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1. INTRODUCTION 

1.1 VIRION STRUCTURE AND GENOME ORGANIZATION OF HANTAVIRUSES 

Orthohantaviruses are members of the family Hantaviridae within the order Bunyavirales (Table 1). The 

genome of these singlestranded (ss) RNA viruses has negative polarity (Schmaljohn et al., 1985) and 

consists of the three segments small (S), medium (M) and large (L) (Figure 1). The viral RNA (vRNA) of each 

segment includes an open reading frame (ORF) flanked by noncoding regions (NCRs) at the 3′ and 5′ ends 

of each segment. The S segment encodes a nucleocapsid (N) protein, the M segment codes for a 

glycoprotein precursor (GPC), which eventually matures into the glycoproteins Gn and Gc and the L 

segment codes for the RNAdependent RNA polymerase (RdRP). The very termini of the NCRs contain 

nucleotide sequence repeats that form a panhandle-like structure, which functions as the viral promoter 

and is crucial for transcription and replication (Hussein et al., 2011; Vaheri et al., 2013b).  

Table 1: Taxonomic classification of the order Bunyavirales and viruses that have been used for studies on 
the nonstructural (NSs) protein (Source: ICTV, 2020).  

 

In addition to encoding the N protein, the small segment of orthohantaviruses carried by rodents of the 

family Cricetidae contains an additional ORF that is conserved among these viruses. This +1 overlapping 

reading frame encodes the nonstructural protein NSs, which was suggested as a putative interferon (IFN) 

inhibitor (Jääskelainen et al., 2007) but is likely to have other functions as well (Virtanen et al., 2010; 

Phylum: Negarnaviricota   

      Subphylum: Polyploviricotina   

            Class: Ellioviricetes   

                   Order: Bunyavirales  Representative 

                                               Family:  Arenaviridae  

 Cruliviridae  

 Fimoviridae  

 Hantaviridae Genus Orthohantavirus: Andes-, Puumla-, Tula-, Sin 
Nombre-, Prospect Hill-, Seoul-, Hantaan-, 
Khabarovsk, Dobrava-Belgrade orthohantavirus 

 Leishbuviridae  

 Mypoviridae  

 Nairoviridae  

 Peribunyaviridae Bunyamwera orthobunyavirus, La Crosse 
orthobunyavirus 

 Phasmaviridae  

 Phenuiviridae Rift Valley fever phlebovirus, Toscana phlebovirus, 
Severe fever with thrombocytopenia virus,  
Heartland bandavirus 

 Tospoviridae  

 Wupedeviridae  
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Ronnberg et al., 2012). The PUUV and TULV NSs ORF ranges from nucleotide position 83 to position 352 

and is expressed as a protein of about 13kDa in size (Jääskelainen et al., 2007). Nonstructural proteins 

encoded by the small segment are common for bunyaviruses and are typically associated with IFN 

antagonism (Hedil and Kormelink, 2016). The genome segments of hantaviruses are each encapsidated 

by the N protein and packed within the virus particle (Figure 1). This virion is round or pleomorphic and 

its size ranges from 120 nm to 160 nm in diameter (Hepojoki et al., 2012). The virion comprises a lipid 

envelope, which is covered with spikes protruding from the membrane envelope (Huiskonen et al., 2010). 

Four Gn and four Gc units form each spike, which has a unique fourfold symmetry (Huiskonen et al., 2010; 

Hepojoki et al., 2012). The overall composition of a virion is >50% protein, 20–30% lipid, 7% carbohydrate 

and 2% RNA (Schmaljohn et al., 1985). The virion is unexpectedly stable and can survive outside the host 

for more than 12-15 days at room temperature, more than 18 days at +4 °C, and even weeks at –20 °C 

(Kallio et al., 2006a). This is a key feature for hantavirus transmission to humans, which - unlike 

transmission of other bunyaviruses - does not involve an arthropod vector. 

 

Figure 1: Schematic representation of the hantavirus virion. The three genome segments are encapsidated by 
trimeric nucleocapsid (N) proteins and associated with the viral RNA-dependent RNA polymerase (RdRP). The 
glycoproteins are shown in blue as a spike complex in the lipid membrane envelope. 
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1.2 RODENT RESERVOIRS OF HANTAVIRUSES 

Hantaviruses are small mammal-borne pathogens that can cause a mild to severe disease in humans but 

can also stay asymptomatic in many cases. They are usually associated with a single reservoir host and do 

not cause obvious disease in their reservoirs (Table 2). The most important orthohantaviruses, pathogenic 

for humans, and their hosts are summarized in Table 2. The main causative agent of hantavirus disease in 

Europe, Puumala orthohantavirus (PUUV), was discovered in Finland in the 1980ies (Niklasson and Le Duc, 

1984). PUUV is transmitted by its reservoir, the bank vole (Clethrionomys glareolus) and has a wide 

distribution in Europe and Asia (Heyman et al., 2011). PUUV disease outbreaks are usually synchronized 

Germany-wide, driven by beech mast-induced irruptions of its host populations. Phylogenetic analysis 

separates PUUV into clades, depending on their geographic origin. In Germany, PUUV is only present in 

the western, central and southern parts and belongs to the Central European (CE) clade of PUUV (Drewes 

et al., 2017a).  

In addition to the described pathogenic viruses there are hantaviruses which are not or have not yet been 

associated to disease in humans. Such hantaviruses were found amongst others in insectivores like moles, 

shrews, and in bats, but also in some rodent species (Kang et al., 2009; Schlegel et al., 2012; Gu et al., 

2013; Radosa et al., 2013; Holmes and Zhang, 2015; Strakova et al., 2017; Laenen et al., 2018). 

The occurrence of PUUV and related disease frequency is mainly dependent on the population density of 

infected reservoir hosts. This influences the probability to get in touch with an infected reservoir animal. 

The size of a rodent population obligates annual and seasonal oscillations (Kallio et al., 2009). These 

oscillations in population sizes are very prominent among wild vole species. In mass reproduction cycles, 

the bank vole population size can expand by 1-2 orders of magnitude (Reil et al., 2017). As causes of these 

changes many hypotheses were developed including predators, food supply, landscape, climate, genetics, 

pathogens or social behavior (Jacob et al., 2014). Beech masts, for example, are critical for mass 

reproduction of bank voles in central Europe and thereby influence the prevalence of PUUV within bank 

vole populations (Reil et al., 2015). Similar processes were observed in the deer mouse – Sin Nombre 

orthohantavirus (SNV) system (Luis et al., 2010; Bagamian et al., 2012). 
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Table 2: Zoonotic orthohantaviruses and their hosts. 

Orthohantavirus 
species 

Distribution Host Zoonotic 
potential 

Disease 
Severity 

Reference 

Hantaan 
orthohantavirus 
(HNTV) 

East Asia Striped field mouse (Apodemus 
agrarius) 

yes ++ (Lee et al., 1978; Lee 
et al., 1983) 

Puumala 
orthohantavirus 
(PUUV) 

Eurasia Bank vole (Clethrionomys glareolus) yes + (Niklasson and Le Duc, 
1984; Krautkrämer et 
al., 2013) 

Tula 
orthohantavirus 

(TULV) 

Eurasia Common vole (Microtus arvalis), Field 
vole (Microtus agrestis) 

unknown (+) (Plyusnin et al., 1994; 
Schultze et al., 2002; 
Schmidt et al., 2016) 

Dobrava-
Belgrade 
orthohantavirus 
(DOBV) 

Central, 
Eastern, 
Southern 
Europe 

Striped field mouse (Apodemus 
agrarius), Yellow-necked mouse 
(Apodemus flavicollis), Black sea field 
mouse (Apodemus ponticus) 

yes ++ (Klempa et al., 2013; 
Kruger et al., 2015) 

Sin Nombre 
orthohantavirus 
(SNV) 

North 
America 

Deer mouse (Peromyscus maniculatus) yes +++ (Nichol et al., 1993; 
Vaheri et al., 2013b) 

Andes 
orthohantavirus 
(ANDV) 

South 
America 

Long-tailed pygmy rice rat 
(Oligoryzomys longicaudatus) 

yes +++ (Padula et al., 1998; 
Vaheri et al., 2013b) 

Seoul 
orthohantavirus 
(SEOV) 

worldwide Black rat (Rattus rattus), Norway rat 
(Rattus norvegicus) 

yes ++ (Lee et al., 1982; 
Heyman et al., 2004) 

(+), rare - single patients; +, mild; ++, moderate; +++, severe 

 

1.3 HANTAVIRUS REPLICATION CYCLE 

1.3.1 Virus entry 

A variety of host cell surface proteins have been suggested to be involved in the entry of hantaviruses into 

human cells. These include β3 integrins, decay-accelerating factor (DAF) and the receptor for the globular 

head domain of complement C1q (gC1qR) (Gavrilovskaya et al., 1999; Choi et al., 2008; Krautkrämer and 

Zeier, 2008; Albornoz et al., 2016). Recently it was reported, that procadherin-1 (PCDH1) is essential for 

cell attachment and entry of New World hantaviruses like Andes orthohantavirus (ANDV) and SNV (Jangra 

et al., 2018). It is not clear whether the Gn or Gc glycoprotein alone, or both consecutively, interact with 

cell surface molecules (Cifuentes-Munoz et al., 2014). There is evidence indicating that pathogenic and 

nonpathogenic hantaviruses may use different integrins for entry: αVβ3 as the receptor for pathogenic 

viruses, and α5β1 for nonpathogenic viruses (Mackow and Gavrilovskaya, 2001). After binding to a cell 

surface receptor, the invading hantavirus is taken up by the cell (Figure 2), presumably through clathrin-

dependent endocytosis (Jin et al., 2002). Increasing evidence suggests that hantaviruses use more than 
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one pathway for cellular entry including macropinocytosis, clathrin-independent receptormediated 

endocytosis, caveolae or cholesteroldependent endocytosis, or additional routes (Lozach et al., 2010; 

Albornoz et al., 2016). 

1.3.2 Uncoating 

After internalization, the virions are transported to endosomes, where a decrease in pH leads to detaching 

of the virion from the cellular receptor (Figure 2). This low pH of 5-6.5 in endosomes triggers a change in 

the conformation of the Gc glycoprotein that allows binding of the Gc fusion loop to the endosomal 

membrane. Further conformational changes cause fusion of viral and cellular membranes (Cifuentes-

Munoz et al., 2014; Albornoz et al., 2016). The vRNA is then released into the cytoplasm and presumably 

transported to the putative site of viral replication (Ramanathan et al., 2007).  

1.3.3 Transcription and replication  

Viral RNAs are produced from the hantavirus genome by two processes: transcription (generation of 

messengerRNAs (mRNAs) coding the viral proteins) and replication (vRNA for generation of new virions). 

Both of these activities are dependent on the viral RdRP (Spiropoulou, 2011). To date, a detailed 

characterization of the RNA synthesis mechanisms of hantaviruses has not been possible due to the lack 

of suitable reverse genetics systems. A common feature in the transcription of negativesense segmented 

RNA viruses is a process called cap-snatching. In the case of hantaviruses the viral N protein and the RdRP 

are involved in this process. They can bind the cap structures of host mRNAs (preferably mRNAs for 

degradation) and use these for initiation of mRNA transcription (Mir et al., 2008; Reguera et al., 2010).  

The site of replication could be either cytoplasmic processing bodies (P-bodies) or the intermediate 

compartment between endoplasmatic reticulum and the Golgi apparatus (ERGIC) where the N or 

RdRPbound RNA primers are transported. Assembled viral ribonucleoproteins (RNPs) are then 

transported to the site of viral assembly (Figure 2) mediated by interactions between N protein and host 

cell actin or microtubules (Ramanathan et al., 2007; Ramanathan and Jonsson, 2008). In case of the 

replication site residing in the P-bodies, an alternative to the viral RdRP nuclease activity is that cellular 

endonucleases generate the capped primers (Mir et al., 2008). The resulting capped RNA primer with its 

single 3’ terminal guanin (G) residue can pair with the complementary cytosin (C) residue at the AUC 

repeats of the vRNA terminus (Spiropoulou, 2011; Reuter and Krüger, 2017). A prime-and-realign process 

successively adds missing bases and slips back until the vRNA terminal repeats are newly formed (Garcin 

et al., 1995). 
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Figure 2: Hantavirus replication cycle. The virion attaches to a receptor, induces endocytosis and enters the 
cell in clathrin-coated vesicles. In the endosome, fusion between the viral and endosomal membranes is driven 
by acid-induced conformation changes in the viral fusion protein. The viral ribonucleoproteins (RNPs) are 
released and transcription might take place at the site of release; alternatively, the RNPs might be transported 
to the Endoplasmic Reticulum (ER)–Golgi intermediate compartment for transcription and replication. The 
nascent viruses are thought to bud into the cis-Golgi. They are transported to the plasma membrane for release. 

For replication of the viral genome, the vRNA first needs to be transfered into complementary RNA 

(cRNA), which can then be used as a template for the multiplication of vRNA. This cRNA differs from viral 

mRNA: the synthesis is thought to start de novo without the need for capped primers and the cRNA is 

encapsidated by the N protein, similarly to the vRNA (Spiropoulou, 2011). cRNA synthesis also proceeds 

via a primeand-realign mechanism through initial binding of a triphosphorylated G (pppG) to a C residue 

in the vRNA. The pppG is then cleaved by the RdRP to produce the monophosporylated 5′ terminus of the 

cRNA (Garcin et al., 1995). The same mechanism is used to multiply vRNA using cRNA as a template. During 

the course of vRNA synthesis, there might be a switch from transcription to replication. 

 

1.3.4 Assembly and release 

After replication of the viral genome it is encapsidated by the N protein (Spiropoulou, 2011; Hepojoki et 

al., 2012). For encapsidation of hantavirus vRNA, the N protein is thought to form trimers (Kaukinen et al., 

2005; Reuter and Krüger, 2017). The complementary NCRs in the vRNA form a panhandle-like structure 

that is unique for each hantavirus. It has been suggested that the trimeric N protein complex specifically 

recognizes the panhandle structure to form an RNP complex with a single vRNA segment (Hussein et al., 

2011). 
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The GPC encoded by the M segment is a polypeptide that is cotranslationally cleaved by the cellular signal 

peptidase complex. GPC is coordinated by two signal sequences. The first one at the N-terminus, targeting 

the GPC to the lumen of the ER. A second cleavage site, is located in the GPC and can be cleaved by a 

cellular signal peptidase complex giving rise to the mature Gn and Gc glycoproteins (Hepojoki et al., 2012; 

Cifuentes-Munoz et al., 2014). When the spike complex, consisting of four Gn and four Gc molecules 

(Hepojoki et al., 2009), is assembled and transported to the Golgi compartment, the cytoplasmic tails of 

Gn and Gc interact with the newly formed RNPs (Hepojoki et al., 2010; Wang et al., 2010). It is still unclear 

how the RdRP is packed into mature virions. It is thought to be associated with the RNPs and could be 

packaged together with this complex. It is also not known how hantaviruses ensure that three different 

vRNAcontaining RNPs are packed inside each virion. It is possible that the Gn cytoplasmic tail, having 

RNAbinding activity (Strandin et al., 2011), guides the vRNA segments, as shown for other segmented 

negative-sense RNA viruses (Terasaki et al., 2011; Zheng and Tao, 2013). 

Finally, the virion buds inside the Golgi (Figure 2), and the newly formed virion is released to the 

extracellular milieu from the Golgi, probably via exocytosis (Rowe et al., 2008). Glycoproteins and budding 

of ANDV, HTNV, and SNV have also been detected at the plasma membrane of the cell (Cifuentes-Munoz 

et al., 2014). Details of virion egress are still largely unknown. 

 

1.4 HANTAVIRUS INFECTION IN HUMANS 

1.4.1 Disease manifestation and epidemiology 

Hantaviruses are zoonotic viruses, meaning they can be transmitted from an animal to humans. 

Pathogenic hantaviruses are mainly transmitted to humans through the inhalation of aerosols from virus-

contaminated rodent excreta (Figure 3a). In humans they can cause two diseases: hemorrhagic fever with 

renal syndrome (HFRS), which is primarily caused by Hantaan orthohantavirus (HTNV) and related viruses 

in Asia, PUUV and Dobrava-Belgrade orthohantavirus (DOBV) in Europe and Seoul orthohantavirus (SEOV), 

which is distributed worldwide; or hantavirus cardiopulmonary syndrome (HCPS), which is mainly caused 

by SNV in North America, and ANDV in Latin America (Figure 3a, Vaheri et al., 2013b; Jiang et al., 2017). 

Annually, more than 10,000 individuals are diagnosed with HFRS and numbers are increasing (Vaheri et 

al., 2013a). Early disease manifestations come with flu-like symptoms, head and abdominal pain, myalgia 

and gastrointestinal symptoms and in severe cases, hypotension, acute shock, vascular leakage, and 

kidney failure. Reported case-fatality rates are up to 10% for HFRS and around 35%–40% for HCPS (Figure 

3a, Krautkrämer et al., 2013; Manigold and Vial, 2014). Hantavirus disease in Europe, called Nephropathia 

epidemica (NE, caused by PUUV), normally shows only mild to moderate symptoms (Faber et al., 2019). 
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Figure 3: Hantavirus transmission and disease. (a) Infectious particles are trasmitted by inhalation of rodent 
excreta. Disease manifestations are Hantavirus pulmonary syndrome (HCPS) or hemorrhagic fever with renal 
syndrome (HFRS) dependent on the virus involved (Adapted from Klingström et al., 2019). (b) Hantavirus disease 
cases in Germany since the introduction of the German Protection against Infection Act in 2001 until 29.06.2020 
(Source: survstat.rki.de). 

Hemorrhages and hypotension causing severe shock syndrome are rarely observed. Infection with DOBV 

genotypes Dobrava and Sochi can result in severe disease outcome, whereas genotype Kurkino leads to 

milde disease, similar to NE. Specific kidney therapy such as dialysis is only necessary in less than 5% and 

case fatality rates for PUUV are less than 1% (Krautkrämer et al., 2013; Latus et al., 2015; Avšič-Županc et 

al., 2019).  

In Germany, hantavirus infections are notifiable since 2001 and more than 14,000 cases were reported 

since then. Interestingly, outbreak years (with more than 1,500 cases each) were reported in 2007, 2010, 

2012, 2017, and 2019 which might be associated to bank vole mass reproduction in the same year (Figure 

3b) (Faber et al., 2019). Currently, there is no treatment or approved preventive vaccine available for this 

disease. The two syndromes HFRS and HCPS share most aspects of disease, and the pathogenesis is rather 

similar. However there are some differences in organ manifestations and, importantly, in severity of 

disease outcome. Hantavirus infection in humans causes an excessive immune activation including 

massive cytokine responses and activation of cytotoxic lymphocytes (CTLs) (Schönrich et al., 2008; 

Björkström et al., 2011; Lindgren et al., 2011; García et al., 2017). Patients also show increased infiltration 

of immune cells into target organs (Linderholm et al., 1993; Klingström et al., 2006b; Scholz et al., 2017; 

Klingström et al., 2019). Together, these responses contribute to the pathological outcome during 

infection, highlighting the fact that hantavirus-induced pathogenesis in humans is clearly driven by 

immunological factors (Schönrich et al., 2008).  
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1.4.2 Human innate immune response 

Interactions of hantaviruses and the host immune system are of outstanding importance for course of 

infection, susceptibility, transmission, and outcome in host organisms. The host immune response to viral 

pathogens can be broadly divided into an adaptive and an innate part. The adaptive immune response is 

characterized by specific pathogen recognition by T- and B-cells. They have to develop before they can 

act against viral invaders to form a highly diverse repertoire of antigen receptors. This delays the adaptive 

responses for 5–7 days. In the early phase of infection, pathogens have to be dealt with by the innate 

immune response, which represents the more universal part of host defense (Murphy et al., 2008). 

Viruses invading a host are detected early during infection mainly by pattern recognition receptors (PRRs) 

on cells at the host-pathogen interface (Takeuchi and Akira, 2007; Kell and Gale, 2015). PRRs interact with 

conserved structural motifs, called pathogen-associated molecular patterns (PAMPs), displayed by 

infectious agents. They activate the innate immune response such as type I IFN (IFN-I) and pro-

inflammatory cytokines which impair virus replication and induce long-term immune responses for 

elimination of viral infections (Takeuchi and Akira, 2007). Such PRRs include sensors like retinoic acid 

inducible gene-I (RIG-I) or melanoma differentiation antigen-5 (MDA-5). RIG-I recognizes uncapped 

5’-triphosphate ends of ssRNA and double stranded (ds) RNA with blunt ends or 5’-overhang (Kell and 

Gale, 2015). Activation of RIG-I initiates a signaling cascade through tumor necrosis factor (TNF) receptor 

associated factor 3 (TRAF3), TRAF-family member-associated NFκB activator binding kinase 1 (TBK-1) and 

IκB-Kinase ε (IKKε), leading to phosphorylation of transcription factors such as interferon regulatory 

factor-3 or -7 (IRF-3/-7). When phosphorylated, IRF-3/-7 dimerizes and translocates to the nucleus, where 

it initiates IFN-I synthesis (Kell and Gale, 2015). IFN-β is then secreted from the cell and binds to its 

receptor initiating the IFN signaling pathway and thereby an antiviral state in infected and neighboring 

cells (Figure 4). Thus, TRAF3, TBK1, IKKε and IRF-3 represent important factors for activation of innate 

antiviral IFN response (Rang, 2010).  

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway, is the principal 

signaling mechanism for a wide array of cytokines and growth factors in mammals (Figure 4). It is activated 

by IFN and causes expression of interferon stimulated genes (ISGs), such as Myxovirus resistance (Mx) 

genes or Protein kinase R (PKR), by translocating ISG-factor 3 into the nucleus. The human MxA protein 

shows antiviral activity against different members of the order Bunyavirales by recognizing and 

segregating the RNP complex (Frese et al., 1996). It was shown to inhibit hantavirus growth in vitro 

(Kanerva et al., 1996; Oelschlegel et al., 2007). 
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Figure 4: Signaling cascade of interferon (IFN) induction in infected cells (a) and the Janus kinase/signal 
transducers and activators of transcription (JAK/STAT) pathway (b). (a) Retinoic acid inducible gene-I (RIG-I) 
and/or melanoma differentiation antigen-5 (MDA-5) recognize uncapped ssRNA 5’-triphosphates/5’-overhang 
or blunt dsRNA ends and lead to activation of signaling through TNF receptor associated factor 3 (TRAF3). TRAF-
family member-associated NFκB activator binding kinase 1 (TBK1) and IκB-Kinase ε (IKKε) phosphorylate 
transcription factors interferon regulatory factor-3/-7 (IRF-3/-7) which dimerize and translocate to the nucleus 
for activation of IFN synthesis (left). (b) The JAK/STAT pathway recognizes cytokines such as interferon 
sequestered from infected cells in neighboring cells and activates the expression of interferon stimulated genes 
(ISGs) by translocating ISG-factor 3 into the nucleus (right). 

Even though hantaviruses are relatively poor inducers of IFN-I, induction of ISGs including the MxA protein 

has been observed after hantavirus (TULV, HTNV) infection (Kraus et al., 2004). The induction of ISGs by 

hantaviruses requires viral replication and was associated at least in part with activation of IRF-3 

(Spiropoulou et al., 2007). Most likely, not a single factor but multiple IFN induced antiviral components 

are required for efficient clearance of hantavirus infection and prevention of disease manifestations in 

humans (Rang, 2010). There is also a clear difference between pathogenic and non-pathogenic 

hantaviruses when it comes to induction of an early IFN response. Non-pathogenic hantaviruses, like 

Prospect Hill orthohantavirus (PHV), induce a robust IFN response early after onset of infection whereas 

pathogenic ones (PUUV, SNV) do not (Spiropoulou et al., 2007; Rang, 2010; Spiropoulou, 2011). 
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1.5 HANTAVIRUS INFECTION IN RODENT RESERVOIRS 

1.5.1 Virus-host adaptation 

In small mammal reservoirs, virus-host interaction has been evolved during a long lasting co-evolution 

scenario. In general, hantavirus infection is described as persistent in its reservoir hosts, meaning the virus 

is present in host cells at low levels, maintaining the capacity for replication at some time point (Villarreal 

et al., 2000; Voutilainen et al., 2015). However, hantavirus-induced immune responses can have influence 

on rodent reservoir hosts such as the hantavirus transmission between rodents and the fitness of infected 

rodents.  

Infection experiments of natural reservoirs of HTNV, SEOV, PUUV, and SNV have shown different time 

points of viremia onset in hosts after infection: approximately a few days for SEOV (Kariwa et al., 1996) or 

2–3 weeks for PUUV, HTNV and SNV (Lee et al., 1981; Yanagihara et al., 1985; Botten et al., 2000). Early 

during infection, infectious virus can be detected and recovered from different organs. The acute phase 

usually ends after 2–3 weeks but viral shedding by saliva, urine, and feces is then detectable throughout 

the course of infection and seems to be persistent (Lee et al., 1981; Yanagihara et al., 1985; Kariwa et al., 

1996; Bernshtein et al., 1999; Voutilainen et al., 2015). Examination of tissues from infected rodents more 

than one year after infection showed that only lungs (PUUV, HTNV, SEOV, and SNV), heart (SNV), or liver 

(PUUV) exhibited signs of infection (Lee et al., 1981; Yanagihara et al., 1985; Kariwa et al., 1996; Netski et 

al., 1999; Botten et al., 2003; Voutilainen et al., 2015), indicating that virus RNA positive tissues from the 

acute phase can become negative during the persistent phase. High titers of hantavirus-specific antibodies 

circulating in the rodents can be detected lifelong and the antibody response to the N protein is broadly 

used for diagnostics in reservoir rodents. Additionally, the envelope glycoproteins Gn and Gc are main 

inducers of this protective humoral response (Cifuentes-Munoz et al., 2014). Animal studies have shown 

that hantaviruses can persist in hosts despite the presence of high titers of neutralizing antibodies. These 

observations have led to the assumption that hantaviruses can escape immune responses and that 

infection is asymptomatic and has no impact on survival or fertility in their reservoir hosts (Childs et al., 

1989). In contrast, more recent experimental and field data do not support these assumptions, e.g. PUUV 

infection has a negative influence on the over-winter survival of an island population of bank voles (Kallio 

et al., 2007). There are also reports of histopathologic lesions in some of the natural hosts of certain HCPS-

causing hantaviruses (Lyubsky et al., 1996; Netski et al., 1999). 
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1.5.2 Innate immunity in rodents 

To date only little attention has been given to innate immunity in natural rodent reservoirs. Current 

knowledge mainly originates from studies on gender dependent expression of genes encoding for proteins 

associated with innate antiviral defenses in SEOV-infected rats. SEOV-infected female rats showed higher 

expression of Toll-like receptor-7 (TLR-7), RIG-I, and IRF-7, than SEOV-infected males (Hannah et al., 2008). 

This results in higher production of IFN-I, which leads to an increased expression of ISGs. In particular, the 

gene expression of cytoplasmic Mx2 is suppressed in male rats during SEOV infection and may contribute 

to increased virus shedding and viral RNA levels in lung tissues (Klein et al., 2001). Elevated pro-

inflammatory cytokine levels are not systematically detected in hantavirus infected rodents. Considering 

nitric oxide (NO), laboratory mice that die after DOBV (strain Slovenia) inoculation exhibit high levels of 

nitrites, whereas no evidence of elevated NO is found in SNV-infected deer mice (Klingström et al., 2006a). 

In contrast to the activation of an innate immune response in human endothelial cells, characterized by 

the upregulation of IFN-β and subsequent activation of ISGs, PUUV did not trigger this response in primary 

fibroblastoid cells of the reservoir host (Stoltz et al., 2011). This may lead to the assumption that PRRs of 

reservoir host cells either do not detect the vRNAs or are inhibited by a still unknown mechanism. 

Additionally, dendritic cells (DCs) encountering viruses respond to different signals received through 

several PRRs, which then determine the quality of the T-cell response. In their rodent reservoir host, DCs 

could be primed by hantavirus-associated PRRs to stimulate regulatory T-cells that can suppress virus-

specific CTLs (Klingström et al., 2019). This would lead to viral persistence and at the same time preventing 

virus-induced immunopathology.  

 

1.6 VIRAL COUNTER MEASURES TO HOST IMMUNE DEFENSE 

For efficient replication and establishment of an infection, most, if not all, pathogenic viruses have evolved 

sophisticated mechanisms to escape induction of the antiviral immune response at least in part. The 

ability to escape or block the innate IFN system is a key feature for the virulence of most pathogenic 

viruses (Haller et al., 2007; Randall and Goodbourn, 2008). The exact mechanisms regulating replication 

of hantaviruses are still not well understood. This is particularly true for natural rodent reservoirs. RNA 

viruses have evolved with multifunctional proteins (Reuter and Krüger, 2017) or overlapping coding 

strategies within other ORFs (Jayaraman et al., 2016). Capsid proteins, as the hantaviral N protein, or the 

glycoproteins have multiple functions. Glycoproteins exist in dynamic conformations that can switch 

between two states, maintaining their respective biological functions. ANDV-N protein was reported to 

inhibit IFN signaling by the cytoplasmic dsRNA sensors RIG-I and MDA-5. This mechanism was found to be 

mediated by a single serine residue at position 386 in the N protein (Levine et al., 2010; Simons et al., 
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2019). It was also shown that ANDV-N inhibits IFN signaling responses by interfering with TBK-1 activation, 

upstream of IRF-3 phosphorylation (Cimica et al., 2014). There is also evidence, that in human primary 

endothelial cells, IFN-I response including MxA expression is delayed in cells that are infected with 

pathogenic hantaviruses in contrast to non-, or low-pathogenic hantaviruses (Geimonen et al., 2002; 

Kraus et al., 2004). For PUUV this may be caused by an increased turnover of MxA protein (Handke et al., 

2010). Moreover, hantaviruses cannot only downregulate PRR-mediated IFN-I production but also 

interfere with IFN signaling by yet undefined mechanisms (Spiropoulou et al., 2007; Stoltz and Klingström, 

2010).  

Another counter mechanism, used by hantaviruses, is to avoid IFN induction by modification of their 5’ 

vRNA ends. This is caused by the viral RdRP activity as it cleaves off the first nucleotide at the 5’-end of 

the genome, resulting in a monophosphorylated 5’-end (Garcin et al., 1995; Habjan et al., 2008). There is 

also evidence that the Gn cytoplasmic tail of TULV and New York virus (NYV), a SNV strain, can interfere 

with RIG-I-mediated signaling (Alff et al., 2006; Matthys et al., 2011). New world hantavirus Gn/Gc was 

also reported to reduce Sendai virus induced IFN-β promoter-driven reporter gene activity (Levine et al., 

2010). 

Finally, one possible way of hantaviral immune counteraction is the recently described nonstructural 

protein NSs.  It was suggested that NSs proteins of PUUV and TULV function as a weak inhibitor of the IFN 

response. For PUUV, two variants of the prototype strain Sotkamo were plaque-purified, of which one 

was found to have a stop codon in the NSs ORF (Rang et al., 2006). However, these viruses have not been 

analyzed on potential differences in their replication kinetics and their ability to overcome innate immune 

responses. 

 

1.7 CELL CULTURE SYSTEMS USED FOR HANTAVIRUSES 

Hantaviruses replicate primarily in endothelial cells (ECs) of an infected patient and endothelial cell 

cultures are therefore often used as in vitro models for hantavirus infection (Temonen et al., 1993; 

Hepojoki et al., 2014). Hantaviruses were also found to infect cell lines like Vero (African green monkey) 

but also Huh7, A549 (human liver or lung carcinoma) and primary human monocytes or  DCs in vitro 

(Pensiero et al., 1992; Temonen et al., 1993; Raftery et al., 2002). VeroE6 cells are most commonly used 

for virus production. Their high productivity is due to the lack of IFN-I production caused by a huge 

chromosomal deletion. In most of the cell lines infected, no obvious cytopathic effects caused by the 

infection could be detected. A major drawback for studying pathogenesis and replication of hantaviruses 

is, that they are difficult to isolate and to propagate. Several groups have tried isolation of HTNV since it 

was identified in 1952. However, it was not until 1981 that adaptation and propagation of HTNV strain 
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76–118 isolated from Apodemus agrarius coreae was described in vitro (French et al., 1981). In the 

following years several cell culture systems were established based on VeroE6 cells (Yanagihara et al., 

1984; Pensiero et al., 1992; Temonen et al., 1993; Raftery et al., 2002). Propagation of hantaviruses is 

mainly successful with highly cell culture adapted strains. This adaptation can lead to severe restrictions 

for hantavirus infectivity (Lundkvist et al., 1997; Nemirov et al., 2003). 

Rodent-derived cell culture models, which reflect the unique virus-host adaptation, are still rare (Eckerle 

et al., 2014b). They can be beneficial in virus isolation, functional studies, and strategies counteracting 

these pathogens (Drewes et al., 2017b). Mainly primary bank vole cells were used for functional analysis 

of PUUV so far (Temonen et al., 1993; Stoltz et al., 2011). One attempt to establish a bank vole derived 

permanent cell line for PUUV studies was partly successful: A spontaneously immortalized kidney cell line 

of a bank vole was susceptible for a variety of different viruses. However, when infected with PUUV strain 

Vranica/Hällnäs, these cells could be infected but did not replicate and produce infectious virus (Essbauer 

et al., 2011). A successful attempt to isolate Hokkaido virus (HOKV), a PUUV strain, was recently possible 

through the establishment of a kidney cell line from its host the grey red-backed vole (Clethrionomys 

rufocanus bedfordiae) that also showed high replication capacities for other PUUV isolates from Europe 

(Sanada et al., 2012). 

 

1.8 OBJECTIVES 

In the recent years many emerging RNA viruses from wildlife reservoirs, such as hantaviruses, have gained 

more and more attention and are perceived as a major threat for human health. So far, there is little 

knowledge on hantavirus-host interaction in their natural reservoir and most currently available in vitro 

systems do not reflect characteristics of reservoir specific virus-host interactions. Investigating the 

immune mechanisms underlying the characteristics of hantavirus infection in their natural reservoirs 

appears essential in terms of assessing persistence and susceptibility to infection.  Therefore, the aims of 

this work were:  

→ to conduct PUUV surveillance studies in bank voles from Germany for the future development of 

an early warning model 

→ to investigate the spatially and temporally driven evolution of PUUV S segment in bank voles 

→ to characterize novel vole-derived cell lines for their susceptibility and replication capacity for 

PUUV, TULV and other viruses 

→ to isolate a central European PUUV strain 

→ to assess the function of the hantaviral NSs protein in the inhibition of the IFN-I response in the 

human system 
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3. RESULTS AND DISCUSSION 

3.1 PUUV SITUATION IN GERMANY  

The screening efforts carried out in this work contribute to a more detailed knowledge about hantavirus 

and rodent reservoir cycles. They provide additional knowledge to the current state of hantavirus mapping 

and cyclic disease occurrence in Germany. We found that observations in rodent trapping and hantavirus 

prevalence during a monitoring period of 5 years (2010 – 2014) in the south and west of Germany and in 

spring 2019 in Osnabrück are in line with the reports of human cases during that time (Faber et al., 2019; 

Robert-Koch-Institut, 2020). All PUUV samples from Baden-Wuerttemberg (BW), North Rhine-Westphalia 

(NW), and Osnabrück belonged to the central European lineage of PUUV and were derived from bank 

voles in regions where the western evolutionary bank vole lineage occurs (Publication I and II, Drewes et 

al., 2017a).  

Public health departments in regions with high PUUV incidence (e.g. BW, Münsterland, Bavarian Forest) 

need to be aware of environmental factors increasing the probability of a hantavirus infection. In contrast 

to previous data, vole abundance and human PUUV incidence 2019 and beech and oak mast in 2018 varied 

strongly between regions (Publication I, Table 1). A typical outbreak situation in spring 2019 was only 

observed in Stuttgart and Osnabrück, but not in the other regions. Only in these regions, values where 

high enough to reach or exceed the mean of the last outbreak years (Publication I, Table 1, Figure 3). This 

variation of human PUUV cases in endemic regions, especially in western Germany may be due to regional 

differences in forest structure (Voutilainen et al., 2012). The region in North Rhine-Westphalia exhibits 

the highest degree of landscape fragmentation in Germany (Walz et al., 2011), a more continuous forest 

cover in the south could increase human PUUV incidence. This may be a reason for the high PUUV RNA 

detection rate 2019 at the southern trapping plots Stuttgart and Goeppingen, that generally followed the 

high beech mast intensity observed at these plots (Publication I, Table 1). Despite the effect of beech 

mast on bank vole population dynamics, it is possible that other factors such as local interaction in the 

food web or diseases have caused a heterogeneous abundance of bank voles and thereby the regional 

and local differences of human PUUV incidence. Temporal trends of cumulative human PUUV incidence 

are mainly consistent and seem to be a promising feature for the development of district scale prediction 

of human infection risk early in the year (Publication I, Figure 3). Alternatively, a combination of bank vole 

abundance and PUUV prevalence or beech mast information might be used in an early warning model 

(Reil et al., 2018). However, existing prediction models are not precise enough, due to the lack of detailed 

parameters or the availability only on district scale (Reil et al., 2018). The human PUUV incidence 2020 is 

very low (Figure 3b), which is mainly caused by an expected breakdown of bank vole populations. Finally, 

physicians should consider hantavirus disease as differential diagnosis, especially in risk groups that are 



Results and Discussion 

 
124 

prone to contract pathogens that cause diseases with similar symptoms such as leptospirosis (Nau et al., 

2019). 

Interestingly, a high percentage of voles was found to be seropositive for anti-PUUV antibodies but 

negative for PUUV RNA (Publication II). This finding is in contrast to the general assumption of a persistent 

PUUV infection in bank voles. However, in young animals several infection experiments and field reports 

in rodents support the transmission of maternal antibodies (Dohmae and Nishimune, 1998; Bernshtein et 

al., 1999; Borucki et al., 2000; Kallio et al., 2006b). These maternal antibodies can protect young rodents 

until maturity, as demonstrated in rats (Dohmae et al., 1993) or bank voles (Kallio et al., 2006b). As adults, 

rodents are again susceptible to hantavirus infection (Dohmae and Nishimune, 1998). As many voles in 

the study, both in BW and NW (Publication II) were already mature, they might also have cleared the virus 

through yet unknown mechanisms. Another explanation might be a low viral load at the time point of 

capture, due to oscillation or general decline of viral load at higher age of adult animals (Voutilainen et 

al., 2015). 

 

3.2 SEQUENCE EVOLUTION OF PUUV 

In Publication 2, the fluctuation of PUUV prevalence in local bank vole populations during outbreak and 

non-outbreak years and the differences of sequence conservation and variability in S segment regions 

were investigated. In our trapping sites in BW and NW we found, that the temporal variation of PUUV 

sequences indicated a continuous presence of certain sequence types, whereas other minor sequence 

types seemed to emerge and get extinct (Publication II). Similar patterns were observed also in previous 

studies (Weber de Melo et al., 2015). The persistence of sequence types over time and the emergence of 

novel sequence types might be explained by bottleneck event-driven genetic drift or selection processes 

in the bank vole population that shape the genetic diversity of PUUV. In general, the PUUV NSs-ORF was 

found to be conserved – it was detected in all 226 of 226 infected bank voles investigated and in a spillover 

infected field vole at the same position within the S segment and with the identical length. However, the 

general conservation of the NSs ORF is in contrast to the high amino acid sequence variability that raises 

questions about its functional consequences (see below). Additionally, sequencing of PUUV S segment did 

not reveal any stop codon mutations within the NSs ORF similar to that observed in the cell culture 

adapted Sotkamo strain (Publication II, Rang et al., 2006). This indicates, that putative loss of function-

mutations occur preferably in specific selection pressure free environments as cell cultures, in the case of 

NSs, IFN-deficient VeroE6 cells. Finally, these results increase our sequence knowledge for future 

identification of the geographical origin of human infections in high endemic regions of NW and BW. 
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Future investigations will have to prove if PUUV strains with lower virulence may increase the over winter 

survival of bank voles. 

 

3.3 RESERVOIR-DERIVED CELL CULTURES 

Due to improved high-throughput sequencing methods and novel approaches in virus ecology, today 

there are numerous newly identified viruses in a variety of mammalian reservoir host species, in the 

orders Rodentia and Chiroptera in particular, but also in many other different animal taxa (Han et al., 

2015a; Han et al., 2015b; Drewes et al., 2017b; Shi et al., 2018). The importance of such research is 

impressively demonstrated by the actual Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-

2) pandemic 2019/20, where a new corona virus was transmitted from wildlife to humans (Brook et al., 

2020; Hui et al., 2020). In contrast to viruses with a broad host range, the strict association of hantaviruses 

to a single rodent reservoir host makes these viruses interesting for studies on cellular interaction but also 

evolutionary processes of virus and rodent host in vitro. Yet, available cell culture models for hantaviruses 

are often outdated and display a heterologous virus-host relationship that is only of limited value (Table 

3). Well established cell lines (VeroE6, Huh7) are easy to culture and many reagents and assays are 

available but they often have deregulations of important cellular pathways or do not reflect complex 

questions of the reservoir host situation. On the other hand, reservoir-derived cells need to be thoroughly 

characterized but their value for scientific questions remains out of question.  

Natural reservoir host species that are available as laboratory animals or in breeding colonies (such as 

Norway rats (R. norvegicus), deer mice (P. maniculatus), bank voles, common voles (M. arvalis), cotton 

rats (S. hispidus) are of special interest: cell lines derived from these animals can be compared to the in 

vivo infection in an animal model with the associated virus, e.g. cowpox virus (CPXV) (Jeske et al., 2019b; 

Weber et al., 2020). In Publication III, a variety of rodent-associated, suspected to be rodent associated 

and non-rodent-derived viruses were tested in bank vole and common vole cells that can be compared to 

in vivo studies from existing colonies of these animals. 

The novel cell lines FMN (common vole) and MGN (bank vole) support productive replication of TULV and 

PUUV, respectively (Publication III). The fact that TULV replication was only detected in common vole cells 

after very long incubation times, could indicate a long lasting natural host-like infection. Bank vole cells 

were not susceptible to TULV (Publication III) and experimental inoculation of bank voles with TULV could 

be shown, but only few animals seroconverted and antibody titers remained low (Klingström et al., 2002). 

Therefore, FMN cell line might be suitable as a cell culture model system for TULV investigations. The 

novel bank vole cell line MGN of the Carpathian lineage was reliably infected and replicated PUUV strain 

Vranica/Hällnäs of the Northern Scandinavian (N-SCA) clade (Publication III). This N-SCA PUUV clade and 



Results and Discussion 

 
126 

the Carpathian bank vole lineage also occur sympatrically in nature. For PUUV, the assignment of a certain 

virus clade to a specific evolutionary lineage of the bank vole was documented (Drewes et al., 2017a). 

However, more bank vole-derived PUUV isolates and cell lines of different lineages are necessary to clarify 

this question in cell culture in every possible combination. 

Table 3: Cell lines available for hantavirus research. 

white, human permanent cell lines; grey, primary cell models; dark grey, reservoir host-derived permanent cell 
lines. DCs, dendritic cells; VEF, vole embryonic fibroblasts; HSVEC, human saphoneous vein endothelial cells; 
PBMC, peripheral blood mononuclear cells..  

A special requirement applies to vector-borne viruses, such as Rift Valley fever virus, West Nile virus,  

Usutu virus, Sindbis virus, and Tick-borne encephalitis virus (TBEV). They need to have the capacity to 

infect and replicate in at least the vector and the reservoir, if not multiple dead-end hosts. The lack of 

detection of cytopathic effect, which is commonly observed for these viruses, might reflect the situation 

in the natural host in some constellations of virus and vole cell line tested (Publication III). As an example, 

Cell line Tissue Type Origin Replication of 
Hantavirus 

Reference 

VeroE6 kidney, epithelial permanent African green 
monkey 

PUUV, HTNV, SEOV, 
TULV, SNV, ANDV, 
DOBV 

(Lundkvist et al., 1997; Jin et al., 
2002) 

COS-7 kidney, fibroblastoid permanent African green 
monkey 

HTNV, PUUV (Pensiero et al., 1992; 
Jääskelainen et al., 2007) 

Huh7 liver, epithelial permanent human PUUV, PHV (Handke et al., 2010) 

HUVEC umbilical cord, 
endothelial 

permanent human PUUV, HTNV, NYV, 
PHV, TULV 

(Gavrilovskaya et al., 1999; Alff 
et al., 2006; Klingström et al., 
2006b) 

A549 alveolar, epithelial permanent human PUUV, PHV (Handke et al., 2010), this work 

A-253  

 

submaxillary gland permanent human PUUV (Temonen et al., 1993) 

A-704 

 

kidney permanent human PUUV (Temonen et al., 1993) 

WI-38 lung permanent human PUUV (Temonen et al., 1993) 

Detroit 562 pharynx carcinoma permanent human PUUV (Temonen et al., 1993) 

Hep G2 liver permanent human PUUV (Temonen et al., 1993) 

HSVEC saphenous vein, 
endothelial 

primary human HTNV (Pensiero et al., 1992) 

DCs PBMCs primary human HTNV (Raftery et al., 2002) 

VEF embryonic, 
fibroblastoid 

primary bank vole PUUV (Stoltz et al., 2011) 

MRK101 kidney permanent grey red-
backed vole 

HOKV, PUUV (Sanada et al., 2012) 

BVK168 kidney, epithelial permanent bank vole PUUV (Essbauer et al., 2011), this 
work 

FMN-R kidney, epithelial permanent common vole TULV publication III 

MGN-2-R kidney, epithelial permanent bank vole PUUV publication III and IV 

MyglaREC.B kidney, epithelial permanent bank vole PUUV, TULV publication V, (Strandin et al., 
2020) 
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for TBEV sophisticated animal models are available and bank voles are already used to experimentally 

assess infection in a reservoir context (Michelitsch et al., 2019a; Michelitsch et al., 2019b). 

Reservoir-derived cell lines are not only a suitable tool for the study of evolutionary virus-host 

combinations, but they can also be used for deciphering cross-species transmission (Publication III). This 

feature is at the moment more important than ever. Successful examples are the demonstration of 

efficient replication of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) replication in bats and 

ungulates (Eckerle et al., 2014a), St. Louis encephalitis virus and various bunya-, alpha-, and flaviviruses 

but also influenza viruses in bats (Dlugolenski et al., 2013; Kopp et al., 2013; Mourya et al., 2013; Raj et 

al., 2013). A main part of virus-host interaction takes place at the cell surface and includes receptor 

attachment and binding, but also release and budding from the host cell membrane. Nipah virus and Ebola 

virus glycoproteins are only two examples for different functional phenotypes in bat reservoir cells 

compared to human cells (Kuhl et al., 2011; Hoffmann et al., 2019; Takadate et al., 2020). For the two 

hantaviruses ANDV and SNV, the human asthma-associated gene PCDH1 was identified as an essential 

determinant of entry and infection in human pulmonary endothelial cells. The surface glycoproteins of 

ANDV and SNV directly recognize the outermost extracellular repeat domain of PCDH1 for entry (Jangra 

et al., 2018). Targeting PCDH1 in vole cells was not done, but could reveal differences in viral cell entry 

and give implications to reduce infection by hantaviruses also in humans. Similar to the different 

interaction of glycoproteins in human and reservoir cells, these hosts may simply have different entry 

receptors for hantaviruses than humans. Comparative analysis of β3 integrins in bank vole and Vero cells 

showed 100-fold reduction in β3 integrin transcription levels in bank vole cells and no expression of the 

protein on the cell surface. Simultaneously, bank vole cells were still susceptible to PUUV infection, 

therefore indicating a different entry requirement in reservoir derived cells (Müller et al., 2019). These 

findings make glycoprotein interactions with both cell lines a highly interesting research target and the 

developed antibodies against PUUV Gn and Gc can be used for such experiments (Publication IV). Such 

investigations are highly valuable and indicate, that a main application of reservoir-derived cell lines is the 

investigation of virus-host interactions in standardized infection experiments. 

Another important point of action of virus host interaction are the intracellular viral defense mechanisms, 

for which many viruses have developed evasion strategies. Using reservoir systems, species specific IFN 

can be characterized and immune mechanisms can be investigated not only for hantaviruses but other 

vole associated viruses, and, as previously shown, for paramyxoviruses (Virtue et al., 2011). An additional 

tool for investigating interferon mechanisms in bank voles is the recent development and functional 

characterization of a recombinant bank vole IFN-γ, a central mediator of host's innate and adaptive 

immune responses (Torelli et al., 2018). This highlights the importance of laboratory systems to address 

immunological questions in bank voles. How bank vole immunity can contribute to virus pathogenesis and 
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transmission within humans remains unclear. For bats, this issue was addressed by virus infectivity assays 

on bat cell lines expressing induced and constitutive immune phenotypes. These studies supported robust 

antiviral defenses in bat cells. These bat specific elevated immune responses control virus-induced cellular 

morbidity, which can contribute to rapidly-propagating persistent infections. When transmitted to other 

hosts, these viruses likely cause enhanced virulence (Brook et al., 2020). 

To study these regulators in the reservoir host are now an interesting option and the developed cell lines 

represent a valuable tool for identification of host factors. In the field of bat-borne viruses, reservoir-

derived cell lines have already served as a valuable in vitro tool for functional studies but also virus 

isolation (Eckerle et al., 2014b). 

 

3.4 ISOLATION OF HANTAVIRUSES 

Hantavirus isolation from rodents has been challenging due to low replication during the persistent phase, 

unsuitable cell culture models and many more reasons. However, cell culture remains the main method 

for investigation and isolation of a virus. It enables its thorough phenotypical characterization. Cell lines 

such as Vero cells, derived from the kidney of an African green monkey, are widely used for virus isolation 

and especially the subclone VeroE6 provides an excellent environment for RNA viruses to replicate, due 

to an impaired IFN-I response (Emeny and Morgan, 1978; Chew et al., 2009). However, many viruses 

remain uncultured and here, cell lines derived from reservoir hosts could provide a huge benefit. As shown 

in Publication IV, we were able to isolate PUUV on VeroE6 and bank vole (MGN-2-R) cells. In vole cells, 

initially cell cultures of three samples were positive for PUUV but during passaging, these isolates where 

either contaminated with a bank vole reovirus or lost due to low titers. Even though isolation on vole cells 

in our first approach was only partly successful, these results indicate, that virus growth on reservoir cell 

lines can be beneficial, not only for hantaviruses (Publications III and IV). There are other examples that 

reservoir-derived cells can be beneficial over conventional cell lines to isolate reservoir-borne viruses, e.g. 

Cedar virus in bat cells (Marsh et al., 2012) or the first isolation of a PUUV in Japan (HOKV) in vole cells 

(Sanada et al., 2012). 

One problem in hantavirus research is, that most isolates have been obtained a long time ago and were 

propagated over years on Vero E6 cells. Therefore, they might have accumulated adaptations to these cell 

lines and do not completely represent all characteristics of the viruses found in the field. For PUUV, 

mutations associated with cell culture adaptation were found preferentially in the non-coding region of 

the S-segment at positions 26 and 1577, and one serine versus phenylalanine substitution at position 2053 

of the PUUV L protein (Nemirov et al., 2003), which is in line with our observations (Publication IV). 

Another example that supports this consideration is that this PUUV strain was partly attenuated and lost 
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its ability to infect the natural reservoir animal after passaging due to mutations in the S segment 

(Lundkvist et al., 1997). Here, a wild-type variant that was passaged in bank voles was well adapted for 

replication in the reservoir host but not in cell culture, while the strains passaged on VeroE6 cells 

replicated with high efficiency in cell culture but did not reproducibly infect bank voles (Lundkvist et al., 

1997). Unfortunately this in vivo experiment could not be performed with the isolated strains in the time 

frame of this work, but such experiments were almost simultaneously reported from another group 

(Strandin et al., 2020). The isolation, genetic, and phenotypic characterization of a novel Puumala 

orthohantavirus from Finland in bank vole cells resulted in cell culture infection that evaded antiviral 

responses, persisted cell passaging, and similarly had minor viral genome alterations (Strandin et al., 2020, 

Publication IV). Experimental infections of bank voles with the new isolate from Finland resembled 

natural infections in terms of viral load and host cell distribution. When compared to an attenuated 

VeroE6-adapted Puumala Kazan strain, the novel isolate demonstrated delayed virus-specific responses 

in bank voles (Strandin et al., 2020). 

Similar to what was found in Publication IV, Sundström et al. investigated hantavirus strain evolution 

during multiple cell culture passages. PUUV strains were isolated after passaging in cell culture which 

differed from the corresponding parental strain not only in plaque size, but also their ability to replicate 

in interferon-defective versus interferon-competent cell lines and the potential to induce innate immune 

responses (Sundström et al., 2011). The insertion of a stop codon within the coding sequence of the NSs 

ORF was not observed during our initial passaging, however, long term passaging in VeroE6 cells without 

innate immune response-driven selection pressure might lead to such mutations. The emergence of such 

stop codons in the virus genome, during passaging in the IFN-deficient VeroE6 cell line, were already 

observed for TULV isolate Moravia (Jääskelainen et al., 2008) and, as described above, for the PUUV 

prototype strain Sotkamo (Rang et al., 2006). In contrast, the vole reservoir-derived PUUV and TULV 

sequences from field studies as well as S segment sequences of other vole-borne hantaviruses were found 

to contain a conserved intact NSs ORF (Publication II and IV, Jääskelainen et al., 2007; Jeske et al., 2019a). 

The virus isolation was started in the field with lung samples from 57 bank voles. Three of four obtained 

isolates originated from anti-PUUV-seronegative voles (Publication IV) illustrating that a serological test 

in the field might be misleading in selection of samples for successful virus isolation. Instead, an on-site 

molecular assay may enhance the chance for a successful hantavirus isolation. 
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3.5 HANTAVIRUS NSs PROTEIN AND ITS ROLE IN INTERFERON ANTAGONISM 

In Publication V the role of hantaviral NSs proteins was investigated in human cells. Analysis of expression 

patterns of the NSs ORF of six cricetide-borne hantaviruses confirmed a leaky scanning-mediated 

expression of NSs proteins with a C-terminal HA-tag. This finding obtained from expression plasmid-based 

transfection studies was confirmed to occur as well during PUUV infection. All tested NSs proteins showed 

inhibition of a RIG-I induced IFN-I signaling cascade. Deletion of the first initiation codon of the PUUV NSs 

ORF was accompanied with a loss of IFN-I promoter inhibition in the human cell transfection system and 

expression of the remaining downstream protein products indicating a prominent role in IFN-I inhibition 

of the N-terminal part of the NSs protein (Publication V). Similar results were previously observed for 

Bunyamwera orthobunyavirus (BUNV) NSs protein. N-terminally truncated variants of BUNV NSs protein 

failed to degrade RNA polymerase II and thereby block IFN transcription. In line with these findings PUUV 

NSs protein missing the N-terminus seems not to be sufficient to block IFN-I induction. However, since we 

were not able to detect this short peptide or a smaller NSs variant with expression initiating at codon M24 

in cells infected with the PUUV variant with the truncated NSs21stop (Publication V, Figure 5), we cannot 

exclude that other viral proteins might play a role in this mechanism in the viral context. 

In addition to what was done in Publication V, we analyzed IKKε and TBK-1 in HEK 293-T cells, two kinases 

further downstream within the signaling cascade of RIG-I. Preliminary experiments showed a similar 

pattern of IKKε inhibition with NSs proteins of PUUV, TULV, PHV, and KHAV reducing the activity to 40-

50% (Figure 5a, unpublished data). SNV and ANDV NSs proteins showed reduced inhibition compared to 

other NSs proteins even though the proteins were clearly expressed in HEK 293-T cells (Publication V). 

Interestingly, when the interaction partner of IKKε, TBK-1, was used in the reporter assay, the inhibition 

of IFN-β promotor activation was not observed for PUUV, KHAV, SNV, and ANDV NSs proteins (Figure 5b, 

unpublished data). PHV NSs protein showed minimal inhibition and TULV NSs protein could still block the 

pathway to 60%. This might indicate a different targeting within the human signaling pathway for the NSs 

proteins of TULV and PHV compared to PUUV, ANDV, SNV, and KHAV at the TBK-1-IKKε interaction or an 

expression level dependent effect. To examine if the NSs protein is involved in inhibition of different 

pathways of the IFN-I-mediated responses, the potential inhibitory effect of the six NSs proteins on the 

important IFN-I induced JAK/STAT pathway was evaluated. Transfections with the plasmid coding the 

firefly luciferase under control of an interferon sensitive responsive element (ISRE) promoter showed no 

influence on its activation by IFN-I by any of the NSs proteins (Figure 5c, unpublished data). 
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Figure 5: Interferon-β promoter and ISRE reporter assay of different hantaviral NSs ORFs in human HEK 293-
T cells. (a)  RIG-I activated IFN-β promoter pathway, (b) IKK activated IFN-β promoter pathway, (c) TBK-1 
activated IFN-β promoter pathway, and the JAK/STAT pathway (d). HEK 293 T-cells were transfected with a 
plasmid DNA mix of 0.5µg p125-FFluc, 0.005µg pRluc, 0.5µg pcDNA3-huRIG I, pcDNA3-huIKKε, or pcDNA3-
huTBK-1 and 1µg pcDNA3 plasmid containing the viral NSs coding sequence and analyzed after 18 h with a 
Dual-Luciferase Reporter Assay System (Promega). RABV-P = Rabies virus phosphoprotein, PUUV = Puumala 
orthohantavirus, TULV  = Tula orthohantavirus, PHV = Prospect Hill orthohantavirus, SNV = Sin Nombre 
orthohantavirus, ANDV = Andes orthohantavirus, KHAV = Khabarovsk orthohantavirus. 

The results suggest an interference of NSs at the interface of the TBK-1 – IKKε complex. This is supported 

by a simultaneous study, showing that ANDV NSs protein antagonizes the IFN-I response by inhibiting IFN-

I signaling downstream of RIG-I and MDA-5 but upstream of TBK-1 (Otarola et al., 2020). A previous report 

on the NSs protein of Heartland bandavirus (HRTV), a phenuivirus, showed that HRTV NSs protein inhibits 

TBK-1 phosphorylation (Rezelj et al., 2017). Another phenuivirus, severe fever with thrombocytopenia 

syndrome virus (SFTSV), forms cytosolic inclusion bodies containing these signaling host factors (STAT 

proteins and RIG-I signaling) and thereby preventing their interaction in the IFN-I pathway (Chaudhary et 

al., 2015; Ning et al., 2015; Rezelj et al., 2017; Hong et al., 2019). We did not determine the exact 

interaction of the hantaviral NSs proteins. In addition to the signaling pathway for IFN-ß induction, we 

tested all hantaviral NSs for their influence on the JAK/STAT pathway, a cellular response to cytokines and 

growth factors (Harrison, 2012). None of the NSs proteins had an impact on its activation indicating a 
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specific influence on the production of cytokines rather than their downstream mechanisms (Figure 5c, 

unpublished data).  

The NSs proteins of the peribunyaviruses, BUNV and La Crosse orthobunyavirus (LACV), or phleboviruses 

RVFV and Toscana virus (TOSV), inhibit the IFN-I system by blocking RNA polymerase II transcription or 

degradation of dsRNA-dependent protein kinase (PKR) (Weber et al., 2002; Billecocq et al., 2004; Thomas 

et al., 2004; Habjan et al., 2009; Hollidge et al., 2011; Kalveram and Ikegami, 2013). Interestingly, TOSV 

NSs protein interferes with the production of IFN through targeted activation of IRF-3. This occurs through 

a RIG-I dependent signaling pathway where interaction between the NSs protein and RIG-I leads to a 

proteasome-mediated degradation of RIG-I (Gori-Savellini et al., 2013). Thus, the NSs proteins of the 

different peribunyaviruses, phenuiviruses and hantaviruses (Table 1) all show inhibitory function on 

interferon signaling but by different mechanisms and target pathways. Different targets for future studies 

could be IKKε and its suppressor (SIKE), NF-kappa-B essential modulator (NEMO) as a regulatory subunit 

for IKK complexes or the formation of cytosolic structures as observed for SFTSV (Onoguchi et al., 2011). 

It seems unlikely though, that hantavirus persistence and infectivity in humans are regulated exclusively 

by immune-modulating mechanisms. As already mentioned, during the acute phase of hantavirus 

infection, a strong CD8 T-cell response is observed. However, no obvious damage of infected endothelial 

cells has been observed in humans and reservoir, suggesting that hantaviruses, including PUUV, might 

protect infected cells from being killed by CTLs (Lindgren et al., 2011). Remarkably, activated human 

natural killer (NK) cells readily killed uninfected cells but infected cells were protected from degradation. 

Simultaneously, interference of the hantavirus N protein with granzyme B and caspase 3 enzymatic 

activities was observed (Gupta et al., 2013; Solá-Riera et al., 2019). This suggests that hantaviruses protect 

infected cells from being killed by CTLs through inhibition of NK cell mediated apoptosis. All together, 

understanding hantavirus disease pathology is still a challenge and remains to be not completely 

uncovered. 
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4. OUTLOOK 

The heterogeneous distribution of PUUV in Germany and Europe in general, and the re-occurring outbreak 

years of the related disease makes it obvious that further surveillance of PUUV and its reservoir is 

necessary. Future studies will have to evaluate, if the borders of PUUV distribution in Germany will expand 

to the north/east. The running field study-based monitoring of PUUV strains in bank voles should be 

accompanied by in vitro studies in reservoir cell lines and by animal experiments in different bank vole 

lineages. This combination of field and laboratory studies will have to prove if new sequence variants will 

occur that can have impact on host fitness and immune response. Reservoir host sequence analysis can 

give further insights into host-virus adaptation. Targets, such as integrins or PRRs, and a high sample size 

should be used for host gene analysis in line with transcriptome analysis of infected and non-infected 

control animals. Identification of important virus and reservoir gene regions or amino acid exchanges 

within the encoded proteins involved in host-virus interaction have to be identified for a better 

understanding of how a persistent infection is established in reservoir hosts without disease 

manifestation. 

Important for such analysis is the availability of PUUV isolates. A first step to generate more PUUV isolates 

was done in this work by the first isolation of a German strain and providing new cell lines for isolation 

and infection experiments. However, isolated virus must also be used in animal experiments to 

understand immune-modulatory mechanisms. Until now, most PUUV isolates are highly adapted to a 

single cell line. An important factor is that these new isolates should not be highly passaged for infection 

experiments. Another highly valuable achievement is the generation of new antibodies against the 

glycoproteins (Gn and Gc). Future studies will have to yield their protective potential and binding 

capacities. This is important for development of highly specific antibodies for diagnostic and research 

applications, for identification of therapeutical monoclonal antibodies and development of prophylactic 

vaccines against hantavirus disease. 

Concerning the NSs protein, molecular evolution and expression investigations, as well as a more detailed 

analysis of inhibition mechanisms and screening of potential cellular interaction partners are needed. Its 

involvement in other (immune) mechanisms has to be clarified and immunofluorescence analysis, in situ 

hybridization, or correlative light-electron microscopy might give more knowledge about the association 

of NSs with specific organelles or replication sites and its role IFN inhibition. 

The established vole cell lines can be used in future cross-species infection studies of PUUV of a certain 

clade and the associated bank vole lineage occurring in the same region. This can give insights in the 

specific adaptation and entry mechanisms of PUUV to its host, that evolved during a long lasting co-

evolution scenario. Another highly valuable goal in the future would be the establishment of a vole (or 
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other hantavirus host) cell line for reporter assays and entry studies. This would give the opportunity to 

investigate viral proteins, such as NSs protein, RdRP or the glycoproteins, individually for each virus in its 

specific reservoir host cell. These investigations may compensate the current lack of a reverse genetics 

system for hantaviruses; otherwise, the novel tools might enhance just the chance to develop a reverse 

genetics system. 
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5. SUMMARY 

Orthohantaviruses are rodent-borne pathogens distributed all over the world, which do not cause visible 

disease in their reservoir host. Puumala orthohantavirus (PUUV) causes most human hantavirus disease 

cases in Europe and is transmitted by the bank vole (Clethrionomys glareolus). Hantaviruses have a tri-

segmented genome consisting of the large (L) segment, coding for the RNA-dependent RNA polymerase 

(RdRP), the medium (M) segment, encoding the glycoproteins, and the small (S) segment. The S-segment 

contains two major overlapping open reading frames (ORF) coding for the nucleocapsid (N) protein and a 

non-structural (NSs) protein, a putative type I interferon (IFN-I) antagonist. To date, pathogenesis and 

reservoir host adaptation of hantaviruses are poorly understood due to missing adequate cell culture and 

animal models. 

In contrast to previous studies, in this work, data from spring and summer 2019 indicated a high vole 

abundance, a high PUUV prevalence in voles and high human incidence for some endemic regions in 

Germany, but elsewhere values were low to moderate. Regional and local human health institutions need 

to be aware about the heterogeneous distribution of human PUUV infection risk. 

For a better understanding of virus-host associations, two novel cell lines from bank voles and common 

voles each were generated and their susceptibility and replication capacities for a variety of zoonotic and 

non-zoonotic viruses were analyzed. The PUUV strain Vranica/Hällnäs showed efficient replication in a 

new bank vole kidney cell line, but not in four other cell lines of bank and common voles. Vice versa, Tula 

orthohantavirus (TULV) replicated in the kidney cell line of common voles, but was hampered in its 

replication in other cell lines. Several viruses, such as Cowpox virus, Vaccinia virus, Rift Valley fever virus, 

and Encephalomyocarditis virus 1 replicated in all four cell lines. West Nile virus, Usutu virus, Sindbis virus 

and Tick-borne encephalitis virus replicated only in a part of the cell lines. These results indicate a tissue 

or species specific tropism for many of the tested viruses and the potential value of vole cell lines to 

address such questions in detail. 

Using one of these new cell lines, the first German PUUV strains were isolated from bank voles caught in 

the highly endemic region around Osnabrück. Complete genomes were determined by target-

enrichment-mediated high-throughput sequencing from original lung tissue, after isolation and after 

additional passaging in VeroE6 cells and a bank vole-derived kidney cell line. Different single amino acid 

substitutions were observed in the RdRP of the two stable PUUV isolates. The PUUV strain isolated on 

VeroE6 cells showed a lower titer when propagated on bank vole cells compared to VeroE6 cells. 

Additionally, glycoprotein precursor (GPC)-derived virus-like particles of a German PUUV strain from the 

same region allowed the generation of monoclonal antibodies that reacted with the isolated PUUV strains. 
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To investigate the role of PUUV and other vole-borne hantavirus NSs proteins, the evolution of the NSs 

and N encoding sequences was investigated by a field study in bank voles and the NSs sequences were 

characterized in vitro for their inhibitory effect on the human interferon-β promoter. Analysis of blood 

and lung samples of 851 bank voles trapped during 2010-2014 in Baden-Wuerttemberg and North Rhine-

Westphalia resulted in detection of 27.8% PUUV-specific antibody positive bank voles, whereas in 22.3% 

PUUV-specific RNA was detected. In the hantavirus outbreak years 2010 and 2012 PUUV prevalence in 

bank voles was higher compared to 2011, 2013 and 2014. Sequences of the S segment of all positive bank 

voles showed amino acid and nucleotide sequence types of the NSs-ORF with temporal and/or local 

variation, whereas the N-ORF was highly conserved. One sequence type persisted over the whole 

observation period in both regions. The NSs coding sequence was highly divergent among regional bank 

vole populations in the outbreak year 2012. 

Transfection experiments resulted in the detection of different products of the NSs-ORF of PUUV, TULV, 

Prospect Hill and Khabarovsk orthohantaviruses, due to translation initiation at different methionine 

codons along the coding sequence. Using luciferase reporter assays, the NSs proteins of PUUV, TULV, 

Prospect Hill and Khabarovsk orthohantaviruses showed inhibition of IFN-I induction of up to 70%, 

whereas Sin Nombre and Andes orthohantavirus NSs proteins showed a reduced effect compared to the 

other NSs proteins. The first 20 amino acids of the N-terminal region of PUUV NSs were found to be crucial 

for IFN-I promoter inhibition. 

In conclusion, the newly established cell lines, antibodies, reporter assays and PUUV isolates are highly 

valuable tools for future hantavirus research. The activity of PUUV NSs protein in human cells contributes 

to our understanding of virus-host interactions and highlights the importance of corresponding future 

reservoir host studies. Hantavirus surveillance studies showed the necessity for timely information of the 

potential human PUUV infection risk to public health institutions in endemic areas to initiate appropriate 

actions. 
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6. ZUSAMMENFASSUNG 

Orthohantaviren sind Nagetier-assoziierte Viren, die weltweit verbreitet sind und in ihrem Reservoirwirt 

keine symptomatische Erkrankung hervorrufen. Puumala-Orthohantavirus (PUUV) verursacht in Europa 

die meisten Hantavirus-Erkrankungen und wird von der Rötelmaus (Clethrionomys glareolus) übertragen. 

Das Genom von Hantaviren ist in drei Segmente gegliedert: das große (L) Segment (kodiert die RNA-

abhängige RNA Polymerase (RdRP)), das mittlere (M) Segment (kodiert die Glykoproteine), und das kleine 

(S) Segment. Das S Segment enthält zwei überlappende offene Leserahmen (ORF). Diese exprimieren ein 

Nukleokapsidprotein (N) und ein Nicht-Struktur (NSs) Protein, einen potentiellen Typ I-Interferon (IFN-I)-

Antagonisten. Bis heute ist über die Pathogenese und Anpassung von Hantaviren an ihren Wirt nur wenig 

bekannt, was auch daran liegt, dass es keine adäquaten Zellkultur- oder Tiermodelle gibt. 

Im Gegensatz zu den genannten früheren Daten zeigten die Untersuchungen von Rötelmäusen aus dem 

Frühling und Sommer 2019 in dieser Arbeit eine hohe Abundanz an Rötelmäusen und PUUV Prävalenz in 

Rötelmäusen, sowie eine hohe humane Inzidenz in manchen Endemiegebieten Deutschlands, 

wohingegen diese Werte in anderen Endemieregionen niedrig waren. Regionale und lokale 

Gesundheitsämter müssen über das heterogen verteilte Gesundheitsrisiko für die Bevölkerung informiert 

werden. 

Zum besseren Verständnis von Virus-Wirt-Interaktionen wurden in dieser Arbeit neue Zelllinien von Rötel- 

und Feldmäusen etabliert und auf ihre Suszeptibilität und Replikationsfähigkeit für verschiedene 

zoonotische und nicht-zoonotische Viren getestet. Der PUUV-Stamm Vranica/Hällnäs replizierte sehr 

effektiv in nur einer der neuen Rötelmauszelllinien der Niere, aber nicht in den anderen vier untersuchten 

Rötelmaus- und Feldmauszelllinien. Tula-Orthohantavirus (TULV) hingegen replizierte in Nierenzellen der 

Feldmaus, aber war in den anderen Zelllinien von Rötel- und Feldmaus stark eingeschränkt. Einige Viren, 

darunter Kuhpockenvirus, Vaccinia-Virus, Rifttal Fieber-Virus und Enzephalomyokarditis-Virus 1, zeigten 

in allen Zelllinien eine effektive Replikation, wohingegen sich West Nil-Virus, Usutu-Virus, Sindbis-Virus 

und Frühsommer-Meningoenzephalitis-Virus nur in einem Teil der Zelllinien vermehren ließen. Diese 

Ergebnisse lassen einen Spezies- und Gewebe-spezifischen Tropismus für viele der untersuchten Viren 

vermuten und zeigen, die Bedeutung der Wühlmaus-Zelllinien für zukünftige detaillierte Untersuchungen 

zu diesen Fragen. 

Mit Hilfe einer der neuen Rötelmauszelllinien, konnten die ersten deutschen PUUV-Isolate aus 

Rötelmäusen isoliert werden, die in der Hochendemieregion um Osnabrück gefangen worden sind. Mit 

Hilfe einer Target-Enrichment-vermittelten High-Throughput-Sequencing-Technologie wurden PUUV-

Komplettgenome für das zugrundeliegende Originalmaterial der Lunge, nach der Isolation und nach 

Passagieren in VeroE6-Zellen und Rötelmaus-Nierenzellen bestimmt und miteinander verglichen. Hier 
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wurden einzelne Aminosäureaustausche in der RdRP nach Anzucht bei beiden stabilen Isolaten 

beobachtet. Ein Isolat aus VeroE6-Zellen, zeigte nach weiteren Passagen auf Rötelmauszellen einen 

niedrigeren Titer als nach Passage auf VeroE6-Zellen. Außerdem wurden mit Hilfe von virusähnlichen 

Partikeln, basierend auf der Sequenz für den Glykoprotein-Vorläufer (GPC) eines deutschen PUUV-

Stammes aus der gleichen Region, monoklonale Antikörper hergestellt, die mit den neuen Isolaten 

reagierten. 

Zur Analyse des NSs-Proteins von PUUV und anderen Hantaviren wurde zunächst im Rahmen einer 

Feldstudie die Evolution von NSs- und N-kodierenden Sequenzen des PUUV aus Rötelmäusen untersucht 

und die NSs-Sequenzen durch in vitro-Studien auf ihren inhibitorischen Einfluss auf den IFN-β Promoter 

untersucht. Die Analyse von Blut- und Lungenproben von 851 in Baden-Württemberg und Nordrhein-

Westfalen in den Jahren 2010-2014 gefangenen Rötelmäusen,  zeigte 27.8% positive Rötelmäuse für 

PUUV-spezifische Antikörper und 22.3% positive Tiere für PUUV-RNA. In den Hantavirus-Ausbruchsjahren 

2010 und 2012 war die PUUV-Prävalenz in Rötelmäusen höher als 2011, 2013 und 2014. S-Segment-

Sequenzen von allen positiven Tieren zeigten Aminosäure- und DNA-Sequenztypen des NSs-offenen 

Leserahmens (ORF), die zeitlich und örtlich variierten, wohingegen der N-ORF hoch konserviert war. Ein 

Sequenztyp pro Fangort dominierte über die gesamte Beobachtungsperiode. Der NSs-ORF unterschied 

sich stark zwischen PUUV-Stämmen in den regionalen Rötelmauspopulationen im Ausbruchsjahr 2012. 

Mittels molekularbiologischer Analysen rekombinanter NSs-Proteine, wurden Expressionsprodukte von 

drei internen Initiationskodons im NSs identifiziert. Mittels Luziferase-Reporter-Assay wurde die Inhibition 

von IFN-I durch NSs-Proteine verschiedener Hantaviren bestimmt. PUUV, TULV, Prospect Hill- und 

Khabarovsk-Orthohantavirus NSs inhibierten die IFN-I-Induktion um bis zu 70%. Sin Nombre- und Andes-

Orthohantavirus-NSs Proteine zeigten dagegen einen geringeren Effekt im Vergleich zu den anderen NSs 

Proteinen. Die 20 N-terminalen Aminosäuren des PUUV-NSs-Proteins stellten sich als besonders wichtig 

für die Hemmung des IFN-I-Promoters heraus. 

Zusammenfassend sind die hier neu eingeführten Zelllinien, Antikörper, Reporter-Assays und PUUV-

Isolate wertvolle neue Werkzeuge für die zukünftige  Hantavirusforschung. Der Nachweis der Aktivität des 

NSs-Proteins von PUUV in humanen Zellen trägt zum Verständnis der Virus-Wirt-Interaktionen im Fehlwirt 

Mensch bei und unterstreicht die Notwendigkeit zukünftiger Studien in einem Rötelmaussystem. Die 

Surveillancestudien zeigten die Notwendigkeit der zeitnahen Weitergabe von Informationen zum 

potentiellen Infektionsrisiko der Bevölkerung in Endemiegebieten zur Einleitung geeigneter  

Gegenmaßnahmen. 
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