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Introduction

1.INTRODUCTION

1.1VIRION STRUCTURE AND GENOME ORGANIZAHBNTMIRUSES

Orthohantaviruses are members of the fantgantaviridaewithin the orderBunyaviralegTable 1) The

genome of these single-strand€ds)RNA viruses has negative polari§chmaljohn et al., 198%)nd

consists of the three segments small (S), medium (M) and large (L) (Figure 1). The viral RNA (VRNA) of each
aS3YySyid AyOftdzRRSa Fy 2Ly NBIFIRAYy3a FNIYS ohwCO Fftl
of each segment. The S segment encodesucleocapsid (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 RNA-dependent RNA polymerase (RARP). The very termini of the NCRs contain
nucleotide seqence repeats that form a panhandlie structure, which functions as the viral promoter

and is crucial for transcription and replicatifdussein et al., 2011; Vaheri et al., 2013b)

Table 1: Taxonomic classification tife order Bunyaviralesand viruses that have been used fetudies on
the nonstructural (NSs) protei(SourceiCTV, 202D

Phylum Negarnaviricota
Subphylum:Polyploviricotina

ClassEllioviricetes

Order. Bunyavirales Representative
Family  Arenaviridae
Cruliviridae
Fimoviridae
Hantaviridae GenusOrthohantavirus Andes, Puumla, Tula, Sin

Nombre, Prospect Hil] Seoul, Hantaan,
Khabarovsk, DobravBelgrade orthohantavirus
Leishbuviridae

Mypoviridae

Nairoviridae

Peribunyaviridae Bunyamwera orthobunyavirus, La Crosse
orthobunyavirus

Phasmaviridae

Phenuividae Rift Valley fever phlebovirus, Toscana phlebovirus

Severe fever with thrombocytopenia virus,
Heartland bandavirus
Tospoviridae

Wupedeviridae

In addition to encoding the N protein, the small segment of orthohantaviruses carried by rodents of the
family Cricetidae contains an additial ORF that is conserved among these viruses. This +1 overlapping
reading frame encodes the non-structural protein NSs, which was suggested as a putative interferon (IFN)

inhibitor (Jaaskelainen et al., 2008t is likely to have other functions as wéllirtanen et al., 2010;
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Ronnberg et al., 2012Yhe PUUV and TULV NSs ORF ranges from nucleotide position 83 to position 352
and is expressed as a protein of about 13kDa in (S&é&skelainen et al., 200 on-structural proteins
encoded by the small segent are common for bunyaviruses and are typically associated with IFN
antagonism(Hedil and Kormelink, 2016 he genome segments of hantaviruses are each encapsidated
by the N protein and packed within the virus particle (Figure 1). This virion is myysidomorphic and

its size ranges from 120 nm to 160 nm in diamdtdepojoki et al., 2012)The virion comprises a lipid
envelope which is covered with spikes protruding from the membrane envelépgskonen et al., 2010)
Four Gn and four Gc units forach spike, which has a unique four-fold symméthyiskonen et al., 2010;
Hepojoki et al., 2012)The overall composition of a virion is >50% proteig32% lipid, 7% carbohydrate
and 2% RNASchmaljohn et al., 1985]he virion is unexpectedly stabledacan survive outside the host

for more than 1215 days at room temperature, more than 18 days at +4 °C, and even week8 aC
(Kallio et al., 2006a)This is a key feature for hantavirus transmission to humans, whiahliike

transmission of other buyaviruses does not involve an arthropod vector.

VRNA
RdRP

N-protein
trimer

Gn and Gc
large Spike Complex
/\/
£
=
=

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

Hantaviruses are sal mammalborne pathogens that can cause a mild to severe disease in humans but
can also stay asymptomatic in many ca3éwy are usually associated with a single reservoir host and do
not cause obvious disease in their reservflrable 2. The most imprtant orthohantaviruses, pathogenic

for humans, and their hosts are sumnead in Table 2ZT'he main causative agent of hantavirus disease in
Europe, Puumala orthohantavirBUUV), was discovered in Finland in the 198Middasson and Le Duc,
1984) PUUV is transmitted by its reservoir, the bank v@iethrionomys glareolysand has a wide
distribution in Europe and As{&leyman et al., 2011PUUV disease outbreaks arsually synchronized
Germanywide, driven by beech magbhduced irruptions of its host population®hylogenetic analysis
separates PUUV into clades, depending on their geographic origin. In Germany, PUUV is only present in
the western, central and southefparts and belongs to the Central European (CE) clade of FRigWes
etal., 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 fonodgst others in insectivores like moles,
shrews, and in bats, but also in some rodent spefi&ng 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 occurrace 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 andsseal oscillationgKallio 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 K drders of magnitudéReil et al., 2017)As causes dhese
changes many hypotheses were developed including predators, food supply, landscape, climate, genetics,
pathogens or social behaviqdacob et al.,, 2014)Beech masts, for example, are critical for mass
reproduction of bank voles in central Europe dhdreby influence the prevalence of PUUV within bank
vole populationg(Reil et al., 2015)Similar processes were observed in the deer mau§én Nombre

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

Orthohantavirus Distribution  Host Zoonotic Disease Reference

species potential ~ Severity

Hantaan East Asia Striped field mouseApodemus yes ++ (Lee et al., 1978; Lee
orthohantavirus agrariug etal., 1983)

(HNTV)

Puumala Eurasia Bank voleClethrionomys glareoljis yes + (Niklasson and Le Duc
orthohantavirus 1984; Krautkramer et
(PUUV) al., 2013)

Tula Eurasia Common voleNlicrotus arvali§, Field  unknown (+) (Plyusnin et al., 1994;
orthohantavirus vole Microtus agrestip Schultze et al., 2002;
(TULV) Schmidt et al., 2016)
Dobrava Central, Striped field mouseApodemus yes ++ (Klempa et al., 2013;
Belgrade Eastern, agrariug, Yellownecked mouse Kruger et al., 2015)
orthohantavirus  Southern (Apodemus flavicolljsBlack seéield

(DOBV) Europe mouse Apodemus ponticys

Sin Nombre North Deer mouseReromyscus maniculatus yes +++ (Nichol et al., 1993;
orthohantavirus  America Vaheri et al., 2013b)
(SNV)

Andes South Longtailed pygmy rice rat yes +++ (Padula et al., 1998;
orthohantavirus America (Oligoryzomys longicaudatys Vabheri et al., 2013b)
(ANDV)

Seoul worldwide Black rat Rattus rattug, Norway rat yes ++ (Lee et al., 1982;
orthohantavirus (Rattus norvegicys Heyman et al., 2004)
(SEOV)

(+), rare- single patients; +pnild; ++, moderate; +++, seeer

1.3HANTAVIRUS 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
KdzYly OSftfad ¢KSAS -Acfe@fatumRictor (DAFaydithd @deptof farIhe fdbudar &
head domain of complement C1q (gC1l¢®vrilovskaya et al., 1999; Choi et al., 2008; Krautkramer and
Zeier, 2008; Albornoz et al., 201Recently it was reported, thatrpcadherinl (PCDH1is essential for

cell attachment and entry of New World hantavirusike Andes orthohantaviru®A(NDV) and SN\(Jangra

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

cell surface moleculeCifuentesMunoz et al., 2014)There is evidence indicating that pathogenic and
non-pathogenic hantaviruse§l @ dzaS RATFTFSNBY (G Ay GiSaINAya F2N Syl
GANHzZSAX YR hpi m F(@ackoy ang Gavitloliskagad 2DYRKeD bindingNdlasc&ll &
surface receptor, the invading hantavirus is taken up by the cell (Figupeea)ymably through clathrin

dependent endocytosiflin et al., 2002)increasing evidence suggests that hantaviruses use more than
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one pathway for cellular entry including macropinocytosis, clatmdependent receptor-mediated
endocytosis, caveolae or alesterol-dependent endocytosis, or additional routg®zach 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 cellularaceptor (Figure 2). This low pH 6% 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 meesi{@ifuentes
Munoz et al., 2014; Albornoz et al., 2018hevRNA 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 (mMRNAS) coding the viral proteins) and replication (vRNA for generation of new virions).
Both of these activities are dependent on the viral RdBpiropoulou, 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 negative-sense segmented
RNA viuses is a process called espatching. In the case of hantaviruses the viral N protein and the RARP
are involved in this process. They can bind the cap structures of host mMRNAs (preferably mRNAs for

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

The site of replication could be either cytoplasmic processing bodi®di@s) or the intermediate
compartment between endoplasmatic reticulum and the Golgi apparatus (ERGIC) where the N- or
RdRFoound 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 microtubulegRamanathan et al., 2007; Ramanathan andsson, 2008) In case of the
replication site residing in the-Bodies, an alternative to the viral RARP nuclease activity is that cellular
endonucleases generate the capped prim@br et al., 2008) The resulting capped RNA primer with its

& A y 3t Sinabglanit GNd¥sidue can pair with the complementary cytosin (C) residue at the AUC
repeatsof the VRNA terminugSpiropoulou, 2011; Reuter and Kriiger, 20B7primeand-realignprocess
successively adds missing bases and slips back until the vRNAaleepeats are newly formesarcin

et al., 1995)
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Figure 2: Hantavirus replication cycl&he virion attaches to a receptor, induces endocytosis and enters the
cell in clathrincoated vesicles. In the endosome, fusion between the viral and endosomal membranes is driven
by acidinduced conformation changes in the viral fusion protein. The viral ribonucleoproteins (RNPs) are
released and transcription might take place at the eiteelease; alternatively, the RNPs might be transported

to the Endoplasmic Reticulum (E&{lgi intermediate compartment for transcription and replication. The
nascent viruses are thought to bud into the@islgi. They are transported tioe plasma memiane 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 ttag de novowithout the need for capped primers and the cRNA is
encapsidated by the N protein, similarly to the vR{Spiropoulou, 2011)RNA synthesis also proceeds

via a prime-andealigh mechanism through initial binding of a triphosphorylated G (Pppp@ C residue

Ay GKS @wb! ® ¢KS LIJIID Aa GKSy Of SIF SR o6& (KS wRw
cRNAGarcin et al., 1995Yhe same mechanism is used to multiply VRNA using cRNA as a template. During

the course of VRNA synthesisetk 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 prai@piropoulou, 2011; Hepojoki et

al., 2012) For encapsidation of hantavirus vRNA, the N protthaought to form trimerg¢Kaukinen et al.,

2005; Reuter and Krtger, 201Mhe complementary NCRs in the VRNA form a panhdikédlstructure

that is unique for each hantavirus. It has been suggested that the trimeric N protein complex specifically
recognzes the panhandle structure to form an RNP complex with a single vVRNA sdtitussein et al.,

2011)
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The GPC encoded by the M segment is a polypeptide that is co-translationally cleaved by the cellular signal
peptidase complex. GPC is coordinated by sigmal sequences. The first one at thegkminus, targeting

the GPC to the lumen of theR. Asecondcleavage site, is located in the GPC and can be cleaved by a
cellular signal peptidase complex giving rise to the mature Gn and Gc glycop(bteptgokiet al., 2012;
CifuentesMunoz et al., 2014)When the spike complex, consisting of four Gn and four Gc molecules
(Hepojoki et al., 2009)s assembled and transported to the Golgi compartment, the cytoplasmic tails of
Gn and Gc interact with the newly foed RNP§Hepojoki et al., 2010; Wang et al., 201®)s still unclear

how the RARP 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 etimirthree different
VRNA-containing RNPs are packed inside each virion. It is possible that the Gn cytoplasmic tail, having
RNA-binding activityStrandin et al., 2011)guides the vVRNA segments, as shown for other segmented
negativesense RNA virusé®erasaki 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 exocyt@Riswe et al., 2008)Glycoproteins andudding
of ANDV, HTNV, and SNV have also been detected at the plasma membrane of(QiuezitesMunoz

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

1.4 HANTAVIRUS INFECTION IN HUMANS

1.4.1 Disease manifestation argpidemiology

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 aasetwo diseases: hemorrhagic fever with
renal syndrome (HFRS), which is primarily caused by Haotdarhantavirus (HTNV) and related viruses

in Asia, PUUV and DobraBalgradeorthohantavirus (DOBV) in Europe and Semntthohantavirus (SEOV),
which isdistributed worldwide; or hantavirusardigoulmonary syndrome (EPS), which is mainly caused

by SNV in North America, and ANDV in Latin America (Figuv@Reri et al., 2013b; Jiang et al., 2017)

Annually, more than 1000 individuals are diagnosed witlFRS and numbers are increagiMgheri et

al., 2013a)Early disease manifestations come withlike symptoms, head and abdominal pain, myalgia

and gastrointestinal symptoms and in severe cases, hypotension, acute shock, vascular leakage, and
kidney failure. Reported cadatality rates are up to 10% for HFRS and around¢@®% for KPS (Figure

3a, Krautkramer et al., 2013; Manigold and Vial, 20HBntavirus disease in Europe, caldsephropathia
epidemicaNE, caused by PUUV), normally shomly mild to moderate symptom@-aber et al., 2019)
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FHgure 3: Hantavirus transmission and diseaga) Infectious particles are trasmittdaly inhalation of rodent
excreta. Disease manifestations are Hantavirus pulmonary syndro@RSjHr hemorrhagic fever with renal
syndrome (HFRS) dependent on the virus involved (Adapted from Klingstrom et al(b2Bi@Yavirus disease
cases in Germarsince the introduction of the German Protection agamfgiction Act in 2001 until 29.08020
(Source: survstat.rki.de).

Hemorrhages and hypotension causing severe shock syndrome are rarely observed. Infection with DOBV
genotypes Dobrava and Sochi casult 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 thand% NJ dzi { NNYSNJ SG | f & -o1dzidk oyTO [SHiid
al., 2019)

In Germany, hantavirus infections are natifle since 2001 and more than 080 cases were reported
since then. Interestingly, outbréayears (with more than,%00 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 preventirgecine available for this
disease. The two syndromes HFRS atflS+share most aspects of disease, and the pathogenesis is rather
similar. However there are some differences in organ manifestations and, importamthgvierity of
disease outcome. Hantauis infectionin humans causes an excessive immune activation including
massive cytokine responses and activation of cytotoxic lymphocytes ((Sdke&nrich et al., 2008;
Bjorkstrom et al., 2011; Lindgren et al., 2011; Garcia et al., 2BafiEnts also siw increased infiltration

of immune cells into target orgarfkinderholm et al., 1993; Klingstrom et al., 2006b; Scholz et al., 2017,
Klingstrom et al., 2019)Together, these responses contribute to the pathological outcome during
infection, highlightingthe fact that hantavirusnduced pathogenesin humans is clearly drivehy

immunological factor¢Schonrich et al., 2008)
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1.4.2 Human innate immune response

Interactions ofhantaviruses andhe host immune sysim are of outstanding importance farourse 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 recdigmi by F and Bcells. 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 &/ days. In the early phase of infection, pathogens have to be deéththy the innate

immune response, which represents the more universal part of host def@hsgphy et al., 2008)

Viruses invading a host are detected early during infection mainly by pattern recognition receptors (PRRS)
on cells at the hospathogen inteface(Takeuchi and Akira, 2007; Kell and Gale, 20ARBRs interact with
conserved structural motifs, called pathogassociated molecular patterns (PAMPS), displayed by
infectious agents. They activate the innate immune response such as type | IFN &fNpro
inflammatory cytokines which impair virus replication and induce {@mn immune responses for
elimination of viral infectiongTakeuchi and Akira, 20073uch PRRs include sensors like retinoic acid
inducible gend (RIG) or melanoma differetiation antigen5 (MDAS). RI@ recognizes uncapped

p ©iphosphate endof ssRNA andouble strandedds) RNAwith blunt ends2 NJoyerang(Kell and

Gale, 2015)Activation of RIG initiates a signaling cascade througimor necrosis factorfNB receptor
associated factor 3 (TRAF3), TRa#&Rily memberassociated NFB activator binding kinase 1 (TBKand
I°B-Kinaset (IKK), leading to phosphorylation of traodption factors such as interferon regulatory
factor-3 or-7 (IRF3/-7). When phosphorylated, IRF-7 dimerizes and translocates to the nucleus, where

it initiates IFNI synthesigKell and Gale, 2015)FNi A a (G KSy aSONBGISR ®NRY
receptor initiating the IFN signaling pathway and thereby an antiviral state in infected and neighboring
cells (Figure 4). Thus, TRAF3, TBKE%,dKK IRF3 representimportant factorsfor activation of innate
antiviral IFN respons@Rang, 2010)

The anus 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). Itis activated
by IFN and causes expression of interferon skirad genes (ISGs), such as Myxovirus resistance (Mx)
genes or Protein kinase R (PKR), by translocatinfat®@ 3 into the nucleus. The human MxA protein
shows antiviral activity against different members of the ordgunyaviralesby recognizing and
segegating the RNP compldfrese et al., 1996)t was shown to inhibit hantavirus growth vitro
(Kanerva et al., 1996; Oelschlegel et al., 2007)
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transcription factors interferon regulatory fact8/-7 (IRF3/-7) which dimerize and translocate to the nucleus

for activation of IFN synthesis (lef(p) The JAK/STAT pathway recognizes cytokénes as interferon

sequestered from infected cells in neighboring egltsactivates the expression of intedarstimulated genes

(ISGs) by translocating 1€&&tor 3 into the nucleus (right).

Even though hantaviruses are relatively poor inducers of Jiduction of ISGs including the MxA protein
has been observed after hantavirus (TULV, HTNV) infeiifi@uset al., 2004) The induction of ISGs by
hantaviruses requires viral replication and was associated at least in part with activation-8f IRF
(Spiropoulou et al., 2007Most likely, not a single factor but multiple IFN induced antiviral components
are requred for efficient clearance of hantavirus infection and prevention of disease manifestations in
humans (Rang, 2010) There is also a clear difference between pathogenic and-padimogenic
hantaviruses when it comes to induction of an early IFN responsa-piithogenichantaviruses like
Prospect Hill orthohantavirud®HV)induce a robust IFN response early after onset of infection whereas

pathogenic ones (PUUV, SNV) do (8giropoulou et al., 2007; Rang, 2010; Spiropoulou, 2011)
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1.5 HANTAVIRUS INFECTION IN ROBESERVOER

1.5.1 Virushost adaptation

In small mammaleaservoirs, virudost interaction has been evolved during a long lasting\walution
scenario. In general, hantavirus infection is described as persistent in its reservoir hosts, meaning the virus
is present in host cells at low levels, maintagthe cgacity for replicatiorat some time pointVillarreal

et al., 2000; Voutilainen et al., 201%jowever, hantavirusmduced immune responses can have influence

on rodent reservoir hosts such as the hantavirus transmission between rodents and the fitirdesteid

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 §&aDiva et al., 1996)r

2¢3 weeks for PUUV, HTNV aBN\(Lee et al., 1981; Yanagihara et al., 1985; Botten et al., 2860y

during infection, mfectious virus can be detected and recovefeam different organs. The acute phase
usually ends after 3 weeks but viral shedding by saliva, urine, and fésdisen detectable throughout

the course of infection and seems to be persistime et al., 1981; Yanagihara et al., 1985; Kariwa et al.,
1996; Bernshtein et al., 1999; Voutilainen et al., 20BExXamination of tissues from infected rodents more

than oneyear after infection showed that only lungs (PUUV, HTNV, SEQV, and SNV), heart (SNV), or liver
(PUUV) exhibited signs of infectifiree et al., 1981; Yanagihara et al., 1985; Kariwa et al., 1996; Netski et
al., 1999; Botten et al., 2003; Voutilainen et &015) indicaing thatvirus RNAbositive tissues from the

acute phase can become negative during the persistent phase. High titers of hanspaaiic antibodies
circulating in the rodents can be detected lifelong and the antibody response to giretBin is broadly

used for diagnostics in reservoir rodents. Additionally, the envelope glycoproteins Gn and Gc are main
inducers of this protective humoral respongeifuentesMunoz et al., 2014)Animal studies have shown

that hantaviruses can persist 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 vegehosts(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 oweinter survival of an island population of bank valKallio

et al., 2007) There are also reports of histopathologic lesions in some of the natural hosts of ce@ah H

causing hantavirusggyubsky et al., 1996; Netski et al., 1999)

11
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1.5.2 Innate immunity in rodents

To date only little attention has been given to innatemunity 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 SE@&cted rats. SEOMfected femalerats showed higher
expression of Tolike receptor7 (TLR7), RIE, and IRF, than SEOihfected malegHannah et al., 2008)

This results in higher production of HFNvhich leads to an increased expression of ISGs. In particular, the
gene expression of cytoplasmic MsXuppressed in male rats during SEOV infection and may contribute
to increased virus shedding and viral RNA levels in lung tig¢les et al., 2001)Elevated pro
inflammatory cytokine levels are not systematically detected in hantavirus infected t&deansidering

nitric oxide (NO), laboratory mice that die after DOBWain Slovenipinoculation exhibit high levels of

nitrites, whereas no evidence of elevated NO is found in-Bfe¢ted deer mic€Klingstrom et al., 2006a)

In contrast to theactivation of an innate immune response in human endothelial cellaracterized by

the upregulation of IFNl | Y R & dztidatol af2S@UUKId not triggerthis response in primary
fibroblastoid cells of theeservoir hos{Stoltz et al., 2011)Thismay lead to the assumption that PRRs of
reservoir host cells either do not detethe VRNAs or are inhibited by a stithknown mechanism.
Additionally, dendritic cells (DCs) encountering viruses respond to different signals received through
several PRRghich then determine the quality of the-Gell response. In their rodent reservoir host, DCs
could be primed by hantaviresssociated PRRs to stimulate regulatorgells that can suppress virus
specific CTUKIlingstrom et al., 2019Y his would lead twiral persistence and at the same time preventing

virusinduced 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 IFNteys is a key feature for the virulence of most pathogenic
viruses(Haller et al., 2007; Randall and Goodbourn, 2008 exact mechanisms regulating replication

of hantaviruses are still not well understood. This is particularly true for natural rodeetweirs. RNA
viruses have evolved with multifunctional proteifReuter and Kriger, 2010r overlapping coding
strategies within other ORK3dayaraman et al., 2016} apsid proteins, as the hantaviral N protein, or the
glycoproteins have multiple functis. Glycoproteins exist in dynamic conformations that can switch
between two states, maintaining their respective biological functions. ANIPYbtein was reported to

inhibit IFN signaling by the cytoplasmic dsRNA sensorsd&IEGMDAS. This mechanism vedound to be

mediated bya single serine residue at position 386the N protein(Levine et al., 2010; Simons et al.,
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2019) It was also shown that ANEN/inhibits IFN signaling responses by interfering with-TBétivation,
upstream of IRB phosphorydtion (Cimica et al., 2014 here is also evidence, that human primary
endothelial cellsIFNI response including MxA expression is delayed in cells that are infected with
pathogenic hantaviruses in contrast to npmr lowpathogenic hantaviruseGeémonen et al., 2002;
Kraus et al., 2004)or PUUV this may be caused by an increased turnover ophx&in (Handke et al.,
2010) Moreover, hantaviruses cannot only downregulate PRiliated IFN production but also
interfere with IFN signaling by yehdefined mechanismpiropoulou et al., 2007; Stoltz and Klingstrom,
2010)

Anothercounter mechanisd dzi SR o0& KIy il gANHz2aSaz Aa (2 | @2AR
VRNA ends. This is caused by the viral RARP activity aaviesleff thefirst nucleotide atii K Sengof
thegenomeNB a dzf GAYy3I Ay | YeAd(@atdK & al.| IRIS:NHRKjah ¢t 8. Ragshere is

also evidence that the Gn cytoplasmic tail of TULVN@ad Yorkvirus (NYV)a SNV strairgan interfere

with RIGI-mediated signalingAlff et al., 2006; Matthys et al., 201Mlew world hantavirus Gn/Gc was

also reported to reduce Sendai virus induced-IRdtomoter-drivenreporter gene activitfLevine et al.,

2010)

Finally, one possible way of hantaviral imnmuneimeraction is the recently described non-structural
protein NSs. It was suggested that &seinsof PUUV and TULV function as a weak inhibitor of the IFN
response.For PUUV, two variants of therototype strain Sotkamo were plagueurified, of whichone

was found to have stop codon in the NSs Ofang et al., 2006However, these viruses have not been
analyzed ormpotential differences in their replication kinetics atgbir ability to overcome innate immune

responses.

1.7CELL CULTURESTEMS USED FOR HANTAVIRUSES

Hantaviruses replicate primarily in endothelial cells (ECs) of an infected patient and endothelial cell
cultures are therefore often useds in vitromodels for hantavirus infectioiTemonen 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 dan Digs
(Pensiero et al., 1992; Temonen et al., 1993; Raftery et al., 2086 cells are most commonly used

for virus production. Their high productivity is due to the lack of-llFikbduction caused by a huge
chromosomal deletion. In most of the cell lines infected, no obvious cytopathic effects caused by the
infection could be dtected. A major drawback for studying pathogenesis and replication of hantaviruses
is, that they ae 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 thaagiétion and propagation of HTNV strain

13
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76¢118 isolated fromApodemus agrarius coreagas describedn vitro (French et al., 1981)in the
following years several cell culture systems were established based on VeroH& aedgihara et al.,

1984; Pensiar et al., 1992; Temonen et al., 1993; Raftery et al., 20B&)pagation of hantaviruses is
mainly successful with highly cell culture adapted strains. This adaptation can lead to severe restrictions

for hantavirus infectivitfLundkvist et al., 199'Nemirov et al., 2003)

Rodentderived cell culture models, which reflect the unique vihaost adaptation, are still raréeEckerle

et al., 2014b) They can be beneficial in virus isolation, functional studies, and strategies counteracting
these pathogengDrewes et al., 2017bMainly primary bank vole cells were used for functional analysis
of PUUV so fafTemonen et al., 1993; Stoltz et al., 201@ne attempt to establish a bank vole derived
permanent cell line for PUUV studies was partly successfpbi{aneously immortalized kidney cell line

of a bank vole was susceptible for a variety of different viruses. However, when infected with PUUV strain
VranicdHallnas these cells could be infected but did not replicate and produce infectious(Easbaue

et al., 2011) A successful attempt to isolate Hokkaido virus (HOKY)JU\étrain, was recently possible
through the establishment of a kidney cell line from its host the greybatked vole Clethrionomys
rufocanus bedfordidethat also showed higteplicationcapacities foilother PUUVisolates 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 mafoeat for human health. So far, there is little
knowledge on hantavirubhost interaction in their natural reservoir andost currently availablén vitro

systems do not reflect characteristics of reservoir specific dingt interactions.Investigating lhe

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 condud PUUV surveillate studies in bank voles froBermanyfor the future development of
an early warning model

- toinvestigatethe spatially and temporally driven evolutionBUUV S segmeirt bank voles

- to characterize novel volderived cell linedor their susceptibitty and replication capacity for
PUUV TUL\and other viruses

- toisolateacentral European PUWrain

- to assess the function of the hantaviral NSs protein in the inhibition of the tEdponse in the

human system
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1 | INTRODUCTION

Hantaviruses are emerging pathogens that can cause human disease
worldwide (Krliger, Figueiredo, Song, & Klempa, 2015). Puumala
orthohantavirus (PUUYV) is the most relevant hantavirus in Europe:
It causes the majority of human hantavirus disease cases in Europe
and is distributed in several parts of the continent. The number of
human cases in Fennoscandia, Belgium, France and Germany oscil-
lates among outbreak and non-outbreak years (Ettinger et al., 2012;
Heyman, Ceianu, Christova, Tordo, & Vaheri, 2011; Olsson, Leirs,
& Henttonen, 2010; Reil, Imholt, Eccard, & Jacohb, 2015; Reil et al.,
2017). Human PUUY infections lead to a mild to moderate course
of symptoms called nephropathia epidemica (NE) characterized by
an acute onset of high fever, headache, myalgias, gastrointestinal
symptoms and thrombocytopenia (Latus et al.,, 2015). Later, renal
insufficiency or an acute renal failure may occur. Severe haemor-
rhagic fever with renal syndrome (HFRS) rarely appears in patients
with PUUV infection (Heyman, Vaheri, Lundkvist, & Av§i€-2upanc,
2009; Kriiger, Ulrich, & Hofmann, 2013; Latus et al., 2015; Vaheri et
al., 2013). The reservoir of PUUV is the bank vole (Myodes glareolus),
which is a forest rodent distributed in most parts of Eurcpe (Mitchell-
Jones et al., 1999). PUUV, as all hantaviruses that are pathogenic for
humans, is transmitted to humans by aerosols of dried rodent faeces
and urine or by biting via infectious saliva (Vaheri et al., 2013). Bank
vole population abundance fluctuates more or less regularly across
Europe (Jacob & Tkadlec, 2010) but the degree of regularity may
vary depending on region and time. In temperate Europe, population
peaks are driven by food supply available through tree seed mast
in beech (Fagus spec.) and other forest trees (Clement et al., 2009).
This provides ample food over winter resulting in early reproduction
(Eccard & Yldnen, 2001) and population irruption in the following
year (Reil et al., 2015).

In Germany, human NE cases are mainly restricted to the south-
ern and western parts of the country (Drewes, Ali, et al., 2017)
(Figure 1). This heterogeneous distribution of PUUV has been ex-
plained by postglacial recolonization of Central and Western Europe
by the Western evolutionary lineage of the bank vole (Drewes, Alj,
et al., 2017). There is considerable fluctuation in human hantavirus
disease cases in Germany with outbreaks in the years 2007, 2010,
2012 and 2017. Outbreaks are usually spatially synchronized among
endemic regions of Germany (Ettinger et al., 2012) (Figure 1). Human
PUUYV prevalence can be high in any endemic region but more peo-
ple seem to be affected in the south. The variation in human PUUV
prevalence in endemic regions of western Germany may be due to
regional differences in forest structure (Magnusson et al., 2015;
Voutilainen et al., 2012). This region exhibits the highest degree of
landscape fragmentation in Germany (Walz, Krliger, & Schumacher,
2011), a more continuous forest cover in the south can increase
human PUUYV incidence (Drewes, Turni, et al., 2017).

The ohjective of this study was te find out putative early predic-
tors of a hantavirus outbreak year in Germany and to prove if these
parameters and the human incidence data in 2019 indicate a homog-

enous outhreak pattern.

2 | MATERIAL AND METHODS

Regular bank vole monitoring was conducted in several German
federal states (Figure 2) following a standard snap trapping protocol
{Drewes, Schmidt, Jacob, Imholt, & Ulrich, 2016). Trapped bank voles
were stored frozen at -20°C until dissection. Data are reported as
individuals per 100 trap nights (TN) to adjust for variation in trap
success. Sites were selected because they are situated in or close
to known endemic regions (see Drewes, Turni, et al., 2017; Ettinger
et al., 2012; Faber et al., 2013; Reil et al., 2017; Weber de Melo et
al., 2015).

To determine the PUUYV infection rate in bank voles, lung tissue
was sampled from 249 of the 375 bank voles trapped. A pin head-
sized piece was minced, RNA isolated and tested by conventional
standard RT-PCR targeting the small (S) segment (Drewes, Ali, et al.,
2017). RT-PCR products were sequenced for PUUV detection by
dideoxy-chain termination method using BigDye Terminator v1.1 Kit
(Applied Biosystems, Darmstadt, Germany).

Beech fructification intensity was estimated between July and
August 2018 as the percentage of fruiting beech trees older than
49 years, classified in absent, scarce, common and abundant fruc-
tification. Beech fructification is assessed annually by State Forest
Authorities and reported as a mean value for each Federal State (Reil
et al., 2015).

Human PUUY incidence was retrieved from SurvStat@RKI 2.0,
https://survstat.rki.de and is reported as cases per 100,000 in-
habitants (data status 30.08.2019). These data are reported to the
national register irrespective of the hantavirus species. The vast
majority of human hantavirus infections in Germany is caused by
PUUYV, whereas Dobrava-Belgrade virus (DOBYV, genotype Kurkino)
infections are largely restricted to the east of Germany where
the reservoir species, the striped field mouse (Apodemus agrarius)
is present (Faber et al, 2019; Hofmann et al,, 2014; Kriiger et al,,
2013). Therefore, we use the reported incidence data as a proxy
for human infection with PUUV and use the term ‘PUUYV infection’
throughout, since our analysed data come from the southern and
western part of Germany rather than the eastern part where DOBV
mostly occur.

To test for differences between human PUUYV incidence pat-
terns in 2019 and the mean pattern of previous outbreak years, we
conducted a multiple linear regression analysis with incidence as
the dependent variable and the respective week and year (2019 vs.

mean outhreak) as well as their interaction as explanatory variables.

FIGURE 1 Spatial distribution of cumulative incidence classes of notified human hantavirus disease cases per district per 100,000
inhabitants for the years 2001-2018. The number of districts per class is stated in parentheses. Map and data retrieved on 30th August

2019, Robert Koch-Institute, SurvStat@RKI 2.0, https://survstat.rki.de
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Non-significant interaction terms indicated no difference in the

slope between 2019 and outbreak years.

3 | RESULTS AND DISCUSSION

Beech fructification intensity (Table 1) varied in 2018 from 18%
to 65% indicating medium to abundantly fruiting trees. Beech
mast has been reported to be highly synchronous but may differ
regionally in some years (Reil et al., 2015). Bank vole abundance in
spring 2019 varied strongly between regions (Table 1). Particularly
high abundance was recorded in districts Steinfurt (north-west)
and Géppingen (south) but elsewhere abundance was low (central)
to moderate (regionally in the north-west) and was highly variable
between regions and plots (Table 1).

Puumala orthohantavirus RNA detection rate generally fol-
lowed beech mast intensity with high values in the south, regionally

FIGURE 2 Regionsin the north-west,
centre and south of Germany, where vole
abundance was recorded, samples for
PUUV RNA detection were collected and
matching information for human incidence
was available. Map origin: Federal Agency
for Cartography and Geodesy. Federal
States: LS, Lower Saxony; NW, North
Rhine-Westphalia; TH, Thuringia: BW,
Baden-Wuerttemberg. Districts: OSN,
Osnabriick; STE, Steinfurt; COE, Coesfeld;
BOR, Borken; WAK, Wartburgkreis; UHE,
Unstrut-Hainich-Kreis; GOP, Géppingen;
STU, Stuttgart

high-moderate values in the north-west and no evidence for PUUV
RNA in bank voles from the central region but data were scarce for
the latter. This pattern was roughly mirrored by human PUUV inci-
dence (cumulative incidence of calendar weeks 1-33in 2019) in these
regions (Table 1). For comparison, incidence data for PUUV outbreak
years (2007, 2010, 2012 and 2017) and intermittent non-outbreak
years (2011, 2013-2016, 2018) are presented in Table 1.

Beech fructification in 2018 in the north-west and south was
mainly at levels that can trigger bank vole population irruptions (Reil
et al., 2015). This was well reflected in several locations where high
bank vole abundance was recorded in spring 2019 but not every-
where. Especially in parts of the north-west, bank vole abundance
was not particularly high. The high abundance values were in the
range found during PUUV outbreaks in Germany in previous years
(Reil et al., 2015). The regional and local differences in abundance
might be explained by heterogeneous beech fructification and lit-
tle beech fructification in the central region but there is no regional
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TABLE 1 Beech fructification per region, bank vole trap success (individuals per 100 trap nights) per plot in spring 2019, PUUV RNA detection rate in bank voles in spring 2019 and human

PUUYV incidence in 2019 and in PUUV outbreak (2007, 2010, 2012, 2017) and non-outbreak years (2011, 2013-16, 2018) (cumulative for calendar weeks 1-33). Incidence values are values

per district (2019) or means of districts across outbreak and non-outbreak years. Variance: standard deviation

Human PUUYV incidence

PUUV RNA

Non-outbreak
{years, districts)
1024 000651
1.7 + 1.4 (6, 1)
1.9+ 1.2(6,2)
1.4+ 1.9(6,2)
3.2+4.8(6,1)
212276, 1)

Outbreak

Bank vole trap Detection rate (plots,

success (plots)

Beech fructification

2018

{years, districts)

2019 (districts)

total number of voles)

District

Region

12.2+1.3(4,1)

14.2 (1)

63+ 13% (5, 75)
18 +19% (3, 24)
18 +23% (9, 80)

0.0(1, 11)
57%(1,7)

5.3 +3.1(8)

OSN 48%

STiE

North-west

3.0+22(4,1)

4.2+09 (4,2)

8.9 +£5.2(4,2)
31.2+14.2{4,1)

47 (1)
2.8-4.9 (2)

15.4 +14.8 (3)
7.6 +4.57 (9)
2.5+ 4.0(15)

70 (1)*

ca. 45%
ca. 45%

18%

COE/BOR

0-4.1(2)

WAK/UHE
GOP
STU

Central
South

17.9 (1)
15.2 (1)

ca. 65%
ca. 65%

15.6 + 10.9 (4, 1)

63% (1, 52)

2.9:11)%

Districts: OSN, Osnabriick; STE, Steinfurt; COE, Coesfeld; BOR, Borken; WAK, Wartburgkreis; UHE, Unstrut-Hainich-Kreis; GOP, Géppingen; STU, Stuttgart.

*Trapping in GOP and STU did not follow the protocol of Drewes et al. (2016).
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information available for beech mast intensity (Table 1; Lower
Saxony Ministry of Food, Agriculture, & Consumer Protection, 2018;
Thuringian Ministry for Infrastructure & Agriculture, 2018). Despite
the overwhelming effect of heech mast on bank vole population dy-
namics, it is possible that other factors such as local interaction in
the food web or diseases have caused heterogeneous abundance of
bank voles.

Puumala orthohantavirus RNA detection rate in the bank vole
varied considerably with a peak at about 60% in the south and parts
of the north-west, almost reaching values observed during previous
PUUYV outhreaks. For instance, PUUV RNA detection rate in district
Osnabrtick in spring of previous outhreak years was 86% (2010) and
75% (2012) (Weber de Melo et al., 2015). However, in other regions
in the north-west and in central Germany PUUV RNA detection rate
was low and did not reach prevalence values reported for previous
outhreaks of PUUV in Germany (Reil et al., 2017). Although the re-
lationship between abundance and RNA detection rate/seroprev-
alence varies seasonally and demographically (Reil et al., 2017), it
is highly likely that some combinatien of bank vele abundance and
RNA detection rate is an important risk factor for human PUUV
infection. The snap-shot data from a limited selection of districts
makes it difficult to draw firm conclusions in this regard, but earlier
reports support this assumption (Drewes, Turni, et al., 2017).

A pattern similar to PUUV RNA detection rate in voles was found
for the cumulative human PUUYV incidence up to calendar week 33
(mid-August 2019). For some districts in the north-west and in the
south, it reached or even exceeded values known from former out-
breaks. However, PUUV incidence until mid-August 2019 in other
districts in the north-west and in the central region was lower than
the mean in outbreak years. In fact, only the curves for human PUUV
incidence in Stuttgart (p = .937) and Osnabriick (p =.201) were similar
to the mean outbreak curves (Figure 3), while this was not the case
in all other districts (p < .001) indicating a typical outbreak situation
in 2019 in two districts only. In Borken and Steinfurt, the curves for
2019 were different from the mean outbreak curve because the val-
ues in 2019 in these districts were higher than in the mean outhreak
scenario. In all other districts, weekly cumulative PUUV incidence
values until the mid-August 2019 were in between PUUYV incidences
of outhreak and non-outhreak years. These observations indicate a
heterogeneous situation in 2019 in Germany and possibly the neigh-
bouring countries in the west and south where PUUV occurs.

Temporal trends of cumulative human PUUY incidence appeared
mostly consistent. In comparison to outhreak years, the temporal
trends until mid-August 2019 show similar patterns of asteady increase
with an initial flat rise and a steeper rise from spring on (Figure 3). This
seems to be a promising feature for the development of district scale
prediction of human risk based on PUUV incidence early in the year.

The lack of synchrony within and among regions contrasts earlier
findings (Ettinger et al., 2012) and may he a new pattern. However, a
similar phenomenon can occur at larger spatial scale: in 2005, a small
outhreak was reported that seemingly affected only the western
part of Germany and neighbouring countries (Mailles et al., 2005).

Physicians and public health institutions should be aware of the
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FIGURE 3 Weekly cumulative hantavirus incidence from 1st January until 18th August per district for 2019 (black line/dots), mean
values for outbreak years (2007, 2010, 2012, 2017 - medium grey line/dots) and non-outbreak years (2011, 2013-2016, 2018 - dotted black
line/dots). Data retrieved on 30th August 2019, Robert Koch-Institute, SurvStat@RKI 2.0, https://survstat.rki.de. 95% confidence intervals
for the cumulative incidence of human infections in outbreak and non-outbreak years are given as error bars in the corresponding line colour

potential scenario of more localized outbreaks. The abundance of
PUUV-infected bank voles is a major risk factor for human infection
(Reil et al., 2015; Vanwambeke et al., 2019). It therefore seems rea-
sonable to use information about vole abundance and PUUV prev-
alence in addition to data of human infections to assess human risk.
Robust predictive models can aid such an approach but so far are

only available at country (Tersago et al., 2009) or district scale (Reil

et al., 2018), and the pathogen transmission system is still complex
(Vanwambeke et al., 2019).

Physicians should consider hantavirus disease as differential di-
agnosis in patients to avoid false diagnoses, especially in risk groups
that are prone to contract diseases with similar symptoms such as
leptospirosis. Public health institutions can provide information on

prevention of rodent infestations and other actions to minimize
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hantavirus infections focusing on regions with higher risk for infec-
tions. Future investigations should evaluate the reasons for the lack
of synchrony of outhreaks. This could include modelling population
abundance of bank voles hased on interactions with food, predators
and landscape factors. Future studies might explore the effect of the
ongoing drought in Central Europe on tree mast synchrony as well as

the subsequent effects on spatial and temporal bank vole dynamics.

ACKNOWLEDGEMENTS

We thank Maya Braun, Hendrik Ennen, Philipp Harpering, Kyra
Jacoblinnert, Engelbert Kampling, Jennifer Krieg, Philipp Koch and
Sénke Rohrs for assistance in rodent trapping, Dérte Kaufmann,
René Ryll, Elisa Heuser and Kim Usko for organ sampling and
Gerhard Bojara for continuous support. We thank Nicole Reimer for
creating Figure 2.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

ETHICAL APPROVAL
The authors confirm that the ethical policies of the journal, as noted on
the journal's author guidelines page, have been adhered to. All relevant

guidelines for the use of animals in scientific studies were followed.

ORCID

Christian Imholt "=/ https://orcid.org/0000-0002-7504-9509
https://orcid.org/0000-0002-7400-2409
https://orcid.org/0000-0002-5136-6606
Rainer G. Ulrich https://orcid.org/0000-0002-5620-1528

Franz J. Conraths
Jens Jacob

REFERENCES

Clement, J., Vercauteren, J., Verstraeten, W. W., Ducoffre, G., Barrios,
J. M., Vandamme, A. M,, ... Van Ranst, M. (2009). Relating increas-
ing hantavirus incidences to the changing climate: The mast con-
nection. infernational Journal of Health Geographics, 8, 1. https://doi.
org/10.1186/1476-072X-8-1

Drewes, S., All, H. S., Saxenhofer, M., Rosenfeld, U. M., Binder, F.,
Cuypers, F,, ... Ulrich, R. G. (2017). Host-associated absence of human
Puumala Virus infections in northern and eastern Germany. Emerging
Infectious Diseases, 23(1), 83-86. https://doi.org/10.3201/eid23
01.160224

Drewes, S., Schmidt, S., Jacob, J., Imholt, C., & Ulrich, R. G. {2016).
APHAEA/EWDA Species card: Voles and Mouses. Retrieved from
http://www.aphaea.org/cards/species.

Drewes, S., Turni, H., Rosenfeld, U. M., Obiegala, A., Strakova, P, Imholt,
C., ... Ulrich, R. G. (2017). Reservoir-driven heterogeneous distribu-
tion of recorded human Puumala virus cases in South-West Germany.
Zoonoses and Public Health, 64(5), 381-390. https://doi.org/10.1111/
zph.12319

Eccard, J. A, & Ylénen, H. (2001). Initiation of breeding after winter in
bank voles: Effects of food and population density. Canadian Journal of
Zoology, 79, 1743-1753. https:/doi.org/10.1139/201-133

Ettinger, J., Hofmann, J., Enders, M., Tewald, F., Oehme, R. M., Rosenfeld,
U. M,, ... Kriiger, D. H. {2012). Multiple synchronous outbreaks of
Puumala virus, Germany, 2010. Emerging Infectious Diseases, 18(9),
1461-1464. https://doi.org/10.3201/eid1809.111447

Faber, M., Kriiger, D. H., Auste, B., Stark, K., Hofmann, J., &Weiss, S.(2019).
Molecular and epidemiological characteristics of human Puumala

igrcns-bc,ndar, and Emé

and Dobrava-Belgrade hantavirus infections, Germany, 2001 to
2017. Eurosurveillance, 24(32), 1-11. https://doi.org/10.2807/1560-
7917.E5.2019.24.32.1800675

Faber, M., Wollny, T., Schlegel, M., Wanka, K. M., Thiel, J., Frank, C.,
... Stark, K. {2013). Puumala virus outbreak in Western Thuringia,
Germany, 2010: Epidemiology and strain identification. Zoonoses and
Public Health, 60(8), 549-554. https://doi.org/10.1111/2zph.12037

Heyman, P., Ceianu, C. S., Christova, I., Tordo, N., Beersma, M., Jodo
Alves, M., ... Vaheri, A. (2011). A five-year perspective on the sit-
uation of haemorrhagic fever with renal syndrome and status of
the hantavirus reservoirs in Europe, 2005-2010. Euro Surveillance,
16(36), pii=19961. https://doi.org/10.2807/e5e.16.36.19961-en

Heyman, P, Vaheri, A, Lundkvist, A., & Aviic-Zupanc, T. (2009).
Hantavirus infections in Europe: From virus carriers to a major pub-
lic-health problem. Expert Review of Anti-infective Therapy, 7(2), 205~
217. https://doi.org/10.1586/14787210.7.2.205

Hofmann, J., Meier, M., Enders, M., Fiihrer, A., Ettinger, J., Klempa, B.,
... Kriiger, D. H. (2014). Hantavirus disease in Germany due to in-
fection with Dobrava-Belgrade virus genotype Kurkino. Clinical
Microbiology and Infection, 20(10), 0648-0655. https://doi.
org/10.1111/1469-0691.12543

Jacob, J., & Tkadlec, E. (2010). Rodent outbreaks in Europe: Dynamics
and damage. In G. R. Singleton, S. R. Belmain, P. R. Brown, & B. Hardy
(Eds.), Rodent outbreaks: Ecology and impacts {pp. 207-223). Los
Barios (Philippines): International Rice Research Institute.

Kriiger, D. H., Figueiredo, L. T., Song, J. W., & Klempa, B. (2015).
Hantaviruses-globally emerging pathogens. Journal of Clinical
Virology, 64, 128-136. https://doi.org/10.1016/}.jcv.2014.08.033

Kriiger, D. H., Ulrich, R. G., & Hofmann, J. (2013). Hantaviruses as zoo-
notic pathogens in Germany. Deutsches Arzteblatt International,
110(27-28), 461-467. https://doi.org/10.3238/arztebl.2013.0461

Latus, J., Schwab, M., Tacconelli, E., Pieper, F. M., Wegener, D., Dippon, J.,
... Braun, N. (2015). Clinical course and long-term outcome of hantavi-
rus-associated nephropathia epidemica, Germany. Emerging Infectious
Diseases, 21(1), 76-83. https://doi.org/10.3201/eid2101.140861

Lower Saxony Ministry of Food, Agriculture and Consumer Protection
{2018). Forest condition report 2018. Retrieved from https://www.
ml.niedersachsen.de/startseite/themen/wald_holz_jagd/wald_und_
forstwirtschaft/zustand-des-niedersaechsischen-waldes-walds
chaeden-und-risiken-5181.html.

Magnusson, M., Ecke, F., Khalil, H., Olsson, G., Evander, M., Niklasson, B.,
& Hornfeldt, B. (2015). Spatial and temporal variation of hantavirus
bank vole infection in managed forest landscapes. Ecosphere, 6(9),
art163. https://doi.org/10.1890/Es15-00039.1

Mailles, A., Sin, M. A., Ducoffre, G., Heyman, P., Koch, J., & Zeller, H.
(2005). Larger than usual increase in cases of hantavirus infections
in Belgium, France and Germany, June 2005. Eurosurveillance, 10(7),
E050721.050724. https://doi.org/10.2807/esw.10.29.02754-en

Mitchell-Jones, A., Amori, G., Bogdanowicz, W., Kryitufek, B., Reijnders,
P, Spitzenberger, F., ... Zima, J. (1999). The atlas of European mammals.
London: Academic Press T & AD Poyser Ltd.

Olsson, G. E., Leirs, H., & Henttonen, H. (2010). Hantaviruses and
their hosts in Europe: Reservoirs here and there, but not every-
where? Vector Borne Zoonotic Diseases, 10(6), 549-561. https://doi.
org/10.1089/vbz.2009.0138

Reil, D., Binder, F., Freise, J., Imholt, C., Beyrer, K., Jacob, J., Ulrich, R.
G. (2018). Hantaviren in Deutschland: Aktuelle Erkenntnisse zu Erreger,
Reservoir, Verbreitung und Prognosemodellen. Berliner und Miinchener
Tierarztliche Wochenschrift, [online first - open access: https://vetli
ne.de/index.cfm?cxml:id=2806 &q=hantaviren+in+deutschland].
https://doi.org/10.2376/0005-9366-18003

Reil, D., Imholt, C., Eccard, J. A., & Jacob, J. (2015). Beech fructification
and bank vole population dynamics-combined analyses of promot-
ers of human Puumala virus infections in Germany. PLoS ONE, 10(7),
e0134124. https://doi.org/10.1371/journal.pone.0134124



Publications

BINDERET AL.

Reil, D., Rosenfeld, U. M., Imholt, C., Schmidt, S., Ulrich, R. G., Eccard,
J. A, & Jacab, J. (2017). Puumala hantavirus infections in bank vole
populations: Host and virus dynamics in Central Europe. BioMed
Central Ecology, 17(1), 9. https://doi.org/10.1186/512898-017-0118-z

Tersago, K., Verhagen, R., Servais, A., Heyman, P., Ducoffre, G., & Leirs,
H. (2009). Hantavirus disease (nephropathia epidemica) in Belgium:
Effects of tree seed production and climate. Epidemiology and
Infection, 137(2), 250-256. https://doi.org/10.1017/5095026880
8000940

Thuringian Ministry for Infrastructure and Agriculture (2018). Forest con-
dition report 2018. Retrieved from https://www.thueringen.de/de/
publikationen/pic/pubdownload1791.pdf.

Vaheri, A., Strandin, T., Hepojoki, J., Sironen, T., Henttonen, H., Makela,
S., & Mustonen, J. (2013). Uncovering the mysteries of hantavirus
infections. Nature Reviews Microbiology, 11(8), 539-550. https://doi.
org/10.1038/nrmicro3066

Vanwambeke, S. O., Zeimes, C. B., Drewes, S., Ulrich, R. G., Reil, D.,
& Jacob, J. (2019). Spatial dynamics of a zoonotic orthohantavi-
rus disease through heterogenous data on rodents, rodent infec-
tions, and human disease. Scientific Reports, 9(1), 2329. https://doi.
org/10.1038/s41598-019-38802-5

Voutilainen, L., Savola, S., Kallio, E. R., Laakkonen, J., Vaheri, A., Vapalahti,
0., & Henttonen, H. {2012). Environmental change and disease dy-
namics: Effects of intensive forest management on Puumala hantavi-
rus infection in boreal bank vole populations. PLoS ONE, 7(6), 39452.
https://doi.org/10.1371/journal.pone.0 039452

Walz, U., Kriiger, T., & Schumacher, U. {2011). Landschaftszerschneidung und
Waldfragmentierung-Neue Indikatoren des IOR-Monitors. In G. Meinel,
& U. Schumacher (Eds.), Fidchennutzungsmonitoring Iif, Erhebung - Analyse
- Bewertung, IOR Schriften, Vol. 58 (pp. 163-170). Berlin: Rhombos.

Weber de Melo, V., Sheikh Ali, H., Freise, J., Kihnert, D., Essbauer, S.,
Mertens, M,, ... Heckel, G. (2015). Spatiotemporal dynamics of Puumala
hantavirus associated with its rodent host, Myodes glareolus. Evolutionary
Applications, 8(6), 545-559. https:#doi.org/10.1111/eva.12263

How to cite this article: Binder F, Drewes S, Imholt C, et al.
Heterogeneous Puumala orthohantavirus situation in
endemic regions in Germany in summer 2019. Transhound
Emerg Dis. 2019;00:1-8. https://doi.org/10.1111/thed.13408

23



24

Publications

(1) SPATIAL AND TEMPORAL EVOLUTIONARY PATTERNS IN PUUMALA
ORTHOHANTAVIRUS (PUUV) S SEGMENT

Binder, F, Ryll, R., Drewes, S., Jagdmann, S., Reil,D., Hiltbrunner, M., Rosenfeld, U.M., Imholt, C., Jacob,
J., Heckel, G., Ulrich, R.G.

Pathogens Hantavirus Speal Issue
Volume 9548
Juy 2020

DOl 10.3390/pathogens9070548



Publications

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

35

36
37
38
39
40
41
42
43
44
45
46

n pathogens ﬁ“\"w

Research Article
Spatial and Temporal Evolutionary Patterns in
Puumala Orthohantavirus (PUUV) S segment

Florian Binder?, René Ryll'4, Stephan Drewes!, Sandra Jagdmann'5, Daniela Reil26, Melanie
Hiltbrunner3, Ulrike M. Rosenfeld?, Christian Imholt? Jens Jacob? Gerald Heckel? and Rainer G.
Ulrich'*

! Friedrich-Loeffler-Institut, Federal Research Institute for Animal Health, Institute of Novel and Emerging
Infectious Diseases, 17493 Greifswald - Insel Riems, Germany

2 Julius Kiithn-Institut, Federal Research Centre for Cultivated Plants, Institute for Plant Protection in
Horticulture and Forest, Vertebrate Research, 48161 Miinster, Germany

3 University of Bern, Institute of Ecology and Evolution, 3012 Bern, Switzerland

* Current address: Cheplapharm Arzneimittel-GmbH, 17489 Greifswald, Germany

3 Current address: Institute for Medical Immunology, Charité-Universitdtsmedizin Berlin, Corporate member
of Freie Universitét Berlin, Humboldt-Universitat zu Berlin, Berlin Institute of Health, 13353 Berlin, Germany
¢ Current address: Institute of Biochemistry and Biology, Animal Ecology, University of Potsdam, 14469
Potsdam, Germany

*Correspondence: rainer.ulrich@fli.de; Tel.: +49 38351 7-1159

Received: date; Accepted: date; Published: date

Abstract: The S segment of bank vole (Clethrionomys glareolus) associated Puumala orthohantavirus
(PUUV) contains two overlapping open reading frames coding for the nucleocapsid (N) and a non-
structural (NSs) protein. To identify the influence of bank vole population dynamics on PUUV S
segment sequence evolution and test for spillover infections in sympatric rodent species, during
2010-2014 883 bank voles, 357 yellow-necked mice (Apodemus flavicollis), 62 wood mice (A.
sylvaticus), 149 common voles (Microtus arvalis) and eight field voles (M. agrestis) were collected in
Baden-Wuerttemberg and North Rhine-Westphalia, Germany. In total 27.9% and 22.3% of bank
voles were positive for PUUV-reactive antibodies and PUUV-specific RNA, respectively. One of
eight field voles was PUUV RNA-positive indicating a spillover infection, but none of the other
species showed evidence of PUUV infection. Phylogenetic and isolation by distance analyses
demonstrated a spatial clustering of PUUV S segment sequences. In the hantavirus outbreak years
2010 and 2012, PUUV RNA prevalence was higher in our study regions compared to non-outbreak
years 2011, 2013 and 2014. NSs amino acid and nucleotide sequence types showed temporal and/or
local variation, whereas the N protein was highly conserved in the NSs overlapping region and, to
a lower rate, in the N alone coding part.

Keywords: hantavirus; bank vole; evolution; N protein; NSs protein; S segment

1. Introduction

The family Hantaviridae, order Bunyavirales, comprises rodent, insectivore and bat-borne viruses.
The enveloped virion of about 80-120 nm in diameter contains three genome segments of single-
stranded RNA with negative polarity [1]. The large (L) segment encodes the RNA dependent RNA
polymerase (RARP). The medium (M) segment encodes the glycoprotein precursor that is co-
translationally processed and cleaved into the two glycoproteins Gn and Gc. The small (S) segment
encodes the nucleocapsid (N) protein, which is the most abundant hantaviral protein. The N protein
is involved in multiple processes during the replication cycle and is highly immunogenic and
therefore used as an antigen in serodiagnostics [2]. In addition, the S segment of Puumala
orthohantavirus (PUUV) and other vole-associated hantaviruses encodes in a second, overlapping
open reading frame (ORF) a non-structural (NSs) protein. This NSs protein was shown to be
functional and involved in suppression of interferon production and related mechanisms for antiviral
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