.2 to 2 × 105 cells/well into 24-well tissue culture plates. Twenty hours 

post seeding, cells were transfected with 0.8 μg recombinant plasmids using 1 μL 

Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. 

Transfection with empty plasmid pcDNA3 was used as a negative control, with 10 

μg/mL poly I:C as a positive control, and without transfection as a blank. After 

transfection and incubation in a humidified atmosphere at 37°C and 5% CO2 for 24 h, 

supernatants were harvested and stored at –20°C for IFN activity test. For 

comparison, MmNep line was incubated with 100 units/mL Universal type I IFN (PBL 

Assay Science) for 3 h. Cells were collected into buffer RLT (Qiagen) and used for 

RNA extraction. To measure the capability of IFNλ to activate the IFN signaling, the 

expression levels of pathway downstream indicators: ISG56, Mx1 and IFIT3 were 

determined by qRT-PCR as described below. 

4.3.8 Antiviral assay 

The antiviral activities of IFNλ3 in different cell lines were performed as described 

before (He et al., 2014). In brief, cells were incubated with supernatants from 

recombinant IFNλ3 plasmids transfected cells for 24 h, and then infected with EBLV-

1 (E. serotinus isolate), EBLV-2 (M. daubentoni isolate) or RABV (European fox 

isolate) at a MOI of 0.1 for another 24 h. Finally, cells were washed with PBS and 

collected into RLT, and RNA was prepared using the RNeasy Mini Kit (Qiagen). The 

relative viral load was analysed by qRT-PCR as described below. 

4.3.9 Semi-RT-PCR and qRT-PCR 

To analyze the expression of IFNλ2, IFNλ3 and IFNλ4 in response to poly I:C 

stimulation, a semiquantitative RT-PCR (semi-RT-PCR) was used instead of qRT-

PCR due to the difficulty of development of the trustable qRT-PCR primers. The 

semi-RT-PCR was prepared according to the One-step RT-PCR Kit (Qiagen). Primer 

pairs mmIFNλ2-F/R, mmIFNλ3-F/R and mmIFNλ4-F/R were used specifically for 

IFNλ2, IFNλ3 and IFNλ4, respectively, and Actin-F/R was used as an internal control 

primer pair (Table 5). The qRT-PCR method was introduced to measure the mRNA 
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expression levels of ISG56, Mx1, IFIT3, STAT2 and IRF9 in response to stimulations. 

Primers for target genes ISG56, Mx1, IFIT3, STAT2 and IRF9, and internal control 

actin were listed in Table 5. To determine the expression pattern of IFNλ receptor in 

M. myotis cell lines, primer pairs mmIFNλR1-F/R were used (Table 5). Likewise, to 

determine the relative viral load indicated of virus replication after IFN stimulation in 

different bat cell lines, qRT-PCR was performed by using EBLV1-F/R, EBLV2-F/R 

and RABV-F/R specific primer pairs for targeting lyssavirus nucleoprotein genes 

(Table 3). The qRT-PCR was performed as described before (Chapter 2, 2.3.8). 

4.3.10 Statistical analysis 

Statistical analysis was performed as described before (Chapter 2, 2.3.9). 

4.4 Results 

4.4.1 Sequence characteristics of IFNλ genes 

In this study IFNλ2 and IFNλ3 were cloned from all three bat species: E. serotinus, M. 

myotis and N. noctula and designated esIFNλ2, mmIFNλ2, nnIFNλ2, esIFNλ3, 

mmIFNλ3 and nnIFNλ3, respectively. IFNλ4 was cloned only from M. myotis and 

designated mmIFNλ4. IFNλ1 gene can not be found in any of these bat species after 

several trials of PCR amplification by using degenerate primers developed from 

IFNλ1 sequences of other animal species (data not shown). esIFNλ2, mmIFNλ2, 

nnIFNλ2 and mmIFNλ4 genes were obtained only at genomic levels, and their 

complete ORFs are not yet available at cDNA level. IFNλ3 genes were obtained at 

both genomic and cDNA levels.  

All three IFNλ2 genes contain 5 introns and 6 exons, IFNλ3 genes are intron-less and 

mmIFNλ4 has 4 introns and 5 exons (Figure 17). All of the predicted ORFs of IFNλ2 

and IFNλ3 genes consist 597 bp encoding 198 AAs, except mmIFNλ3 which consists 

603 bp encoding 200 AAs. The predicted ORF of mmIFNλ4 consists 540 bp encoding 

179 AAs. All of the IFNλs contained a signal peptide ranging from 23 AAs to 27 AAs 

predicted by SMART program. N-glycosylation sites were identified in all IFNλs 

including in the predicted coding regions of IFNλ2 and IFNλ4 by PROSITE tool. N-

glycosylation sites in mmIFNλ3, esIFNλ3, and nnIFNλ3 were shown in Figure 17 B. 
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Figure 17 Gene structure of IFNλ2 and IFNλ3 genes from M. myotis, E. serotinus and N. 
noctula, and IFNλ4 gene from M. myotis 

All three IFNλ2 have the canonical genomic organization (containing 5 introns and 6 exons) as most of 
IFNλ genes from the vertebrates (A), whilst all IFNλ3 genes are intron-less (B). mmIFNλ4 contains 4 
introns and 5 exons (A). Signal peptides and N-glycosylation sites are shown in the predicted coding 
regions of IFNλ3 by grey color (B). 
 
 
 
 

4.4.2 Phylogenetic tree 

A phylogenetic tree of IFNλ was constructed based on alignments of protein 

sequences from a variety of mammals by Neighbor-Joining method (Figure 18).  
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Figure 18 Phylogenetic analysis of IFNλ protein sequences. 

Neighbor-Joining method (bootstrap n= 1000, a cut off value= 50) was used to build the phylogenetic 
tree. IFNλ1 sequences include human, Homo sapiens (AAI26184), and bats, P. alecto (AEF33950). 
IFNλ2 sequences include human, H. sapiens (AAN28263), mouse, Mus musculus (AAI50797) and 
bats, P. alecto (AEF33949), M. myotis (mmIFNλ2), E. serotinus (esFNλ2) and N. noctula (nnIFNλ2). 
IFNλ3 sequences include human, H. sapiens (AAN28264), mouse, M. musculus (AAX58715) and bats, 
M. davidii (ELK31984), M. brandtii (XP_005886394), M. lucifugus (XP_006098898), P. alecto 
(ELK12840) and M. myotis (mmIFNλ3), E. serotinus (esFNλ3) and N. noctula (nnIFNλ3). IFNλ4 
sequences include human, H. sapiens (NP_001263183), and bats, M. lucifugus (XP_006096809), M. 
brandtii (XP_005868908) and M. myotis (mmIFNλ4). Note the relative far distance of IFNλ4 molecules 
from the others. The solid triangles indicate that sequences are cloned in this study. The hollow 
triangles indicate sequences from other bat species. 
 

IFNλ2 and IFNλ3 from Microchirotpera obviously form a separate genetic group, 

whilst IFNλ2 and IFNλ3 from Megachiroptera are closely related to mouse or humans 

IFNλ2 and IFNλ3. The only identified bat IFNλ1 was from megabat P. alecto 

(AEF33950) (Zhou et al., 2011b) and is located within the group with mouse and 

human IFNλs IFNλ4 creates a cluster distantly from all other type III IFNs. IFNλ4 



 Chapter 4 Type III IFNs 

 70 

 

showed the lowest similarity ranging from around 10% to 25% comparing with the 

other three members. Within a group, the mmIFNλ4 shares 96% protein sequence 

similarity with predicted IFNλ4 from M. lucifugus (XP_006096809), while the IFNλ4 

from M. brandtii (XP_005868908) only shows about 40% sequence similarity to the 

others. 

4.4.3 Functional characterization of discovered IFNλ 

4.4.3.1 IFNλ induction and IFNλ-mediated signaling in the 

permanent cell lines 

The expression patterns of mmIFNλ2, mmIFNλ3 and mmIFNλ4 in response to poly I: 

C stimulation in different permanent M. myotis cell lines were investigated by semi-

RT-PCR after stimulation by poly I:C (Figure 19). Generally, both IFNλ2 and IFNλ3 

displayed different mRNA expression patterns in unstimulated cells (Figure 19), but 

were induced by poly I:C in all cell lines except MmBr (Figure 19). In contrast, IFNλ4 

expression was up-regulated only in MmNol after poly I:C stimulation (Figure 19). In 

the MmBr cell line none of the IFNλ could be detected, and in the MmNep cell line 

just IFNλ2 and IFNλ3 could be found after induction by poly I:C (Figure 19). 

 

Figure 19 IFNλ production in the M. myotis permanent cell lines. 

Five permanent M. myotis cell lines were transfected with poly I:C (10 μg/mL) by Lipofectamine 2000. 
Semi-RT-PCR was used to investigate the expression patters of mmIFNλ2, mmIFNλ3 and mmIFNλ4. 
M: 50 bp DNA ladder (Thermo Scientific), 1: non-stimulated RNA, 2: poly I:C stimulated RNA. 
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To further investigate the IFNλ-mediated signaling, IFNλ3 genes were selected for 

biological activity test in vitro because of the observed higher induction by poly I:C 

stimulation. The expression levels of ISG56, Mx1 and IFIT3 mRNA were assessed by 

qRT-PCR after transfection of recombinant constructs pcDNAmmIFNλ3 and 

pcDNAesIFNλ3 into M. myotis and E. serotinus derived cell lines, respectively. A 

significant up-regulation of IFNλ3-induced genes was observed only in MmPca and 

MmNep cell lines (Figure 20 A - F). ISG56 and IFIT3 displayed a strong up-regulation 

with 33 and 24 folds in MmPca, and 769 and 116 folds in MmNep, while Mx1 was 

only slightly induced by mmIFNλ3 (P < 0.05) (Figure 20 E and F). In MmBr cell line 

only ISG56 was slightly induced (Figure 20 B).  
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Figure 20 IFNλ-mediated signaling in the M. myotis permanent cell lines. 

(A - F) Cells were transfected with IFNλ3 expression plasmids by Lipofectamine 2000 and qRT-PCR 
was used to measure the mRNA expression of ISGs at 24 h post transfection (n= 3). Poly I:C* is used 
as a positive indication. Note that mRNA expression level of ISG56 slightly increased in MmBr (B), 
and ISG56 and IFIT3 were highly up-regulated in the MmPca and MmNep cell lines (E and F).  
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4.4.3.2 The responsiveness of IFNλ-mediated signaling is restricted 

by the expression level of IFNλ receptor 

To explore the reason of no induction of ISGs after IFNλ3 stimulation in the majority 

of tested cell lines (Figure 20 A - D), the expression pattern of a receptor for IFNλ 

was investigated by qRT-PCR (Figure 21). IFNλR1 mRNA was found in a low level in 

MmBr, MmTo and MmNol, and highly expressed with around 40 folds in MmPca and 

20 folds in MmNep (P < 0.05) (Figure 21).  

 

Figure 21 Different expression patterns of IFNλR1 in different M. myotis cell lines. 

qRT-PCR was used to measure the mRNA expression of IFNλR1 (n= 3). Note that MmPca and 
MmNep expressed high levels, MmBr, MmTo and MmNol expressed limited levels.  
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4.4.3.3 IFNλ initiates a signaling cascade common to type I IFN in 

the bat cell lines 

Since the MmNep cell line displayed the strongest responsiveness to IFNλ 

stimulation, it was further used for investigation of the signaling pathways mediated 

by type I IFN and type III IFN. The mRNA expressions of molecules: STAT2 and 

IRF9 involved in IFN signaling pathways were measured by qRT-PCR in response to 

IFN stimulation. Both molecules were activated to different extents (Figure 22). The 

expression of STAT2 increased 2 and 4 folds after IFNλ3 and poly I:C stimulation, 

respectively, while the expression of IRF9 was up-regulated 11 and 17 folds (P < 

0.05) (Figure 22 A). After stimulation with universal type I IFN in an independent 

experiment, the mRNA level of STAT2 increased 21 times and the IRF9 increased 24 

times (P < 0.05) (Figure 22 B). 

 

Figure 22 Expressions of STAT2 and IRF9 in response to type I and type III IFN stimulation. 

(A) MmNep cell line was transfected with empty plasmid pcDNA3 or poly I:C or IFNλ3 expressing 
plasmids for 24 h. (B) MmNep cell line was incubated with 100 units/mL universal type I IFN for 3 h. 
qRT-PCR was used to determine the expression patterns of signaling molecules: STAT2 and IRF9 (n= 
3). Note that both molecules were up-regulated by both type I and type III IFNs. 
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4.4.3.4 Antiviral activity of recombinant IFNλ3 

To further investigate the antiviral activity of both esIFNλ3 and mmIFNλ3, different 

permanent cell lines displaying different susceptibility for lyssaviruses were used. The 

related viral RNA levels were determined by qRT-PCR after infection in the esIFNλ3 

or mmIFNλ3 treated cell lines. esIFNλ3 showed no effect to lyssaviruses EBLV-1, 

EBLV-2 and RABV in the E. serotinus brain cell line (Figure 23 A), whereas 

mmIFNλ3 was able to reduce the viral replication in different M. myotis cell lines 

(Figure 23 B and D). A slight inhibitory effect to EBLV-1 and EBLV-2 (55% and 40% 

viral RNA decrease, respectively, P < 0.05) but not to RABV was observed in MmBr 

(Figure 23 B). In contrast to no inhibitory effect in MmNol (Figure 23 C), a strong 

suppression was observed in MmNep (Figure 23 D). To further validate this strong 

effect in MmNep, a serial dilution (1:2, 1:8 and 1:32) of mmIFNλ3 was applied. A 

dose dependent suppression to three viruses (about 15% to 70% EBLV-1 RNA 

reduction, and 40% to 60% EBLV-2 or RABV RNA reduction) was shown in MmNep 

(P < 0.05) (Figure 23 E).  
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Figure 23 IFNλ inhibits lyssaviruses replications in the responsive cell lines. 

Cell lines that display different expression patterns of IFNλR1 (refer to Figure 21, E. serotinus brain 
cell line, un-defined; MmBr and MmNol, low; MmNep, high) were selected for antiviral assays. Cells 
were treated 24 h with expressed IFNλ in supernatants from esIFNλ or mmIFNλ transfected cell lines. 
They were then infected with EBLV-1, EBLV-2 and RABV (MOI: 0.1) for 24 h and the viral replication 
was determined by qRT-PCR (n= 3). Note that the antiviral effect was observed only in the responsive 
cell lines (refer to Figure 20). Whilst mmIFNλ3 showed a slight inhibition to EBLV-1 and EBLV-2 in 
MmBr, a dose dependent suppression to all three lyssaviruses was observed in MmNep. 
 
 

4.5 Discussion 

The long co-evolution of lyssaviruses and their reservoir host bats have drawn the 

attention to the relationship between host resistant mechanisms and virus 

counteractions (Baker et al., 2013; Calisher et al., 2006; Rieder and Conzelmann, 

2011). Within the host defense, the innate immune system especially the IFN system 

plays a pivotal role in contribution to the host disease resistance (Baker et al., 2013; 

Rieder and Conzelmann, 2011). Type I and type III IFNs have antiviral activity by 

inducing several cellular pathways to block viral replication (Kotenko, 2011; Sheppard 

et al., 2003). Chapter 2 of this thesis showed that bat type I IFNs have potent antiviral 

activity against lyssavirus replication in a reservoir cell line (He et al., 2014). To 

further understand the interplays between lyssaviruses and bats and also to compare 
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the responses mediated by type I and type III IFNs, we investigate the biological and 

antiviral activities of type III IFNλ in vitro using our newly established bat cell lines 

(Chapter 3). 

In present study, three type III IFN members were cloned from European bats E. 

serotinus, M. myotis and N. noctula. The sequences from each species were 

designated IFNλ2, IFNλ3 and IFNλ4, respectively, based on the sequence homology 

using blast search in public databases. Generally, these identified type III IFNs 

contain a conserved signal peptide and N-glycosylation sites in the coding regions 

similar with those from other mammals. These common features demonstrate the 

structural similarities of type III IFNs between bats and other animals, and further 

suggest a functional similarity. However, different member of type III IFNs are under 

diversification in bat species. The IFNλ1 sequence is not found in European bats in 

this study, and no IFNλ1 gene was reported from other microbat species either. 

Whether the IFNλ1 is absence or exists as a pseudogene like mouse IFNλ1 is yet to 

be determined. In contrast, a IFNλ1 sequence was identified from megabat P. alecto 

(AEF33950) (Zhou et al., 2011b). Despite this megabat IFNλ1 sharing a common 

genomic organization as the other IFNλ1, the intron between exons 2 and 3 is much 

longer than those (4 kb versus 1.1 kb) in other vertebrates (Zhou et al., 2011b). In 

human, the IFNλ2 and IFNλ3 are nearly identical to each other, and IFNλ3 is 

considered to derive from IFNλ2 in a more recent duplication event (Donnelly and 

Kotenko, 2010). In the present study, the high sequence similarity of the predicted 

ORFs together with the single exon genomic organization of IFNλ3 versus the 

multiple exons of IFNλ2 suggest IFNλ3 might originate from IFNλ2 by a 

retrotransposition event in microbats (Brosius and Tiedge, 1995; Fox et al., 2009). 

This high sequence similarity in coding region between IFNλ2 and IFNλ3 contrasts to 

those from megabat P. alecto, in which IFNλ2 and IFNλ3 (both contain introns) only 

share 50% protein sequence similarity (Zhang et al., 2013; Zhou et al., 2011b). This 

implies that, in addition to IFNλ1, IFNλ2 and IFNλ3 are also diversified in bat species. 

IFNλ4, a newly discovered type III IFN member is produced from a frame-shift variant 

ss469415590-ΔG in human (Prokunina-Olsson et al., 2013). Six transcripts encoding 

proteins of 179 AAs, 170 AAs, 131 AAs and 107 AAs from the ss469415590-ΔG 

allele were reported (Prokunina-Olsson et al., 2013). In bats, the predicted protein 

lengths of IFNλ4 from M. myotis, M.lucifugus and M. brandtii were 179 AAs, 179 AAs 
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and 70 AAs, respectively. The existence of more variants in bats needs further 

analysis. Despite locating in the up-stream of and with the same orientation as IFNλ3 

gene, IFNλ4 gene is independent of IFNλ3 and shows lowest similarity to the other 

members (Prokunina-Olsson et al., 2013). This is further supported by the 

phylogenetic analysis, of which the IFNλ4 protein sequences formed a cluster 

distantly from the others. Overall, these sequence and phylogenetic differences of 

different type III IFNs indicate their functional divergence.  

For the functional characterization we used the newly established bat cell line models 

(see Chapter 3). Their susceptibility to different lyssaviruses (RABV, EBLV-1 and 2) 

enables the investigations of the antiviral defenses of type I and type III IFNs.  

The different mRNA patterns of IFNλ2, IFNλ3 and IFNλ4 in response to poly I:C 

stimulation presented in different permanent M. myotis cell lines, indicating a different 

yet unidentified regulatory pathway of different type III IFN members. Intriguingly, no 

expression of any IFNλs was found in the less lyssaviral susceptible MmBr cell line 

after poly I:C stimulation. This is probably due to the very low level of TLR3, a 

receptor for poly I:C (Figure 12, Chapter 3). On the other hand this further indicates 

that TLR3 is probably not involved in sensing of lyssavirus as discussed in Chapter 3. 

A general up-regulation of both IFNλ2 and IFNλ3 by poly I:C was shown in the 

permanent cell lines, suggesting a discrepancy of a cell-type specific IFNλ response. 

Although this is not yet defined in this study, it raises interests for further studies. 

Comparing to the high induction of both IFNλ2 and IFNλ3 by poly I:C, the induction of 

IFNλ4 seemed barely related to the poly I:C. It was only slightly up-regulated in 

MmNol, and could not be detected in MmNep or MmBr. This again suggests a cell-

type associated function of IFNλ4. In human, IFNλ4 was induced by poly I:C in 

hepatocytes, and the IFNλ4 variants were strongly associated with hepatitis C virus 

clearance (Amanzada et al., 2013; Prokunina-Olsson et al., 2013). However, whether 

the IFNλ4 in bats is genetically controlled, or associated with hepatitis C virus in the 

liver, or involved also in the other viral defense are yet to be determined. 

The diversification of type III IFNs is not only indicated by the production levels in 

different cell types, but also by the IFNλ-mediated signaling. Strikingly, the high up-

regulation of ISGs by IFNλ3 was observed only in MmPca and MmNep. This 

demonstrates that IFNλ-induced signaling pathway is functional in these bat cell 
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lines. In contrast to the high increase of ISGs in MmPca and MmNep, the non-up-

regulated or low levels in other lines suggest that type III IFNλ-mediated signaling is 

impaired or limited in these cell lines. However, as proven by administration of poly 

I:C or type I IFNs previously, certain cell lines are capable of IFN production and 

have a complete IFN-induced signaling cascade (He et al., 2014). That means the 

low responsiveness of these cell lines to the IFNλ stimulation is probably due to the 

restricted expression of IFNλ receptors. This could be explained by the autonomous 

distribution pattern of IFNλR1 in the M. myotis cell lines in which the comparatively 

high abundance of IFNλR1 mRNA is observed only in MmPca and MmNep. 

Moreover, the significant immune response displayed in MmNep, a cell line of nasal 

epithelium origin, provides strong evidence that IFNλ is a crucial mediator of antiviral 

responses in mucosal and epithelial tissues in bats. This is consistent with the 

observation in humans and mice (Kotenko, 2011).  

It has been reported that type I and type III IFNs induce the same set of ISGs to 

induce similar biological and antiviral activities through a common pathway (Doyle et 

al., 2006; Marcello et al., 2006; Zhou et al., 2007). The up-regulated expression 

patterns of STAT2 and IRF9 observed in the universal type I IFN and IFNλ-treated 

MmNep confirmed that both types of IFNs can activate the common canonical 

JAK/STAT pathway in the responsive bat cell lines. However, type III IFNs use 

receptors distinct from type I IFNs. Moreover, in addition to the cell-type specific 

expression patterns of type III IFN receptors, the production of type III IFNs is also 

connected to different cell types. These suggest their potential functional differences 

in the antiviral defense. 

To further study their antiviral functions, the activity of IFNλ3 was investigated against 

different lyssaviruses (EBLV-1, EBLV-2 and RABV) in the selected bat cell line 

models which showed a varying responsiveness to recombinant IFNλ stimulation: E. 

serotinus brain cell line (no response), MmBr (low response and low expression of 

IFNλR1), MmNol (no response and low expression of IFNλR1) and MmNep (high 

response and high expression of IFNλR1). A reduction of viral RNA was observed 

only in the responsive MmBr and MmNep to an extent correlated with the low or high 

ISGs responsiveness. This convincingly demonstrates the anti-lyssaviral activity of 

IFNλ3 in bat cell lines, and further supports the essential role of type III IFN-mediated 
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antiviral defense in mucosal surfaces which represent potential entry sites for 

pathogenic viruses in bats. The antiviral activity of a fruit bat type III IFN to a bat-

borne virus, Pulau virus, was also confirmed in a P. alecto cell line (Zhou et al., 

2011b). However, the anti-lyssaviral activity of IFNλ was less potent than type I IFN in 

the bat cell line models (He et al., 2014). Moreover, in contrast to our previous 

observation where bat type I IFNs showed different inhibitory effects to EBLV-1, 

EBLV-2 and RABV in the E. serotinus brain cell line (He et al., 2014), a significant but 

lyssavirus strain independent inhibition was seen in the MmNep. All of these results 

suggest a functional difference of bat type I and type III IFNs in antiviral defense, 

where the former function as potent defenders against infection in a pathogen 

associated manner in a broad range of cell types, whilst the latter evolve to be cell-

type specific and function mainly in a potential viral entry site probably with less 

selectivity of lyssaviruses in bats. 

4.6 Conclusion 

To conclude, the type III IFNλ2 and IFNλ3 were cloned from European bats E. 

serotinus, M. myotis and N. noctula and functionally characterized in E. serotinus and 

M. myotis derived cell lines. Combining with our recent studies, we have proven the 

antiviral activities of bat IFNs to lyssavirus infection in a reservoir host, revealed the 

differences of the type I and type III IFNs in anti-lyssaviral defense, and provided first 

detailed insights into the interactions between lyssaviruses and host IFN system. 
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Chapter 5  General discussion and Outlook  

5.1 Studying immune responses to zoonotic infection in 

the natural host 

Zoonotic viruses emerging from wildlife and domesticated reservoir hosts might 

represent a threat to the public health (Bean et al., 2013). To assess the potential 

threats of zoonotic viruses that are transmitted by bats, there is a need of 

comprehensive knowledge for physiological pathways involved in virus infection, 

persistence and transmission from bats to other hosts. In the past, a number of 

mouse models have been developed for infection studies, and provide knowledge to 

improve our understanding of the human immunity against infection (Bean et al., 

2013). However, when a model fails to present the disease status as observed in a 

natural host, transmission vector or human, studies of the immune mechanisms 

against zoonotic infections in the natural hosts are necessary (Bean et al., 2013).  

One further aspect, which is in focus of the present thesis, is the host-pathogen 

interaction between Microchiropterean bats of the genera Eptesicus, Myotis and 

Nyctalus and lyssaviruses. The long history of co-speciation with viruses, like 

henipaviruses and lyssaviruses (Badrane and Tordo, 2001; Gould, 1996), might 

result in special adaptation of immune processes including recognition or tolerance. 

To investigate the immune responses of these bats to different lyssaviruses infection, 

studies focus on the following two general questions: (1) Are there special 

mechanisms in the early innate immunity in bats compared with other carnivore 

hosts, protecting them from severe outcomes of lyssavirus infection? (2) Is there a 

special adaptation that enables bats to host the neurotropic viruses without prominent 

clinical signs observed in other hosts? 

Since the IFN responses are prominent in antiviral defense, the IFNs and IFN-

induced immune pathways of European bats were investigated in the present thesis. 

First, type I IFNs from E. serotinus were molecularly and functionally characterized in 

vitro using the established E. serotinus cell line (Chapter 2). Secondly, to perform 

comparative studies in other European bat species, the immortalized cell lines from 

several tissues of M. myotis were established and have been proven to display 
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different susceptibility to lyssaviruses (Chapter 3). Finally, using these cell lines, bat 

type III IFNs were cloned and sequenced and their involvements in anti-lyssavirus 

immune response were functionally characterized (Chapter 4). The findings shown in 

Chapter 2 – 4 will be discussed in a more general perspective in the following 

sections. 

5.2 Bat IFNs - common and distinct features related to 

disease resistance 

Previous studies proposed that bat IFNs share common sequence and functional 

characteristics with those from other mammals (Biesold et al., 2011; Omatsu et al., 

2008; Zhou et al., 2011a; Zhou et al., 2011b). In vitro functional studies further 

suggested that the interactions between IFN system and lyssaviruses in bats may be 

also similar to those in humans and mice (Fujii et al., 2010; He et al., 2014). To 

explore the connections between IFN responses and rabies resistance of bats, the 

sequence and functional features of European bat type I and type III IFNs were 

analyzed in present thesis. 

The sequence characteristics of the discovered type I and type III IFNs from 

European bats are generally similar with IFNs from other mammals (Donnelly and 

Kotenko, 2010; Hughes, 1995). The bat type I IFNκ and IFNω contain the conserved 

genomic structure and functional elements. 

- An intron-less gene organization as in other animals; 

- Conserved basic functional elements like, a signal peptide, an IFabd domain 

and N-glycosylation sites in the coding region; 

- Canonical transcription factors binding sites like, IRFs, ISREs and NF-κB in 

the promoter region. 

For type III IFNs, some functional elements in the coding region are also similar to 

those observed in other mammals. 

- Classical 5 introns and 6 exons genomic structure of IFNλ2 as in most 

mammals; 

- Conserved basic functional elements like, a signal peptide and N-glycosylation 

sites in the coding regions of IFNλ2, IFNλ3 and IFNλ4. 
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These conserved features of European bat IFNs were also indicated in IFNs from 

fruit bats, such as IFNα/β from R. aegyptiacus, and IFNγ and IFNλ from P. alecto 

(Janardhana et al., 2012; Omatsu et al., 2008; Zhou et al., 2011b). All of these 

common characteristics of Megachiropteran and Microchiropteran bat IFNs 

compared with those from humans and other animals indicate the conservation of 

fundamental functions of IFNs in innate immune defense to viral infection. Indeed, 

this has been confirmed by their antiviral activity in bat cell lines during infections. 

Previous studies on fruit bat cell lines showed that the recombinant type III IFN and 

type II IFN from P. alecto presented an inhibitory effect to Pulau virus, and Semliki 

forest virus and Hendra virus replication, respectively (Janardhana et al., 2012; Zhou 

et al., 2011b). Moreover, in this thesis the type I IFNκ and IFNω from E. serotinus 

displayed competent antiviral activities to EBLV-1, EBLV-2 and RABV infections 

(Figure 8 B, C and D, Chapter 2) (He et al., 2014). The type III IFNλ3 from M. myotis 

could also limit the replications of different lyssaviruses in the responsive cell lines 

(Figure 23 B and D, Chapter 4), though to a lesser extent when compared with type I 

IFNs. Taken together, these findings support that the common characteristics of IFNs 

guarantee their most fundamental antiviral functions in all mammals. Further, the 

robust IFN-mediated responses can effectively control the lyssaviruses infection in 

bat cell lines, which infers the contribution of bat IFNs to rabies resistance. 

In contrast to the most common features, there are some differences of IFNs 

between bats and other mammals. IFNκ is a newly discovered type I IFN member in 

human, and the expression was found limited to keratinocytes, monocytes, and 

monocyte-derived dendritic cells (Buontempo et al., 2006; LaFleur et al., 2001; 

Nardelli et al., 2002). In bats, the IFNκ mRNA expressed in a cell type derived from 

the brain tissue of E. serotinus, and displayed antiviral activity to lyssavirus infection 

in this cell line (Figure 8 B, C and D, Chapter 2). This suggests either a monocyte-like 

cell type of this cell line or a more significant role beyond the cell-type limitation of 

IFNκ in bats than in humans. However, further characterization of the cell type of the 

brain derived cell line and functional studies are required to support this. The current 

genomic data revealed that IFNω genes are expanding in bats (Kepler et al., 2010). 

In human, only one functional form of IFNω gene and several pseudogenes have 

been described, whilst in mouse, no IFNω gene was reported, but there are 12 

IFNωs with intact ORFs out of 25 assemblies found in the low coverage M. lucifugus 
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genome, and 18 out of 25 assemblies found in the low coverage P. vampyrus 

genome (Kepler et al., 2010). The expansion of IFNω genes in bat species suggests 

their implications in dealing with emerging diversity of zoonotic viruses (Baker et al., 

2013). Although the connection between the diversity of IFNω genes and their 

antiviral activity was not investigated in this thesis, the antiviral function of IFNω in 

bats especially under lyssaviruses infection has been confirmed. In addition to the 

functional or diversity differences of type I IFNs between bat and human or mouse, a 

difference at sequence level of type III IFNs was also observed. No IFNλ1 sequence 

has been reported from microbat yet, despite other type III IFN members: IFNλ2, 

IFNλ3 and IFNλ4 were identified in several microbat species (Chapter 4) (Lindblad-

Toh et al., 2011; Seim et al., 2013; Zhang et al., 2013). Strikingly, all the investigated 

type III IFNλ3 genes from European bats contain only a single exon. This contrasts to 

the multiple exons of all type III IFN members in human and mouse. Since the ORF 

of IFNλ3 shares a high sequence similarity with ORF of IFNλ2, IFNλ3 is supposed to 

originate from IFNλ2 by a retrotransposition event in microbats. This intron-less 

feature of type III IFNλ3 suggests that it might have a functional similarity with type I 

IFN which is also intron-less. Interestingly, IFNλ3 transcripts more abundant mRNA 

than IFNλ2 and IFNλ4 after viral mimic poly I:C stimulation in different M. myotis cell 

lines (Figure 19, Chapter 4). This suggests a more active antiviral response of IFNλ3 

than the other type III IFNs in bats. However, whether these differences of bat IFNλs 

at both sequence level and expression level are related to functional difference still 

needs to be determined. Since the IFNs are well known to interfere with the viral 

replications, it can be inferred that the divergence of bat IFNs might be influenced by 

the diverse viral pathogens in bats. 

Overall, the sequence and functional characterization of both type I and type III IFNs 

from European bats revealed that they are largely conserved among mammals, but 

evolutionally divergent and adapted in bats. The conservation of the IFN system in 

mammals indicates the importance in antiviral defense. Despite the relationship of 

the basic differences of bat IFNs and functional alteration is not yet defined, it 

provides preliminary evidence to the significant difference of disease resistance 

between bats and carnivores or humans. 



Chapter 5 General discussion and Outlook 

 85 

 

5.3 In vitro tools for study of immune response against 

viral infection in bats 

Among many reasons which contribute to the host disease resistance, the immune 

system plays a key role in controlling the infection. However, it is unclear how the 

host cells control the viral replication by cell autonomous resistant mechanisms. To 

explore the host mechanisms that might be involved in organ specific protection 

avoiding fatal disease outcome, studies on the host cell characteristics and the cell 

autonomous defense are of great importance. 

A considerable number of works have been dedicated to unravel cellular 

mechanisms of viral persistence and host defense by using human and mouse 

models, however, bats are considered to be unique in hosting the emerging and re-

emerging viruses (Bean et al., 2013; Luis et al., 2013; Wang et al., 2011). Therefore, 

it is an urgent need to perform studies in bat related models. The use of European 

bats for animal trials is strictly limited due to the animal protection rules of these 

endangered species. Moreover, there are no breeding stocks available for 

determination of the immune stage before infection trials. Bats taken from wild 

populations have an unknown infection history, and even a selection of seronegative 

animals can not guarantee that no previous infection happened. Especially since 

many bats were seronegative despite the confirmed lyssavirus infections (Jackson et 

al., 2008; Turmelle et al., 2010b). Therefore, the development and usage of bat cell 

lines to explore the virus-host interactions are recently getting more and more 

attention (Biesold et al., 2011; Crameri et al., 2009; Virtue et al., 2011). Such in vitro 

cell line models can reduce the un-conveniences from using the living animals, 

benefit in low-cost, labor-saving, easy performance and stable conditions, and finally 

lead to less variable results. Moreover, cell lines can be used as in vitro models for 

virus re-culture and isolation, and as important tools for studying cellular signaling 

and regulatory mechanisms. On the other hand, there are also some disadvantages 

in using immortalized cell lines, which explain why they cannot serve as a complete 

replacement of in vivo models:  

- Immortalization may abolish certain cellular signaling pathways. 

- The interaction between different cell types cannot be studied. 
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- The kinetics of maturation processes during immune responses is hard to 

mimic. 

Despite these disadvantages, in vitro studies using bat cell lines have demonstrated 

their values in investigations of the early virus-host interactions and cell autonomous 

defense (Biesold et al., 2011; Crameri et al., 2009; Virtue et al., 2011). A number of 

bat cell lines were reported in studies: two commercial ones, Tb1-Lu (CCL-88, T. 

brasiliensis) and Mvi/It (CRL-6012, M. velifer incautus), and a number of primary cell 

cultures or immortalized cell lines from different organs of P. alecto, C. perspicillata, 

E. helvum, R. aegyptiacus, Epomops buettikoferi, Hypsignathus monstrosus, M. 

daubentonii, Pipistrellus spec., Hipposideros cf. caffer/ruber, Rhinolophus cf. landeri 

(Biesold et al., 2011; Crameri et al., 2009; Eckerle et al., 2014; Kuhl et al., 2011; 

Mourya et al., 2013). Studies based on these established bat cell lines for 

investigations of IFN production, IFN-mediated signaling pathways and viral 

infections have provided crucial insights into bat immunology and virus-host 

interactions of different bat-borne zoonotic viruses, like Nipah, Hendra and Ebola 

viruses (Biesold et al., 2011; Crameri et al., 2009; Kuhl et al., 2011; Virtue et al., 

2011; Zhou et al., 2011a; Zhou et al., 2011b; Zhou et al., 2013). However, none of 

these cell lines were used to test the infectivity of lyssaviruses. The application of a 

bat cell line as a tool for lyssavirus infection in its natural reservoir has not been 

approved yet. Moreover, there was little known about innate immune reactions of 

bats during lyssavirus infection, either.  

In this thesis, the immortalized cell lines derived from neural and immune relevant 

tissues were generated from European bat M. myotis. Basically, the feasibility of 

these cell lines has been validated by the presence of both PRRs for virus sensing 

and the signaling pathways. Most importantly, they are not only susceptible to 

different lyssaviruses infection but also display different susceptibility (Figure 14 and 

Figure 15, Chapter 3). This means they can be used as in vitro models for 

comparative investigation of immune responses against lyssaviruses infection. 

Further investigation showed that this susceptibility correlates with the IFN responses 

(Figure 16, Chapter 3). Taken together, these cell lines can serve as valuable tools 

for in vitro studies of resistant mechanisms to lyssavirus infection. Results from these 
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in vitro studies are expecting to shed a light in in vivo mechanisms of rabies 

resistance in bats.  

5.4 Different susceptibility of the established bat cell lines 

to lyssaviruses infection – a perspective to viral 

counteraction and host defense 

Due to the highly evolved relationship between bats and many highly pathogenic 

viruses, the perpetuation of viruses and asymptomatic outcome in bats seem to be 

common in the natural population (Calisher et al., 2006). As discussed above, while 

the bat IFN responses contribute to the disease resistance in bats, the viral 

countermeasures targeting the host IFN system support the viral persistence. 

Further, the different susceptibility of the established cell lines to lyssavirus infection, 

and its correlation with IFN responses attract high interests to explore the virus-host 

relationship in more detail. 

Many viruses can circumvent the host immune attacks by blocking the IFN production 

or IFN-mediated signaling for surviving purpose, like the RABV does (Brzozka et al., 

2006; Vidy et al., 2005; Vidy et al., 2007). If the immune effectors from different hosts 

are sharing similar structures, the virus can easily apply the same counteracting 

strategy from one host to the other, because the interactions between viral proteins 

and host effector are the same. It was reported that lyssavirus P protein can target 

the STAT to inhibit the IFN signaling in humans and mice (Brzozka et al., 2006; Vidy 

et al., 2007; Wiltzer et al., 2012). Such an inhibition was also confirmed in a primary 

kidney cell culture from megabat R. aegyptiacus (Fujii et al., 2010). Presumably, the 

high conservation of the STAT proteins from different species enables the conserved 

interaction between lyssavirus P protein and STAT protein in different host. Despite 

the direct interactions between lyssaviral proteins and components of IFN system 

have not been investigated yet in this thesis, the countermeasures of lyssaviruses to 

bat IFN system can be inferred from the following results: 

- Overall, a silent expression pattern of type I IFNs and IFN-induced genes was 

observed after EBLV-1, EBLV-2 and RABV infection in the E. serotinus brain 

cell line (Figure 9, Chapter 2).  
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- In the highly susceptive M. myotis cell lines, the viral sensors: RIG-1 and 

MDA5, and IFN-induced genes were not induced by RABV infection (Figure 

16, Chapter 3).  

If the host immune defenses were completely subverted by the virus, the fatal 

outcome of infected host can be expected. Inversely, bats as the natural reservoirs 

normally survive from the lyssavirus infection, suggesting the contributions of the 

immunity. Nevertheless, it was argued that the most striking nature of bats in 

response to viral infection may be not the effectiveness of the robust immune 

responses, but the absence of pathology resulting from an ancient and highly evolved 

viral survival strategy (Wang et al., 2011). Indeed, the ancient co-evolution with 

viruses and the intrinsic traits, like long lifespan, torpor and hibernation, and 

gregarious nature, benefit the bats with nonclinical outcome after infection (Calisher 

et al., 2006; Luis et al., 2013). However, bats are not incapable of rabies. Some 

reports described the rabies disease in the wild bats due to lyssavirus infection, such 

as ABLV infection in P. alecto (Fraser et al., 1996), RABV in E. fuscus (Davis et al., 

2012) and EBLV-2 in M. daubentonii (Freuling et al., 2008). In addition, a study 

showed that host immunity helped to reduce the susceptibility of E. fuscus to RABV 

infection (Turmelle et al., 2010b). Taken together, it suggests that the asymptomatic 

characteristic of bats with lyssavirus infection might be not due to the absence of 

pathology of lyssaviruses, but the protection of effective immune responses. This is 

supported by the observation which the viral level is indeed limited by a robust IFN-

mediated immune response in the brain derived MmBr cell line (Figure 14, Figure 15 

and Figure 16, Chapter 3). Conversely, the absence of such an immune response in 

the MmTo cell line caused a much higher viral level (Figure 14, Figure 15 and Figure 

16, Chapter 3). Further, if the IFN-induced responses are administrated by IFN 

treatment before the viral infection, the viral replication can also be controlled (Figure 

8, Chapter 2 and Figure 23, Chapter 4).  

Whilst the aim of the virus is to sustain propagation and transmission, the infected 

host is to control or remove the virus to avoid clinical disease. The lyssaviruses and 

their natural hosts bats have co-evolved to achieve an optimal balance via the fine-

tuning interactions. In nature, the lyssavirus is normally found in a rather low basic 

reproductive rate and a short infectious period (Kuzmin et al., 2011). This low level of 
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infection might help to improve their long-term persistence, because it may not 

induce disease in the host (Real and Biek, 2007). The effective host immune 

responses activated by viruses can contribute to this low viral level. It was reported 

that Epstein-Barr virus latent membrane protein 1 can induce ISGs to maintain virus 

latency through protecting the cells from over infection and replication (Xu et al., 

2006; Zhang et al., 2004). Similarly, the activated IFN-induced innate immune 

responses in the MmBr cell line inhibited the lyssavirus replication (Figure 16, 

Chapter 3). On the other hand, to avoid extinction, the lyssaviruses circumvent the 

immune attacks by counteracting the host IFN responses (Fujii et al., 2010; He et al., 

2014). In this finely tuned interaction, bats are infected without disease and 

lyssaviruses are transmitted without extinction. To sum up, an optimal balance 

between the race of lyssavirus to counteract the IFN response and the host to mount 

one plays a major role in lyssaviral resistance in the natural reservoirs.  

5.5 Outlook  

The data provided in this thesis are a first little step towards the understanding of the 

phenomenon that bats as zoonotic reservoirs are asymptomatic to host many viral 

pathogens. The molecular and functional characterization of both type I and type III 

IFNs from European bat species provided an insight into the innate host defense via 

IFN system against EBLV infection in the natural reservoir species. Moreover, the 

established immortalized M. myotis cell lines which display different susceptibility to 

different lyssavirses are essential in vitro models for comparative investigations of 

virus-host interactions. 

To understand the differences of the IFN system between bats and other mammals, 

which are presumably related to the obvious resistance of bats as natural viral 

reservoirs, further studies are necessary. The correlation of RABV in the American 

bat species from the genera of Eptesicus and Myotis, and the correlation of EBLV in 

the European bats of the same genera would allow the comparative functional 

investigations of the virus-host specific co-evolution. Studies are required to further 

understand the co-existence mechanisms of lyssaviruses and different bat species. 

To contribute to this issue, studies that will be performed in the future include: 
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Firstly, the components of IFN system from Eptesicus and Myotis bats will be 

characterized at both sequence and functional levels in a more comprehensive way, 

thus to further investigate the IFN induction and IFN-induced antiviral pathways. 

Secondly, quantitative transcriptomic sequencing of two cell lines with different 

susceptibility: MmBr (resistant) and MmTo (susceptible) during lyssavirus infection 

will be used to identify species specific immune molecules and the corresponding 

pathways that are crucial in disease resistance. 

Finally, the adaptive immune responses after lyssavirus infection will be investigated 

to understand the question: whether the pathogen specific immunity, like immune 

memory or tolerance contributes to the phenomenon that bats are as reservoirs for a 

broad range of virus families.  
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