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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 

ǎŜƎƳŜƴǘ ƛƴŎƭǳŘŜǎ ŀƴ ƻǇŜƴ ǊŜŀŘƛƴƎ ŦǊŀƳŜ όhwCύ ŦƭŀƴƪŜŘ ōȅ ƴƻƴπŎƻŘƛƴƎ ǊŜƎƛƻƴǎ όb/wǎύ ŀǘ ǘƘŜ о  ŀƴŘ р  ŜƴŘǎ 

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, 20ς30% 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 ς20 °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. 

 

 

 

 

 

 



Introduction 

 
3 

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 ς 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 

ƘǳƳŀƴ ŎŜƭƭǎΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ ʲо ƛƴǘŜƎǊƛƴǎΣ ŘŜŎŀȅ-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 Ƴŀȅ ǳǎŜ ŘƛŦŦŜǊŜƴǘ ƛƴǘŜƎǊƛƴǎ ŦƻǊ ŜƴǘǊȅΥ ʰ±ʲо ŀǎ ǘƘŜ ǊŜŎŜǇǘƻǊ ŦƻǊ ǇŀǘƘƻƎŜƴƛŎ 

ǾƛǊǳǎŜǎΣ ŀƴŘ ʰрʲм ŦƻǊ ƴƻƴπǇŀǘƘƻƎŜƴƛŎ ǾƛǊǳǎŜǎ (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 

ǎƛƴƎƭŜ оΩ ǘŜǊƳinal 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)ςGolgi 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 

ƛƴ ǘƘŜ Ǿwb!Φ ¢ƘŜ ǇǇǇD ƛǎ ǘƘŜƴ ŎƭŜŀǾŜŘ ōȅ ǘƘŜ wŘwt ǘƻ ǇǊƻŘǳŎŜ ǘƘŜ ƳƻƴƻǇƘƻǎǇƻǊȅƭŀǘŜŘ р  ǘŜǊƳƛƴǳǎ ƻŦ ǘƘŜ 

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%ς40% 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% όYǊŀǳǘƪǊŅƳŜǊ Ŝǘ ŀƭΦΣ нлмоΤ [ŀǘǳǎ Ŝǘ ŀƭΦΣ нлмрΤ !ǾǑƛő-¿ǳǇŀƴŎ Ŝǘ 

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 5ς7 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 

рΩ-triphosphate ends of ssRNA and double stranded (ds) RNA with blunt ends ƻǊ рΩ-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 NFˁB activator binding kinase 1 (TBK-1) and 

I Bˁ-Kinase ʁ  (IKKʁ ), 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-ʲ ƛǎ ǘƘŜƴ ǎŜŎǊŜǘŜŘ ŦǊƻƳ ǘƘŜ ŎŜƭƭ ŀƴŘ ōƛƴŘǎ ǘƻ ƛts 

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

cells (Figure 4). Thus, TRAF3, TBK1, IKK ʁand 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-рύ ǊŜŎƻƎƴƛȊŜ ǳƴŎŀǇǇŜŘ ǎǎwb! рΩ-ǘǊƛǇƘƻǎǇƘŀǘŜǎκрΩ-overhang 
or blunt dsRNA ends and lead to activation of signaling through TNF receptor associated factor 3 (TRAF3). TRAF-
family member-ŀǎǎƻŎƛŀǘŜŘ bCˁ. ŀŎǘƛǾŀǘƻǊ ōƛƴŘƛƴƎ ƪƛƴŀǎŜ м ό¢.Yмύ ŀƴŘ Lˁ.-YƛƴŀǎŜ ʶ όLYYʶύ ǇƘƻǎǇƘƻǊȅƭŀǘŜ 
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 

2ς3 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 2ς3 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-ʲ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŀctivation 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 mechanismΣ ǳǎŜŘ ōȅ ƘŀƴǘŀǾƛǊǳǎŜǎΣ ƛǎ ǘƻ ŀǾƻƛŘ LCb ƛƴŘǳŎǘƛƻƴ ōȅ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜƛǊ рΩ 

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

the genome, ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƳƻƴƻǇƘƻǎǇƘƻǊȅƭŀǘŜŘ рΩ-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-ʲ 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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76ς118 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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