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The Schmallenberg virus (SBV), a novel, insect-transmitted Orthobunyavirus of the Simbu
serogroup, emerged in autumn 2011 in Northern Germany, the Netherlands, and Belgium
and rapidly spread across the domestic ruminant and wildlife population in Europe
(HOFFMANN et al., 2012; CONRATHS et al., 2013). In adult ruminants, the acute SBV
infection proceeds subclinically or may be associated with mild, transient signs such as fever,
diarrhea, and reduced milk yield (MUSKENS et al., 2012; AFONSO et al., 2014). SBV infection
in pregnant ruminants results in abortion, mummification, still birth, or birth of weak fullterm fetuses displaying skeletal deformities and/or malformations as well as inflammatory
lesions in the central nervous system (CNS; GARIGLIANY et al., 2012b; HERDER et al., 2012;
VAN DEN BROM et al., 2012; STEINRIGL et al., 2014). Similar changes were described after
the infection of ruminants with related primary neurotropic Orthobunyaviruses such as
Akabane virus (AKAV), Aino virus (AINV), and Cache Valley virus (CVV) pointing to
comparable pathomechanisms of these arthropod-borne viruses (KONNO et al., 1982;
TSUDA et al., 2004; HERDER et al., 2012; RODRIGUES HOFFMANN et al., 2012).
At the beginning of the SBV epidemic, SBV diagnosis was restricted to an SBV-specific realtime reverse transcription quantitative polymerase chain reaction (RT-qPCR; HOFFMANN et
al., 2012). Methods to visualize SBV in paraffin-embedded tissue samples of intrauterine
infected small ruminants and calves to determine its neurotropic properties and to
characterize the SBV-related inflammatory CNS lesions in relation to the viral load were not
available. Moreover, SBV-associated pathology in peripheral organs and muscles of
malformed born ruminants was not characterized in detail. Furthermore, it was unknown, if
SBV has circulated in the wildlife and ruminant population of Northern Germany before its
epidemic spread in 2011.
Consequently, the current study focused on the one hand on the characterization of SBV
pathogenesis in the natural ruminant host by the establishment of a SBV-specific in situ
hybridization method (ISH) to analyze SBV cell tropism and the description of SBV-associated
pathological changes in peripheral organs. On the other hand, the current study comprised
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the examination of SBV epidemiology in the wildlife and domestic ruminant population of
Northern Germany by a retrospective approach.
Additionally, the study included 2 cooperative projects with Prof. M. Palmarini from the
University of Glasgow. The first of these studies aimed for the establishment of a laboratory
platform to define the molecular determinants of SBV pathogenesis by characterization of
SBV tissue tropism in cell culture, the development of a reverse genetics system to produce
synthetic SBV (sSBV), and the evaluation of a murine SBV infection model. To further address
the molecular pathology of SBV, the second collaboration study focused on the molecular
characteristics of the SBV non-structural protein NSs and its associated mechanisms
modulating SBV pathogenesis.
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2.1

SBV taxonomy, genome organization, and molecular characteristics

3

SBV emerged in autumn 2011 in Northern Germany and the Netherlands and rapidly spread
within the domestic ruminant and wildlife population in Europe. SBV was identified by
metagenomic analysis using pooled blood samples from acutely infected cattle and classified
as an Orthobunyavirus within the Bunyaviridae family (HOFFMANN et al., 2012). The
Bunyaviridae family comprises hundreds of viruses, which infect a broad range of vertebrate
and invertebrate hosts throughout Australasia, Africa, and the Middle East (HOFFMANN et
al., 2012; PEPERKAMP et al., 2014). Based on serological assays SBV was further classified as
a Simbu serogroup member and is considered as the first representative of this group
discovered in Europe (CONRATHS et al., 2013). Other SBV-related Simbu serogroup viruses
such as AKAV and AINV are known pathogens in ruminants, whereas the Oropouche and
Iquitos virus causes febrile illness in humans (AGUILAR et al,. 2011; WALTER and BARR, 2011;
CONRATHS et al., 2013).
Orthobunyaviruses are enveloped viruses with a segmented, single-stranded ribonucleic acid
(RNA) genome of negative polarity. The viral genome consists of a tripartite RNA referred to
as large (L), medium (M), and small (S) segment (Figure 2.1.1 A; WALTER and BARR, 2010).
The complementary sequences at the 3’ and 5’ genome termini give the segments their
characteristic circular “panhandle” structure (EIFRAN et al., 2013). The L segment encodes
the RNA-dependent RNA polymerase, whereas the M segment encodes a precursor protein,
which is posttranslationally processed to two glycoproteins (Gn and Gc) and to the nonstructural protein NSm. The S segment encodes the nucleoprotein N and the nonstructural
protein NSs in an overlapping open reading frame (Figure 2.1.1 B; ELLIOTT and BLAKQORI,
2011; WALTER and BARR, 2011).
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Figure 2.1.1 Schematic illustration of
the Bunyavirus structure (A) and SBV
antigenomes (B).
(A) Bunyaviruses are enveloped
viruses, containing two surface
glycoproteins (Gn and Gc) and a
tripartite,
single-stranded
RNA
genome of negative polarity. The viral
RNA is encapsidated with the
nucleoprotein N, forming the L (large),
M
(medium)
or
S
(small)
ribonucleoprotein complexes that also
contain the viral polymerase L.
(B) The three antigenomic SBV-RNA
segments encode the viral polymerase
L on the L segment, the Gn/NSm/Gc
precursor
protein,
which
is
posttranslationally processed, on the
M segment, and the nucleoprotein N
and the NSs in an overlapping open
reading frame (ORF) on the S
segment.
aa: amino acids; NS: nonstructural
protein; UTR: untranslated region
Modified from Doceul et al., 2013.

The nucleoprotein N encapsidates the three viral genomic RNA segments in the form of
ribonucleoprotein complexes, that also contain few copies of the polymerase L and play a
crucial role in viral RNA transcription and replication (DONG et al., 2013; DOCEUL et al.,
2013). The N protein is the most abundant protein in virus particles and infected cells and
consequently the main target in serological and molecular SBV diagnostics (BILK et al., 2012;
BREARD et al., 2013).
The envelope glycoproteins Gn and Gc are suggested to form heterodimers, building spikelike projections on the virus particle, that mediate receptor binding and entry (HULST et al.,
2013). The N-terminal region of the SBV Gc-glycoprotein possesses a hypervariable region
that may contribute to SBV evolution by mediating immune evasion, receptor interactions,
virus replication, pathogenicity, and virulence in the natural context of infection and/or
adaptation (COUPEAU et al., 2013; FISCHER et al., 2013; HULST et al., 2013).
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The nonstructural protein NSm of orthobunyaviruses represents a small transmembrane
protein which co-localizes with the two viral glycoproteins Gn and Gc in the Golgi complex
and is probably a scaffold protein involved in virus assembly and morphogenesis (SHI et al.,
2006; KRAATZ et al., 2015). Experimental studies of other Bunyaviridae as the Rift Valley
fever virus (RVFV) revealed that NSm deletion mutants are highly immunogenic, but only
slightly attenuated (BIRD et al., 2007).
As demonstrated for the Bunyamwera virus (BUNV), and also the La Crosse virus (LACV) and
AKAV, the NSs represents a nonessential protein for virus viability, but counteracts the
antiviral interferon (IFN) response of the host, regulates translation, apoptosis, and viral
polymerase activity and may have a role in modulating the efficiency of viral replication in
the insect vector (BRIDGEN et al., 2001; WEBER et al., 2002; KOHL et al., 2003; BLAKQORI
and WEBER, 2005; OGAWA et al., 2007; SZEMIEL et al., 2012; EIFAN et al., 2013; VAN
KNIPPENBERG et al., 2013).
Bunyaviruses can evolve through genome sequence alterations due to cellular mechanisms
that add or remove nucleotides from terminal genomic regions, or, alternatively, through
the introduction of sequence errors by nucleotide misincorporation by the error-prone viral
RNA-dependent RNA polymerase, and genome segment reassortment (WALTER and BARR,
2010; HAN and WOROBEY, 2011). Nevertheless, phylogenetic analyses based on samples
taken in different regions of the world at different periods of time suggest that these viruses
evolve slowly (YANASE et al., 2005; DOCEUL et al., 2013). To inquire the origin of SBV,
primary sequencing data were analyzed and revealed a 69 % identity with the AKAV L
segment, a homology of 71 % with the AINV M segment and 97 % identity with the
Shamonda virus (SHAV) S segment (HOFFMANN et. al., 2012). Subsequent sequencing of the
genome of other Simbu group viruses disclosed that the M segment of the Sathuperi virus
(SATV) and Douglas orthobunyaviruses displayed higher identity with SBV, whereas the S
and L segments were closer related to SHAV (YANASE et al., 2012). These results suggested
that SBV might represent a reassortant virus between SATV and SHAV (YANASE et. al., 2012).
The sequencing of SATV, SHAV, AINV, Douglas, Peaton, Sabo, Sango, Shuni, and Simbu
viruses and phylogenetic analysis classified SBV as a SATV species and an ancestor of SHAV
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virus, which in turn represents a reassortant of SBV S and L segments and the M segment
from an unknown virus (GOLLER et al., 2012).
2.2

SBV epidemiology

2.2.1 Geographical and temporal spread of SBV
SBV is considered as the first Simbu serogroup virus emerging in Europe, and was isolated
for the first time in North Rhine-Westphalia, Germany in October 2011 (SAEED et al., 2001;
HOFFMANN et. al., 2012).
The first acute SBV infections were reported in adult cattle in August 2011, while the first
SBV-associated malformations in stillborn animals were detected in the Netherlands in
December 2011 (MUSKENS et al., 2012; BEER et al., 2013). Serum samples obtained from
Belgian, German, and French cattle during spring 2010 or in spring and summer 2011 were
seronegative for SBV. This suggests the absence of the virus or antibody levels below the
detection threshold prior to summer 2011 (GARIGLIANY 2012a; ZANELLA et al., 2013,
WERNIKE et al., 2014a; WERNIKE et al., 2014d).
During the transmission season 2011/2012, the infection spread rapidly through the
ruminant populations of North-Western Europe and neighboring countries including
Belgium, Denmark, France, Italy, Luxembourg, Spain, Turkey, and the United Kingdom
(CONRATHS et al., 2013; YILMAZ et al., 2014). In winter 2012, up to 98% of the tested
animals had seroconverted in the core region of the epidemic in Germany (CONRATHS et al.,
2013). Until April 2013, SBV infections were reported from Austria, Belgium, Czech Republic,
Denmark, Estonia, Finland, France, Hungary, Germany, Ireland, Italy, Latvia, Luxembourg, the
Netherlands, Poland, Slovenia, Spain, Sweden, the United Kingdom, Switzerland, Norway
and Croatia (Figure 2.1.1.1).
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Figure 2.1.1.1: Status of the
countries of Europe with regard
to SBV detection until 2013.
Since the first detection of SBV
in 2011 in the region of
Schmallenberg in North-West
Germany (asterisk), the SBV
infection widely spread across
Europe in 2013.
Modified from EUROPEAN FOOD
SAFETY AUTHORITY (2014).

From September 2011 until April 2013, the total number of cattle, sheep, and goat holdings
with laboratory confirmed cases of SBV in Europe was greater than 8000 (EUROPEAN FOOD
SAFETY AUTHORITY, 2014). In 2013, the number of newly affected cattle, sheep, and goat
herds decreased against the previous year throughout Europe. However, acute cases in adult
animals and fetuses and neonates displaying classical SBV malformations termed as
arthrogryposis-hydranencephaly-syndrome were still reported in 2013, including in
Germany. These observations indicated that SBV virus was still circulating in Europe at this
time (EUROPEAN FOOD SAFETY AUTHORITY, 2014). In the first trimester of 2014, only
sporadic

SBV

cases

were

reported

in

Germany

(Figure

2.1.1.2;

http://www.fli.bund.de/fileadmin/dam_uploads/tierseuchen/Schmallenberg_Virus/Karten
2014).
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Figure 2.1.1.2: Course of SBV infections in cattle, sheep and goat in Germany from 2012 until 2014.
(A) SBV infections reported until 26.03.2012. More than 1000 confirmed SBV infections mainly in sheep were
recorded, accentuated in North-West Germany. (B) From January until the end of March 2013, less than 250
SBV infections occurred predominantly in cattle in the southern and eastern regions of Germany. (C) In the first
quarter of 2014, less than 10 SBV cases were reported. The comparison of these data clearly shows the decline
of SBV infections from 2012 until 2014. Reprinted with kind permission of the Friedrich-Löffler-Institute,
Federal Research Institute for Animal Health (FLI).

Despite intense research, the origin of SBV has not been resolved so far. However, in 2006
cumulative abortions and/or birth of malformed lambs were reported in the South African
Onderstepoort and Delmas area. Due to the diagnostic exclusion of Wesselsbron, AKAV or
Bluetongue virus (BTV) and the lack of specific signs for RVFV, SBV was retrogradely
discussed as a putative cause (LEASK et al., 2013). In 2013, high prevalences of SBV-specific
antibodies were also found in blood samples from cattle, sheep, and goats in Mozambique
(BLOMSTRÖM et al., 2014). Furthermore, SBV-specific antibodies were detected in a
retrospective study spanning the years 2006 to 2013 in blood samples from slaughtered
ruminants in Turkey (AZKUR et al., 2013). Consequently, SBV may have circulated in Africa
and Turkey before the outbreak of the disease in Europe in 2011, but due to the test
methods applied in these serological screening studies, a possible cross reaction with
antibodies against other orthobunyaviruses cannot be excluded (BRÉARD et al., 2013;
EUROPEAN FOOD SAFETY AUTHORITY, 2014). Consequently, SBV may have spread from
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South Africa to Turkey or vice versa before its emergence in Europe, but this hypothesis has
to be confirmed by further studies.
2.2.2 SBV host range
Domestic cattle, sheep, and goats represent the primary SBV reservoir hosts in which SBV
antigens or SBV-RNA have been detected in association with clinical signs or SBV antibodies
as an indirect evidence of a previous SBV infection, respectively (HOFFMANN et al., 2012;
HERDER et al., 2013; ELBERS et al., 2014). Furthermore, SBV replication and associated
disease were reproduced in experimentally infected ruminants using the aforementioned
species (WERNIKE et al., 2013a, b; EUROPEAN COMMISSION, 2014).
In the wildlife population of Austria, Germany, Belgium, France, the Netherlands, the United
Kingdom, and Poland SBV antibodies were detected in elk, mufflons, fallow deer, red deer,
roe deer, Sika deer, and wild boars (LINDEN et al., 2012; LARSKA et al., 2013a, 2014; CHIARI
et al., 2014; EUROPEAN COMMISSION, 2014; LALOY et al., 2014; STEINRIGL et al., 2014). The
lower seroprevalence in wild animals compared to the domestic ruminant population
suggests a spill-over effect from the domestic livestock to the wildlife. Consequently, the
sylvatic SBV transmission cycle seems not to play a role in the primary SBV spread, but might
be important in overwintering and the reemergence of SBV-infected animals (LARSKA et al.,
2014).
SBV antibodies were further detected in 19 species of zoo animals including ruminants, but
also zebras and the Babirusa belonging to the Suidae family (EUROPEAN FOOD SAFETY
AUTHORITY, 2014; EUROPEAN COMMISSION, 2014). Furthermore, Camelidae such as
alpacas were positive for SBV antibodies, whereas llamas were serologically SBV-negative
(EUROPEAN FOOD SAFETY AUTHORITY, 2013a; JACK et al., 2012).
Additionally, SBV antibodies were detected in one dog in Sweden (WENSMAN et. al., 2013).
A publication from France reported the detection of SBV-RNA in the cerebellum of a puppy
born with neurological signs and the detection of SBV antibodies in the bitch (SAILLEAU et.
al., 2013). In contrast, no evidence of SBV transmission to dogs was detected in a Belgian
study (GARIGLIANY et. al., 2013). However, one analysis focusing on SBV infection associated
risk factors in sheep flocks in the Netherlands revealed an increased odd of malformations in
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newborn lambs in flocks with one or more dogs. Consequently, an oral SBV infection in dogs,
as it has been described for the BTV might be considered (ALEXANDER et al., 1994;
LUTTIKHOLT et al., 2014). Consequently, dogs have to be discussed as a potentially SBVsusceptible species. Similarly, according to serological testing and/or experimental infection,
horses, mice, wild carnivores, domestic pigs, and poultry are not suggested to play a role as
reservoir species in the epidemiology of SBV (EUROPEAN COMMISSION, 2014; EUROPEAN
FOOD SAFETY AUTHORITY, 2013; POSKIN et. al., 2014b). Furthermore, there is no evidence
of SBV transmission to humans (DUCOMBLE et al., 2012; REUSKEN et al., 2012).
2.2.3 SBV transmission pathways and overwintering
As reported for other Simbu serogroup viruses and also the BTV, SBV was suspected to be
transmitted via Culicoides biting midges and potentially mosquitoes (RASMUSSEN et al.,
2012). Subsequent field and experimental studies identified the widespread, farm-associated
Culicoides obsoletus, Culicoides scoticus, and Culicoides chiopterus as predominant SBV
vectors in Northern Europe (DE REGGE et. al., 2012; 2014; ELBERS et. al., 2013; LARSKA et al.,
2013c; BALENGHIEN et. al., 2014; GOFFREDO et al., 2013). Moreover, Culicoides dewulfi,
Culicoides pulicaris, Culicoides nubeculosus, and Culicoides punctatus are suggested to be
involved in SBV transmission in Belgium, France, and Poland (DE REGGE et. al., 2012; LARSKA
et. al., 2013b; VERONESI et al., 2013; BALENGHIEN et. al., 2014). The relevance of Culicoides
imicola as an SBV vector in Italy is currently under investigation (BALENGHIEN et. al., 2014;
EUROPEAN FOOD SAFETY AUTHORITY, 2014). The vertical SBV transmission in Culicoides is
suggested due to the detection of SBV-RNA in nulliparous Culicoides in Poland, but its
epidemiological relevance has to be further addressed (LARSKA et. al., 2013b).
The SBV transmission via mosquitoes seems to be of minor or even no relevance
(BALENGHIEN et. al., 2014; SCHOLTE et al., 2014; WERNIKE et al., 2014). Furthermore, black
flies (Simuliidae) are not involved in SBV spread (EUROPEAN COMMISSION, 2014). Due to
the insect vector dependence Culicoides host preferences, temperature, wind, drought as
well as indoor or outdoor animal housing and antiparasitic treatment are considered as
epidemiological factors influencing SBV introduction, spread, and persistence in Europe
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(CALZOLARI and ALBIERI, 2013; BESSELL et al., 2013; HELMER et al., 2013; SEDDA and
ROGERS, 2013).
Several studies provided evidence, that SBV-RNA can be excreted in the bovine semen and
the virus was also detected in the inguinal lymph nodes of experimentally infected bulls
(HOFFMANN et. al., 2013; PONSART et. al., 2014; SCHULZ et. al., 2014; VAN DER POEL et. al.,
2014b). However, the relevance of SBV transmission via insemination is considered to be
marginally due to i) the low frequency (< 6 %) of SBV-positive semen samples, ii) the low
concentrations of SBV-RNA in semen, and iii) the uncertainty, if the SBV-RNA in semen is
associated with infectious virus (EUROPEAN FOOD SAFETY AUTHORITY, 2014; VAN DER POEL
et. al., 2014b). Moreover, it is still unknown, if infectious SBV can be transmitted via the
venereal route to susceptible cows. Furthermore, the association with clinical disease and/or
the infection of the fetus needs to be clarified. In the semen of experimentally SBV-infected
goats no SBV-RNA was detected (EUROPEAN FOOD SAFETY AUTHORITY, 2014). Similarly, in
vitro studies with embryos suggest a negligible risk for SBV transmission (EUROPEAN
COMMISSION, 2014).
In ruminants, a vertical transmission from the SBV-infected mother to the embryo or fetus
ongoing with persistent infection at the time of birth has to be anticipated, but is not
experimentally validated yet and remains an important question in SBV epidemiology. SBVRNA or protein was predominantly found in the CNS of clinically affected, newborn calves,
whereas other organs, if examined, were tested SBV-negative (GARIGLIANY et. al., 2012b;
PEPERKAMP et. al., 2012; EUROPEAN FOOD SAFETY AUTHORITY, 2014). Infectious SBV has
not been isolated from the blood or skin of newborn animals and is unlikely to be
transmitted from the CNS of newborns. SBV-RNA was detected in the serum of one clinically
healthy newborn calf and paralleled with high titers of SBV-specific antibodies (WERNIKE et
al., 2014b). Consequently, it is unlikely that a systemically SBV infection persists after in
utero infection in ruminants. Therefore, the vertical transmission of SBV represents most
likely an epidemiological dead-end (EUROPEAN FOOD SAFETY AUTHORITY, 2014).
Other routes of transmission from the mother to the newborn involve the ingestion of SBV.
However, infectious virus was not found in the milk of affected mothers (EUROPEAN FOOD
SAFETY AUTHORITY, 2014). Although SBV-RNA has been detected in the placenta and
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umbilical cord, it is unlikely that offspring would become infected with SBV after licking or
ingesting these tissues (BILK et. al., 2012; WERNIKE et. al., 2013a; EUROPEAN FOOD SAFETY
AUTHORITY, 2014). The risk of infection of newborn calves by aspiration of meconium or
amniotic fluid is also not determined yet (BILK et. al., 2012). However, in adult sheep no SBV
infection was detected after transmitting the virus oronasally. Furthermore, experiments in
which experimentally infected cattle, sheep, or goats were kept together with control
animals revealed no indication of a horizontal transmission of SBV (EUROPEAN
COMMISSION, 2014).
The reemergence of SBV in the years 2012- 2014 after the initial outbreak in 2011 clearly
indicates that the virus is capable of surviving in the absence of competent vector activity in
the winter periods. Overwintering may occur in Culicoides larve stages or long lived adults,
and is discussed controversially (MELLOR et al., 2000; LYSYK and DANYK, 2007; WILSON et
al., 2008; LARSKA et. al., 2013b; WERNIKE et al 2013a; DE REGGE et al., 2014). Since only a
short viremia occurs in sheep and cattle, an overwintering in these hosts is also considered
unlikely (HOFFMANN et al., 2012; WERNIKE et. al., 2013a, CLAINE et. al., 2013; POSKIN et al.,
2014a). However, SBV seems to persist over a longer period in the lymphoid tissue of
postnatally infected ruminants. However, the potential role of this finding in regard to SBV
overwintering has to be further addressed (WERNIKE et. al., 2013a; POSKIN et al., 2014a).
Recent studies revealed that the transmission of SBV by hematophagous insects seems
possible, even during the winter in central Europe, if minimum temperatures rise above a
certain threshold for several consecutive days (LOSSON et al., 2007; ZIMMER et al., 2010;
DOCEUL et al., 2013; WERNIKE et al., 2013c). Consequently, a combination of long-lived
adult midges and a prolonged viremia in the ruminant host, but also mechanical
transmission through other arthropods might favor the persistence of SBV in the ruminant
population. Actually, there is no evidence that additional host reservoirs are involved in the
persistence of the infection (EUROPEAN FOOD SAFETY AUTHORITY, 2014). Since seminal,
horizontal, vertical, and pseudovertical SBV transmission routes were also considered of
minor or no epidemiological relevance, the exact mechanism of SBV overwintering remains
unknown.
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Diagnosis of the SBV infection

RT-qPCR on the L but preferentially the S segment is the commonly used method for the
detection of SBV-RNA (BILK et al., 2012; HOFFMANN et al., 2012). CNS especially brain stem
samples are considered most appropriate for SBV detection in malformed lambs and calves,
while the amount of SBV-RNA varies in other organs such as placenta, meconium, hair
swabs, thymus, lymph nodes, and spleen (BILK et al., 2012; DE REGGE et al., 2013). Despite
the optimization of the SBV-RT-qPCR, a large discrepancy still remains between the number
of SBV suspected and RT-qPCR-positive malformed born ruminants (DE REGGE et al., 2013).
SBV-RNA is much more frequently detected in malformed lambs than in calves. This might
be related to the differences in the duration of gestation between sheep and cattle and the
assumption that the virus causing the initial lesions is gradually eliminated between the time
point of infection and birth or stillbirth (KONNO et al., 1982a; BOUWSTRA et al., 2013; DE
REGGE et al., 2013; WERNIKE et al., 2014a). For the confirmation of an SBV infection,
precolostral fetal serum, heart blood, or thoracic fluid can be used to detect SBV antibodies
by virus neutralization test (VNT) or enzyme linked immunosorbent assay (ELISA; VAN
MAANEN et al., 2012; DE REGGE et al., 2013; WERNIKE et al. 2014a).
Commercially available indirect ELISAs that are considered slightly less sensitive compared to
the VNT are the most commonly used test system for the diagnosis of SBV in adult animals
and are routinely applied in epidemiological screening studies using serum or milk samples
(HUMPHRIES and BURR, 2012; LOEFFEN et al., 2012; BALMER et al., 2014; ELBERS et al.,
2014; JOHNSON et al., 2014; NÄSLUND et al., 2014; VAN DER POEL et al., 2014a; WERNIKE et
al., 2014a). However, SBV-ELISAs cross-reactions with other Orthobunyaviruses from the
Simbu serogroup have been described (BRÉARD et al., 2013). Other less frequently applied
methods for the detection of SBV antibodies include microneutralization assays and indirect
immunofluorescence tests (WERNIKE et al., 2013a; HECHINGER et al., 2014).
In adult animals with suspected acute SBV infection, serum samples can also be used to
isolate SBV-RNA for RT-qPCR or living virus on baby hamster cells (BHK-21), monkey and
porcine kidney cells (VERO or SK-6 cells, respectively), as well as insect (KC) cells (BRÉARD et
al., 2013; WERNIKE et al., 2012b; HOFMANN et al., 2015).
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SBV-associated clinical and pathological findings and underlying pathomechanisms

2.4.1 Clinical findings in naturally SBV-infected cattle and small ruminants
In adult cows, SBV infection is asymptomatic or results in nonspecific signs such as anorexia,
fever, diarrhea, and decreased milk yield, lasting for few days (HOFFMANN et al., 2012;
MUSKENS et al., 2012; WERNIKE et al., 2014d). Due to the low percentage of acute, clinically
apparent SBV infections, namely 6% in cattle, 3% in sheep, and 1% in goats, a predominantly
subclinical disease course has to be assumed (VAN DEN BROM et al., 2012; AFONSO et al.,
2014).
In pregnant small and large ruminants, fetal transmission of the SBV infection is associated
with abortions, mummifications, still birth, or birth of weak full-term fetuses displaying
skeletal deformities and CNS malformations (GARIGLIANY et al., 2012b; VAN DEN BROM et
al., 2012; STEINRIGL et al., 2014). Most of the SBV-related births of dead and/or malformed
calves and lambs were reported after full-term pregnancy (DOMINGUEZ et al., 2012;
GARIGLIANY et al., 2012b; VAN DEN BROM et al., 2012; WERNIKE et al., 2014b). In utero SBV
infection was also associated with resorptions in early stages of gestation (CONRATHS et al.,
2013). Furthermore, the birth of healthy calves or morphologically normal developed fullterm fetuses displaying hypertonia, hyperreflexia, depression, blindness, and strabismus was
reported after intrauterine SBV transmission (GARIGLIANY et al., 2012b; WERNIKE et al.,
2014b). Field observations and findings from serological survey studies suggest that goats
are generally less prone to SBV infection and its teratogenic effects than cattle and sheep
(EUROPEAN COMMISSION, 2014).
The impact on the fertility of ewes, dams, and pregnant cattle after SBV infection is still
unknown. According to a study conducted in cattle in Germany in the initial phase of the SBV
epidemic, the proportion of second/third inseminations relative to the primary
inseminations was slightly increased, supporting the hypothesis that SBV has a negative
impact on reproductive performance in dairy cattle (VELDHUIS et al., 2014b).
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2.4.2 Pathological findings in naturally SBV-infected cattle and small ruminants
Macroscopical and histopathological SBV-associated findings in naturally infected ruminants
were described in detail for calves, lambs, and goat kids affected after intrauterine infection.
Similar to AKAV, AINV, and CVV, malformations in SBV-infected fetuses and neonates were
termed arthrogryposis-hydranencephaly-syndrome (EDWARDS et al., 1989; ST. GEORGE and
KIRKLAND, 2004; RODRIGUES HOFFMANN et al., 2012; PEPERKAMP et al., 2014). In addition
to arthrogryposis, SBV-associated macroscopic skeletal malformations in calves, lambs, and
goat kids comprise vertebral column malformations such as torticollis, scoliosis, lordosis and
kyphosis, and deformities of the head including flattening of the skull, macrocephaly, and
brachygnathia inferior. Additionally, skeletal muscles hypoplasia represents a frequent
finding in association with limb malformations (HERDER et al. 2012; CONRATHS et al., 2013;
PEPERKAMP et al., 2014). In the CNS, SBV causes hydranencephaly, porencephaly,
hydrocephalus, microencephaly, lissencephalie, cerebellar hypoplasia, hypoplasia of the
brain stem, and micromyelia of the spinal cord (HERDER et al., 2012; PEPERKAMP et al.,
2014). Except of small atelectatic lung lobes resulting presumably from thoracic
malformations, peripheral organs and placenta are macroscopically unaffected (HERDER et
al., 2012; PEPERKAMP et al., 2014).
Microscopically, typical cerebral lesions include variable degrees of neuropil rarefaction,
cavitations, ventricular dilatation (porencephaly, hydranencephaly, hydrocephalus), and
dysplasia of the white and/or gray matter (lissencephaly, microencephaly; PEPERKAMP et al.,
2014). The hippocampus is generally spared (PEPERKAMP et al., 2014). Gitter cells are
frequently found in association to porencephaly (HERDER et al, 2013). Lesions in the
cerebellum include disorganization of the cerebellar cortex with depletion of the granular
layer and loss of Purkinje cells (PEPERKAMP et al., 2014). Neuronal loss accentuated in the
ventral nuclei dominates brain stem lesions. Furthermore, axonal damage and loss,
demyelination, glial nodules, astrogliosis, microgliosis, hemosiderosis, and mineralization are
present in variable degrees in affected brain areas (HERDER et al., 2012; PEPERKAMP et al.,
2014). Inflammatory CNS lesions such as non-suppurative, perivascularly accentuated
encephalitis, meningoencephalitis, encephalomyelitis,

or

poliomyelits

as

well

as

16

Introduction

neuronophagia are found in a minority of in utero SBV-infected ruminants and occur more
frequently in lambs and goat kids compared to calves (HERDER et al., 2012, PEPERKAMP et
al., 2014). Spinal cord lesions comprise loss of neurons in the dorsal and ventral horn and
thinning of the ventral and lateral white matter tracts. Nerve fibers are also frequently lost in
ventral spinal nerve roots. In contrast, SBV does not seem to cause alterations in the spinal
cord dorsal funiculi as well as the dorsal root ganglia (PEPERKAMP et al., 2014). Skeletal
muscles of arthrogrypotic limbs often consist of fibrous and adipose tissue interspersed with
muscle fibers of reduced diameters (HERDER et al., 2012; PEPERKAMP et al. 2014).
2.4.3 SBV pathogenesis and associated pathomechanisms in naturally and experimentally
infected ruminants and SBV mouse models
Many aspects of the SBV-associated pathogenesis such as the duration of viremia, a
potential persistence of SBV in the lymphoreticular tissue, the maintenance of immunity
after SBV infection, the susceptible period of pregnant animals for vertical transmission as
well as the pathomechanisms resulting in CNS and muscular lesions in different species have
been intensely studied since the first occurrence of SBV in 2011.
As it was expected from field observations and confirmed experimentally, the viremic period
lasts for 2-6 days in cattle (HOFFMANN et al., 2012; WERNIKE et. al., 2013a). In sheep, the
duration of viremia seems to differ between up to one week in experimentally and up to
four weeks in naturally infected animals and might be influenced by the age of the animals
at the time of infection (CLAINE et. al., 2013; POSKIN et al., 2014a). Furthermore, a critical
dose of infective SBV needs to be administered to induce a homogenous productive
infection in sheep, whereas no dose-dependent effect was observed on viremia and quantity
of SBV-RNA in the blood (POSKIN et al., 2014a).
In experimentally infected cattle and sheep, SBV was detected in spleen and lymph nodes.
The virus seems to persist in these lymphoid tissues for at least 5 weeks or at least 10 days
after infection in cattle and sheep, respectively (WERNIKE et. al., 2013a; POSKIN et al.,
2014a). Furthermore, in experimentally SBV-infected cattle, an initial decrease in CD4+ T
helper cells lasting until 1 week post infection was observed. The reason for this finding is
undetermined and does not result from direct virus-mediated cell lysis (WERNIKE et. al.,

Introduction

17

2013a). SBV was also found in the lung of experimentally infected sheep, whereas ovaries
and the CNS were unaffected.
SBV-specific antibody titers increase between 10 days and 3 weeks after experimental
infection in cattle and are suggested to persist for at least two years (WERNIKE et al., 2013a,
2014d; ELBERS et al., 2014). In sheep, SBV-specific antibodies are detected for at least one
year after infection (RODRÍGUEZ-PRIETO et al., 2014). Calves loose their maternally-derived
antibodies after 5-6 months, depending on the antibody titers of the mother (ELBERS et al.,
2014). In sheep and cattle, the presence of maternal antibodies seems to inhibit
transplacental infection of the fetus (ELBERS et al., 2014; RODRÍGUEZ-PRIETO et al., 2014).
To characterize the susceptible period of naïve pregnant animals for vertical transmission
and the virus distribution in the fetus, two SBV experimental studies in pregnant cattle were
conducted. The experimental setup included the infection at day 60, 90, 120 and 150 of
gestation and necropsies 6 weeks after infection (EUROPEAN COMMISSION, 2014). In a
subsequent study, SBV infection of pregnant heifers around day 120 of gestation and
necropsies between 10 and 29 days after infection were performed (EUROPEAN
COMMISSION, 2014). The results suggested a vulnerable phase of SBV infection in pregnant
cattle between day 60 and 150 of pregnancy according to field observations, similarly to
data from AKAV and AINV virus infection experiments (KIRKLAND et al., 1988; TSUDA et al.,
2004; EUROPEAN COMMISSION, 2014). In the dams, SBV was regularly detected in the
lymphoreticular tissues independently of the stage of gestation at the time point of infection
underlining the suggested relevance of SBV persistence in lymphoid organs in cattle
(EUROPEAN COMMISSION, 2014).
Furthermore, these experiments revealed that i) SBV replicates in the placental tissue, ii) the
replication seems to decrease over time, and iii) the infection of the fetus highly correlates
with the detection of SBV in the placenta (EUROPEAN COMMISSION, 2014). However, a low
SBV in utero transmission rate to the fetus has to be anticipated even in early stages of
infection. This is consistent with 0.5-1.5% of intrauterine SBV-infected calves in field
observations as well as the very low numbers of malformed calves (EUROPEAN FOOD
SAFETY AUTHORITY, 2012; EUROPEAN COMMISSION, 2014; VELDHUIS et al., 2014a). The
occurrence of malformations does not correlate with the viral genome load in the fetus,
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which seems highly variable in individual offspring (EUROPEAN COMMISSION, 2014). As far
as evaluated in this study, pathohistological lesions in the fetuses were absent and no organ
was preferentially infected (EUROPEAN COMMISSION, 2014).
Two experimental studies of SBV-infected pregnant ewes i) at 45 or 60 days of pregnancy
and euthanasia after birth and ii) at day 38 and 45 of pregnancy and euthanasia one week
post infection revealed results comparable to cattle (EUROPEAN COMMISSION, 2014). SBV
was found associated with necrosis in the placenta. Additionally, SBV was rarely detected in
the fetus and was present in the CNS, umbilical cord, and cartilage tissue as observed in
naturally infected calves (BILK et al., 2012). Malformations were absent and lymphoid tissue
of the ewes was SBV-negative (EUROPEAN COMMISSION, 2014).
As revealed by serological studies, goats are suggested to be less susceptible to SBV
infections and SBV-associated teratogenic effects than sheep and cattle (VALAS et al., 2014).
Surprisingly, preliminary results of an experimental infection of pregnant goats at day 28 or
45 of gestation and euthanasia between days 53 to 56 of gestation revealed a higher
incidence of macroscopic abnormalities in the fetuses compared to experimentally infected
sheep and cattle (EUROPEAN COMMISSION, 2014). Lesions included differences in size and
morphology of the fetuses derived from dams inoculated at day 28 of gestation (EUROPEAN
COMMISSION, 2014). Some fetuses of animals inoculated in late pregnancy displayed a
hemorrhagic and swollen morphology (EUROPEAN COMMISSION, 2014). Consequently,
especially goats might represent an appropriate experimental model to study the
pathogenesis of SBV-associated malformations.
Interestingly, hemorrhagic diathesis as well as hepatocellular necrosis and degeneration was
also observed after subcutaneous SBV inoculation in adult type I IFN-receptor knock-out
mice (WERNIKE et al., 2012a). Clinically, SBV-infected mice displayed weight loss, apathy,
and death (WERNIKE et al., 2012a). However, wether the SBV pathogenesis in mice can be
extrapolated to the infection in ruminants and if SBV is transmitted transplacentally in
pregnant mice and induces brain and musculoskeletal lesions in offspring is still unknown.
According to field observations of naturally SBV-infected ruminants and to experiments with
AKAV or CVV, the most relevant factors determining severity and pattern of SBV-associated
CNS and musculoskeletal lesions include i) the SBV neurotropism and ii) the
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immunocompetence of the fetus at the time point of SBV infection during gestation (ST.
GEORGE and KIRKLAND, 2004; RODRIGUES HOFFMANN et al., 2012; GARIGLIANY et al.,
2012a; BAYROU et al., 2014).
The transplacental SBV infection is only possible after the implantation of the embryo
between day 12-16 of gestation in sheep and day 20-29 in cattle, respectively (KING et al.,
1980; SPENCER et al., 2004). Similar to AKAV virus, SBV seems to multiply in rapidly dividing
neuronal cells of the fetal brain and spinal cord, if the fetus is infected approximately
between day 30-60 of gestation in sheep or between day 60-150 of pregnancy in cattle
(NARITA et al., 1979; KONNO AND NAKAGAWA, 1982; PARSONSON et al., 1982; HÖPER et
al., 2012; HERDER et al., 2013; EUROPEAN COMMISSION, 2014; PEPERKAMP et al., 2014).
Typical brain lesions such as hydranencephaly, porencephaly, and hydrocephalus are
suggested to result from the inability of neuronal precursors to divide and develop into
mature tissue. Additionally a primary or secondary necrosis of nervous tissue due to
neuronal infection or virus-induced vascular lesions might occur (ST. GEORGE and KIRKLAND,
2004; HERDER et al., 2013). Interestingly, CNS malformations and inflammation seemed to
be independent lesions after intrauterine SBV infection (HERDER et al., 2013). In contrast,
the occurrence of inflammatory CNS lesions was associated with the detection of viral
antigen (HERDER et al., 2013). Generally, inflammation predominantly occurs in in utero
infected small ruminants (HERDER et al., 2013). The development of immunocompetence of
the fetus starts at gestational day 41 and continues approximately until day 175 of gravidity
in cattle and at gestational day 19 until day 115 in lambs (TIZARD, 2013; HERDER et al.,
2013). The components of the innate immune system develop earlier, whereas effective
adaptive immune responses do not appear until gestational day 50 in lambs and day 73 in
calves (TIZARD, 2013). Due to the limited detection of SBV protein in malformed born
ruminants, it has to be assumed that especially in calves the fetus eliminates the virus long
before the end of gestation (Figure 2.4.3.1). This indicates a major role of the innate immune
system in SBV clearance (HERDER et al., 2013; RODRIGUES HOFFMANN et al., 2013).
Consequently, the absence of inflammation might be caused by the development of an
immunotolerance of the immunologically non-competent fetus or be related to the removal
of viral antigens as well as necrotic and inflammatory cells during the formation of
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cavitations in the CNS. The SBV-associated encephalitis may develop in immunocompetent
fetuses, and might persist histologically in animals infected later in gestation (Figure 2.4.3.1;
ST. GEORGE and KIRKLAND, 2004).

Figure 2.4.3.1: Schematic overview of the time periods during gestation in sheep (A) and cattle (B). Shown
are the time frames of implantation and development of the immune system, which influence the
occurrence of SBV-associated malformations and the histological detection of an inflammatory reaction in
the CNS of intrauterine infected lambs or calves. The critical time frame for an in utero SBV transmission
begins with the implantation of the embryo. (A) In the sheep fetus, the development of the immune system
extends from day 19 until day 115 of gestation. The suggested critical period for the occurrence of SBVassociated malformations in lambs only slightly overlaps with the phase, in which the fetus develops an
effective adaptive immune response. Inflammatory lesions occurring in parallel to the formation of CNS
cavitations (dotted line) might be removed until the end of gestation. (B) In the calf fetus, malformations occur
during a longer period of the development of an adaptive immune response. The removement and repair of
inflammatory reactions and the longer gestation in cattle compared to sheep might explain the lower
frequencies of i) inflammatory lesions and ii) detection of SBV antigen or RNA in the CNS of malformed calves.
If the infection of the sheep or calf fetus with completed immunocompetence results in viral clearance and
prevents SBV manifestation in the CNS is not determined.

In general, not only the fetal immune response but also the IFN production in the placental
tissue as well as the development of the fetal blood brain barrier might represent a crucial
factor for intrauterine SBV transmission and its consequences for the offspring (SMIRNOVA
et al., 2012).
Loss of spinal cord descending tracts, particularly the ventrolateral funiculi is thought to be
secondary to the neuronal loss in brain stem nuclei or failure of neurons to develop their
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axonal processes (HERDER et al., 2012). The musculoskeletal malformations in SBV-infected
ruminants might be related to the neuronal loss in the spinal cord particularly in the ventral
horns with associated atrophy of ventral spinal nerve roots and consecutive hypoplasia of
the denervated muscles (PEPERKAMP et al., 2014). Lost motoric innervation of appendicular
and axial muscles also results in arthrogryposis and vertebral column malformations
(PEPERKAMP et al., 2014). Furthermore, SBV replication in myocytes/myoblasts might cause
musculoskeletal lesions (RODRIGUES HOFFMANN et al., 2012; WISLØFF et al., 2014).
Summarized, many aspects of SBV pathogenesis were revealed by studies of naturally
infected ruminants, whereas reproducibility of typical lesions after experimental infections
was limited. In general, lesions caused by SBV and other ruminant pathogens of the genus
Orthobunyaviridae including AKAV, AINV and CVV seem to be mediated by similar
pathomechanisms.
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Characterization of SBV pathogenesis using in situ hybridization
Schmallenberg virus in the central nervous system of ruminants
K. Hahn, A. Habierski, V. Herder, P. Wohlsein, M. Peters, F. Hansmann, W. Baumgärtner
Emerging Infectious Diseases 2013; 19:154-155.
http://wwwnc.cdc.gov/eid/
DOI: http://dx.doi.org/10.3201/eid1901.120764

23

24

SBV-associated pathology in muscles and peripheral organs

4

25

SBV-associated pathology in muscles and peripheral organs
Skeletal muscle hypoplasia represents the only significant lesion in peripheral organs of
ruminants infected with Schmallenberg virus during gestation
F. Seehusen, K. Hahn, V. Herder, M. Weigand, A. Habierski, I. Gerhauser, P. Wohlsein, M.
Peters, M. Varela, M. Palmarini, W. Baumgärtner

Abstract
Schmallenberg virus (SBV), an arbovirus within the family Bunyaviridae, represents a
ruminant pathogen that has caused epidemic abortion and birth of malformed or stillborn
animals

in

many

European

countries

since

August

2011.

Histological

and

immunohistochemical analysis of peripheral tissues of SBV-infected animals, including
lymphoid tissues, endocrine organs and tissues of the gastrointestinal, urogenital and
respiratory system, were analyzed in order to elucidate the occurrence of SBV-associated
changes and the presence of viral antigens and RNA. Twenty calves and 12 lambs as well as
age-matched controls were included in this study. Significant muscular hypoplasia with fatty
replacement was noted in affected calves and lambs. In addition, hepatocellular
degeneration with lymphohistiocytic inflammation, interstitial fibrosis and biliary hyperplasia
was detected in calves. All animals lacked SBV-positive cells in the peripheral organs. These
observations resemble those found in Akabane virus- and Cache Valley virus-infected
animals and support the occurrence of few residual lesions in peripheral organs following
SBV infection.
Journal of Comparative Pathology 2014; 151:148-152.
http://www.journals.elsevier.com/journal-of-comparative-pathology/
DOI: http://dx.doi.org/10.1016/j.jcpa.2014.04.006
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A retrospective study on SBV infection in ruminants from Northern Germany
Lack of Schmallenberg virus in ruminant brain tissues archived from 1961 to 2010 in
Germany
I. Gerhauser, M. Weigand, K. Hahn, V. Herder, P. Wohlsein, A. Habierski, M. Varela, M.
Palmarini, W. Baumgärtner

Abstract
Schmallenberg virus (SBV) is an orthobunyavirus of the family Bunyaviridae that is associated
with stillbirth and malformations in ruminants. The infection has been identified in many
European countries since August 2011. The present study investigated retrospectively the
occurrence of SBV infection in ruminants using immunohistochemistry and in-situ
hybridization in brain tissues archived between 1961 and 2010 (112 cattle, 57 sheep, 16
goats and 27 wild ruminants). Eighty-five animals with inflammatory brain lesions and 47
animals with malformations were included. Due to the lack of SBV protein and RNA
detection, SBV appears to have been introduced recently into Northern parts of Europe from
tropical or subtropical regions.
Journal of Comparative Pathology 2014; 150:151-154.
http://www.journals.elsevier.com/journal-of-comparative-pathology/
DOI: http://dx.doi.org/10.1016/j.jcpa.2013.11.210
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Reverse genetics and a murine model to study SBV pathogenesis
Schmallenberg Virus pathogenesis, tropism and interaction with the innate immune
system of the host

M. Varela, E. Schnettler, M. Caporale, C. Murgia, G. Barry, M. McFarlane, E. McGregor, I. M.
Piras, A. Shaw, C. Lamm, A. Janowicz, M. Beer, M. Glass, V. Herder, K. Hahn, W.
Baumgärtner, A. Kohl, M. Palmarini
Abstract
Schmallenberg virus (SBV) is an emerging orthobunyavirus of ruminants associated with
outbreaks of congenital malformations in aborted and stillborn animals. Since its discovery in
November 2011, SBV has spread very rapidly to many European countries. Here, we
developed molecular and serological tools, and an experimental in vivo model as a platform
to study SBV pathogenesis, tropism and virus-host cell interactions. Using a synthetic biology
approach, we developed a reverse genetics system for the rapid rescue and genetic
manipulation of SBV. We showed that SBV has a wide tropism in cell culture and "synthetic"
SBV replicates in vitro as efficiently as wild type virus. We developed an experimental mouse
model to study SBV infection and showed that this virus replicates abundantly in neurons
where it causes cerebral malacia and vacuolation of the cerebral cortex. These virus-induced
acute lesions are useful in understanding the progression from vacuolation to porencephaly
and extensive tissue destruction, often observed in aborted lambs and calves in naturally
occurring Schmallenberg cases. Indeed, we detected high levels of SBV antigens in the
neurons of the gray matter of brain and spinal cord of naturally affected lambs and calves,
suggesting that muscular hypoplasia observed in SBV-infected lambs is mostly secondary to
central nervous system damage. Finally, we investigated the molecular determinants of SBV
virulence. Interestingly, we found a biological SBV clone that after passage in cell culture
displays increased virulence in mice. We also found that a SBV deletion mutant of the nonstructural NSs protein (SBVΔNSs) is less virulent in mice than wild type SBV. Attenuation of
SBV virulence depends on the inability of SBVΔNSs to block IFN synthesis in virus infected
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cells. In conclusion, this work provides a useful experimental framework to study the biology
and pathogenesis of SBV.
PLOS Pathogens 2013; e1003133.
http://www.plospathogens.org/
DOI: http://dx.doi.org/10.1371/journal.ppat.1003133
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The SBV NSs protein modulates the antiviral host response
NSs protein of Schmallenberg virus counteracts the antiviral response of the cell by
inhibiting its transcriptional machinery
G. Barry, M. Varela, M. Ratinier, A. L. Blomström, M. Caporale, F. Seehusen, K. Hahn, E.
Schnettler, W. Baumgärtner, A. Kohl, M. Palmarini

Abstract
Bunyaviruses have evolved a variety of strategies to counteract the antiviral defence systems of
mammalian cells. Here we show that the NSs protein of Schmallenberg virus (SBV) induces the
degradation of the RPB1 subunit of RNA polymerase II and consequently inhibits global cellular
protein synthesis and the antiviral response. In addition, we show that the SBV NSs protein enhances
apoptosis in vitro and possibly in vivo, suggesting that this protein could be involved in SBV
pathogenesis in different ways.

Journal of General Virology 2014; 95:1640-1646.
http://vir.sgmjournals.org/
DOI: http://dx.doi.org/10.1099/vir.0.065425-0
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The current study focused on the characterization of the SBV pathogenesis and
epidemiology in neonatal or stillborn ruminants and included i) the establishment of a SBVspecific ISH to analyze SBV cell tropism, ii) the description of SBV-associated pathological
changes as well as the detection of SBV antigens or RNA in peripheral organs, and iii) the
retrospective investigation of possible SBV infections before the extensive spread of SBV in
the ruminant population in 2011. Furthermore, a collaborative project with the University of
Glasgow included iv) the development of in vitro and in vivo models as a platform to study
SBV pathogenesis, tropism, and virus-host cell interactions. The results strongly suggested
the SBV NSs protein as an important virulence factor. Therefore, a second cooperative study
encompassed v) the characterization of the SBV NSs-related molecular mechanisms
modulating SBV pathogenesis.
8.1

SBV in the central nervous system of ruminants

After the SBV outbreak in 2011 and its rapid spread throughout the ruminant populations of
several European countries, an SBV-specific RT-qPCR was rapidly established (HOFFMANN et
al., 2012). This method still serves as a routine diagnostic tool to detect SBV-RNA in organ
tissues of affected animals (EUROPEAN COMMISSION, 2014). Due to SBV-associated brain
and spinal cord pathology and isolation of viral RNA from CNS tissue, neurons were
suggested as the primary SBV target cells. Nevertheless, a method to visualize SBV-infected
cells in organs of affected ruminants was missing at the beginning of the SBV epidemic. As
part of the present study, an ISH to detect SBV-mRNA was established and used to evaluate
the presence of SBV-RNA in the CNS and other organs of naturally infected, SBV-RT-qPCRpositive lambs, goat kids, and calves.
Using the SBV-specific in situ probe neurons of the cerebrum, cerebellum, brain stem,
medulla oblongata, and spinal cord were clearly identified as the predominant SBV target
cell. However, a SBV-ISH signal was only detected in the CNS of 17 % of the SBV-RT-qPCRpositive tested small ruminants and 6% of the calves examined. This discrepancy might
reflect the limited sensitivity of the classical digoxygenin-labeled ISH probes that might fail to
detect low SBV-mRNA copy numbers per cell. Furthermore, similar to AKAV a reduced viral
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load in individual cells might be caused by the long time period between infection in early
gestation and examination after birth, approximately 17 weeks in sheep and 27 weeks in
calves (KONNO et al., 1982). This assumption is supported by the high incidence of
malformations typical for teratogenic insults in early gestation and might especially apply to
calves (GIBBENS et al., 2012).
In 13% of the SBV-RT-qPCR-positive ruminants, SBV infection was associated with a
perivascularly accentuated, lymphohistiocytic encephalitis. These inflammatory lesions were
present in all SBV-ISH-positive small ruminants and associated with an ISH signal in randomly
distributed clusters of SBV-positive neurons. In calve brains, the SBV-ISH signal was
restricted to single positive cells and inflammation was absent. These observations indicate a
cause-and-effect association between high SBV-mRNA copy numbers per cell and
lymphohistiocytic immune response. Furthermore, low numbers of infected cells and/or
reduced replication, as assumed for animals that were positive by RT-qPCR but negative by
ISH, might explain the absence of inflammation in the calf brains. In 4% of the tested animals
inflammation was present but SBV was not detected by ISH. These changes could represent
an advanced resolving lesion after viral clearance. The results of the current study
correspond to observations in experimentally CVV infected ovine fetuses, in which the ISH
signal strongly decreased with the progression of the disease (RODRIGUES-HOFFMANN et
al., 2012).
In summary, the present study characterized ISH as a valuable tool to identify target cells of
emerging viral diseases. On the one hand, virus specific probes can be easily produced in a
short time, in contrast to antibodies for immunohistochemistry (IHC). On the other hand,
despite restrictions in sensitivity the current study characterized ISH as a suitable method to
study SBV pathogenesis, especially in the active phase of infection.
8.2

Skeletal muscle hypoplasia represents the only significant lesion in peripheral
organs of ruminants infected with SBV during gestation

Peripheral tissues of SBV-infected, neonatal, or stillborn, malformed ruminants were
analyzed in the second part of the study to evaluate histopathologic lesions and their
association to SBV antigens and/or RNA. Muscular hypoplasia without inflammatory
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infiltrates was found in 41.7% of SBV-infected lambs and 80% of infected calves with
significant differences compared to the control groups. Consequently, the current study
defined muscular hypoplasia characterized by the replacement of myocytes by adipose
tissue and multifocal, mild fibrosis, few remaining small caliber muscle fibres, and loss of
cross striation as an SBV-associated lesion. However, neither SBV antigen nor RNA was
detected within muscle samples using IHC or ISH, respectively.
The macroscopical and/or pathological findings correspond to muscular changes detected in
AKAV-infected lambs, calves, chicken embryos, and hamsters (PARSONSON et al., 1977;
SAITO et al., 1981; KONNO et al., 1982; KONNO and NAKAGAWA, 1982; KONNO et al., 1988).
Consequently, arthrogryposis representing a frequent finding in SBV- as well as AKAV-, AINVand CVV-infected aborted or neonatal ruminants probably results from shortening of
muscles in relation to the length of the bone leading to immobility of the joint and its
congenital fixation in a flexed position (KONNO et al., 1982; TSUDA et al., 2004; RODRIGUESHOFFMANN et al., 2012). In SBV, similar to AKAV-infected ruminants, muscular changes
were simultaneously present with porencephaly and hydranencephaly (KONNO et al., 1982).
Therefore, it can be assumed that in SBV-infected ruminants widespread neuroparenchymal
destruction in the brain and loss of motor neurons in ventral horns of the spinal cord are a
key factor in the pathogenesis of muscular disease and arthrogryposis (HERDER et al., 2012;
PEPERKAMP et al., 2014).
Similar to AKAV or CVV, the absence of SBV antigens and RNA in the muscular tissue of SBVinfected neonatal or aborted ruminants may result from the clearance of the virus due to an
early inflammatory response and/or the production of neutralizing antibodies (RODRIGUESHOFFMANN et al., 2012; DE REGGE et al., 2013). This hypothesis is supported by findings in
experimentally AKAV-infected calves and goat fetuses subjected to necropsy at a maximum
of 18 days post infection. In these animals, a viral infection of myotubes and a consecutive
non-purulent polymyositis was followed by the production of neutralizing antibodies and
viral clearance (KUROGI et al., 1976, KONNO and NAKAGAWA, 1982; DE REGGE et al., 2013).
Neither SBV antigens or RNA, nor significant SBV-associated pathomorphological changes
were detected in peripheral organs such as heart, peripheral nerves, skin, eyes, lymphoid
tissues, and gastrointestinal, respiratory, and urogenital tracts as well as endocrine organs.
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Similar to muscular tissue, this finding can be interpreted as a result of antibody-mediated or
inflammation-related viral clearance and/or characterized these organs as non-SBV target
tissues. The detection of CVV-RNA or antigen in the heart, kidney, and eyes of ovine fetuses
experimentally infected at gestational day 35 and examined between 7 and 28 days post
infection indicates that an initial SBV replication in these developing tissues might occur
(RODRIGUES-HOFFMANN et al., 2012).
In conclusion, SBV infection does not appear to cause a persistent infection in the muscular
tissue and/or peripheral organs of transplacentally-infected small ruminants and calves.
However, further studies are needed to elucidate the course of SBV infection in the early
phase of gestation and associated lesions in the CNS, peripheral nervous system (PNS),
musculature, and other peripheral tissues and organs.
8.3

Lack of SBV in ruminant brain tissues archived from 1961 to 2010 in Germany

Despite intense research since the emergence and spread of the SBV throughout the
livestock in 2011 the origin and biology of SBV remains largely unknown (AZKUR et al., 2013;
CONRATHS et al., 2013). To investigate the occurrence of SBV in the German ruminant
population between 1961 and 2010, a retrospective study based on the examination of brain
tissues of 112 cattle, 57 sheep, 16 goats, and 27 wild ruminants using IHC and ISH was
performed. The cases included in this study comprised ruminants with typical lesions
described for SBV infections such as aborted and neonatal animals, preferentially displaying
limb, skull, vertebral, or CNS malformations. Due to the association of AKAV with
encephalitis in postnatal ruminants the samples also encompassed juvenile and adult
animals with meningoencephalitis (UCHIDA et al., 2000; LEE et al., 2002). Neither specific
immunolabeling nor ISH signals were found in the brain tissues of any of the animals
investigated or in the negative control sections. Consequently SBV should be considered as
an emerging infectious disease in Germany. Due to the detection of SBV in Culicoides biting
midges in Belgium, Denmark, Italy, Germany, and Poland SBV represents an arthropod-borne
virus and the first orthobunyavirus of the Simbu serogroup detected in Europe (CONRATHS
et al., 2013; LARSKA et al., 2013c). The AKAV another Simbu serogroup member circulating in
Asia, Africa, and Oceania is associated with malformations in ruminant offspring comparable
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to SBV that are referred to as the ‘arthrogryposis and hydranencephaly syndrome’ (KONNO
et al., 1982; CONRATHS et al., 2013). The pathogenic relevance of further related
Simbuviruses such as SHAV, Douglas virus, and SATV that have been isolated from cattle is
discussed (CYBINSKI et al., 1984; YANASE et al., 2004, 2005).
Preliminary phylogenetic analyses suggested that SBV represents a SHAV/SATV reassortant.
In contrast, recent results of full-genome and serological investigations indicated that SHAV
might have evolved from SBV and an unclassified virus (GOLLER et al., 2012). Consequently,
the emerging of SBV in 2011 should be considered as another example that increased
travelling and commercial exchanges, climate and ecological changes as well as increased
livestock production might promote the spread of reassorted, but also known arthropodborne viruses from the tropical to the temperate zone (JONES et al., 2008). In order to
characterize the time point of viral induction as well as also to identify possible hosts in the
wild animal population IHC and ISH represent suitable methods for the detection of viral
infections in formalin-fixed and paraffin-embedded tissue samples, particularly when serum
samples are not available (BIEDERMANN et al., 2004).
In summary, the present retrospective study spanning 49 years suggested that the SBV was
quite recently introduced into the livestock of farmed and wild ruminants in Germany.
8.4

SBV pathogenesis, tropism and interaction with the innate immune system of the
host

The forth part of the current study discusses the results of a cooperative project with the
working group of Prof. M. Palmarni from the University of Glasgow, that planned and
performed the majority of the experiments. The research focus included the establishment
of in vitro tools such as SBV cell culture models providing the basics for a reverse genetics
system for the rapid rescue and genetic manipulation of SBV. Furthermore, the experimental
relevance of a murine SBV infection model to study determinants of SBV virulence and
biology in vivo was evaluated.
The results of the in vitro experiments revealed that SBV is characterized by a broad tissue
tropism in cell culture. This was demonstrated by the efficient infection of sheep CPT-Tert
(sheep choroid plexus cells, bovine BFAE (bovine fetal arterial endothelial), human HEK-293T
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(human embryonic kidney), dog MDCK (Madin Darby canine kidney), hamster BHK-21 (baby
hamster kidney), and BSR (cloned from baby hamster kidney) cells. A cytopathic effect (CPE)
was present in most cell lines with the exception of BFAE. The replication of SBV in different
types of cultured cells represents an essential to further characterize SBV target receptors
and virulence factors and to produce recombinant SBV variants. Using a three plasmid
system encoding full-length antigenome SBV-RNAs of the S, M, and L segment under the
control of the T7 polymerase promoter, replication competent SBV was successfully
produced in BSR-T7/5 cells (BUCHHOLZ et al., 1999). Compared to this method, the
experimental approach based on HEK-293T-cells transfected with a four plasmid system
providing SBV-RNAs as well as the T7 RNA polymerase was demonstrated to be more
efficient and reproducible to rescue synthetic SBV (sSBV), but also BUNV. sSBV revealed
similar replication efficiencies in vitro compared to wild type (WT) SBV, as demonstrated by
plaque assay using 293T or BSR-T7/5 cells.
To evaluate a murine model to further study WT SBV and/or sSBV virulence, tropism, and
pathogenesis in vivo, both viruses were used to infect suckling mice by intracerebral
injection. For both viruses, the survival time of the mice infected ranged between 5 to 8 days
post inoculation. Additionally, corresponding histopathological changes were observed in
the brain of WT and sSBV infected animals, indicating comparable virulence of WT SBV and
sSBV in the murine experimental model.
Histology and SBV-specific immunohistochemistry demonstrated similar SBV-associated
lesions in the central nervous system and a mainly neuronal cellular tropism in the murine
model and naturally infected small ruminants.
Using intracerebral SBV-inoculated mice as a model, the progression of the infectionassociated neuropathology from peracute hemorrhage at 48 h post infection to malacia at
72 h extending to a widespread vacuolation of the white matter at 96–120 h post inoculation
was demonstrated. In naturally SBV-infected neonatal or aborted ruminants, cavitary brain
lesions represent a frequent necropsy finding (HERDER et al., 2012; PEPERKAMP et al.,
2014). The SBV-associated CNS lesions in the murine model strongly suggest that the hydranor porencephaly in ruminants results from natural progression of vacuolar changes within
the white matter. These similarities in the pathologic changes between naturally infected
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fetal ruminants and mice inoculated intracerebrally with SBV recommend the murine SBV
infection model as an appropriate tool to characterize aspects of SBV virulence.
The experimental value of the SBV cell culture and murine model was further evaluated in an
experimentally approach intending i) to attenuate SBV in tissue culture and ii) to generate a
SBV mutant lacking the non-structural protein, that might function as a mediator of the
innate antiviral response.
Numerous studies use the sequential passage of virus strains to generate less virulent
variants and to design live-attenuated vaccines (HUYGELEN and PEETERMANS, 1967;
KUROGI et al., 1979). A similar approach was applied to SBV using serial passaging and
plaque purification in CPT-Tert cells. Unexpectedly, in the murine model, the rescued
SVBp32 (passage 32) was more virulent than sSBV resulting in faster viral spread as
represented by 100% lethality by day 4 and 5 post infection. Sequencing of SVBp32
complementary DNA (cDNA) identified a total of 17 nucleotide changes within the 3 genome
segments. Most of the mutations represented non-synonymous coding variants located
within the M segment restricted to glycoprotein Gc and NSm protein coding regions and the
S segment. The increased virulence of SBVp32 might especially result from mutations in Gc
and could be associated with an increased cell receptor affinity.
Furthermore, mutations in the NSs should be considered as potential cause for the increase
in SBVp32 virulence. Recent studies revealed that the NSs protein of BUNV, a SBV-related
virus, is a nonessential gene product for viral replication that contributes to viral
pathogenesis by inhibiting IFN transcription and consequently interfering with the innate
immune responses of the host (BRIDGEN et al., 2001; KOHL et al., 2003; THOMAS et al.,
2004). To further study a comparable function of the SBV NSs as a virulence factor, a SBV
NSs deletion mutant (SBVΔNSs) was generated by reverse genetics. In vitro SBVΔNSs
revealed comparable growth kinetics and titers to sSBV and WT SBV, whereas survival rates
of 40–60% of SBVΔNSs inoculated mice clearly demonstrated a reduced virulence in vivo.
Further cell culture experiments revealed a SBVΔNSs infection-associated induction of IFN in
IFN-competent human cell lines and in sheep primary cells, whereas IFN production was
blocked in cells infected with WT SBV. The production of IFN in SBVΔNSs-infected cells was
associated with the presence of IFN-β transcripts. Similar transcripts were not detected in
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cells infected with WT SBV indicating that the inhibition of IFN production occurred at the
level of transcription. The comparable virulence of sSBV and SBVΔNSs in IFN receptor knock
out mice further reinforced the hypothesis that the SBV NSs protein, similar to BUNV, RVFV,
and LACV directly or indirectly modulates the host innate immune response (BOULOY et al.,
2001; BLAKQORI et al., 2007).
Summarized, the current study revealed cell culture and reverse genetics as well as a murine
infection model as a useful experimental platform to characterize SBV virulence and
pathogenesis in vitro and in vivo.
8.5

NSs protein of Schmallenberg virus counteracts the antiviral response of the cell by
inhibiting its transcriptional machinery

Most of the results discussed in the following section were achieved by the working group of
Prof. M. Palmarini, University of Glasgow. As revealed by the study presented in the previous
subchapter, the NSs protein of SBV represents an important SBV virulence factor inhibiting
IFN production (ELLIOTT et al., 2013; VARELA et al., 2013). In the current study growth assays
of SBV and SBVΔNSs in primary sheep endothelial cells, which have an intact IFN system and
IFN production compromised CPT-Tert and human HEK-293T cell line were compared. As
expected, the multiplication kinetics of SBVΔNSs in primary endothelial cells was strongly
reduced compared to WT SBV, whereas no difference between the viruses was found in CPTTert or HEK-293T cells. Consequently, SBV NSs represents a protein promoting viral
replication in IFN producing cells.
To further evaluate, if this effects is related to an SBV NSs-mediated reduction in host-cell
gene transcription, translation, or both, SDS-PAGE of
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S-methionine-labelled lysates

collected 6 and 16 h after infection with WT SBV and SBVΔNSs was performed and compared
to controls. These experiments revealed a stronger decrease in protein synthesis in WT SBV
compared to SBVΔNSs-infected cells suggesting that NSs contributes to the inhibition of
host-cell gene expression in SBV-infected cells. Interestingly, the virus protein bands at 16 h
were

more

prominent

in

SBVΔNSs-infected

cells

that

might

result

from

a

regulatory/inhibitory function of NSs on the expression of other SBV proteins, as observed in
BUNV infections (BRIDGEN et al., 2001). Similar results were obtained with a luciferase-
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based assay using HEK-293T cells transfected with Renilla luciferase and subsequently
infected with WT SBV, SBVΔNSs, or BUNV as a positive control and measurement of
luciferase activity 24 h post infection, which was compared to mock-infected controls
(LEONARD et al., 2006). SBV- or BUNV-infected cells demonstrated only 9% and 29% of
luciferase values of mock-infected cells, respectively. In contrast, relative luciferase values of
SBVΔNSs-infected cells were only reduced to 55%, confirming an SBV NSs-mediated
inhibition of host-cell gene expression. Further co-transfection experiments using varying
amounts of a SBV NSs protein expression plasmid and a fixed amount of the Renilla
luciferase-expression vector revealed a dose-dependent block of luciferase expression with
increasing amounts of SBV NSs plasmid transfected. These observations indicate that the
inhibition of cellular protein production is modulated by the SBV NSs.
The structure of the NSs protein of Bunyaviruses including SBV is not characterized yet. To
further define specific domains that are involved in the inhibition of the host-cell gene
expression, several deletions or substitutions were induced in highly conserved regions of
the SBV NSs. Co-transfection of HEK-293T cells with the Renilla luciferase-expression plasmid
and vectors encoding the different SBV NSs mutation variants and subsequent measurement
of luciferase activity revealed that mutations in the N-terminal region of SBV NSs do not
affect luciferase expression. In contrast, substitutions in the C-terminal region significantly
impaired NSs protein activity. These results suggest that the C-terminal region of SBV NSs is
critical for its inhibitory function on gene expression similar to the BUNV NSs protein
(LEONARD et al., 2006). The expression levels of wild-type SBV NSs and mutated variants
were difficult to detect by Western blotting even after treating transfected cells with a
proteasome inhibitor, whereas the NSs S22 del mutant showed high expression levels. This
may be related to a reduced degradation as it was demonstrated for a similar BUNV NSs
mutation variant (VAN KNIPPENBERG et al., 2013).
To further specify the influence of SBV NSs on gene transcription, fluorescence-based
detection of newly synthesized RNA was performed (JAO and SALIC, 2008). RNA levels in WT
SBV-infected cells were markedly lower compared to SBVΔNSs-infected or uninfected cells.
These results indicate that SBV NSs protein reduces cellular RNA levels, as it was observed
previously for other bunyaviruses (WEBER et al., 2002; LEONARD et al., 2006; HABJAN et al.,
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2009). The impairment of the cellular transcription machinery may result from an impaired
phosphorylation of the C terminus of the RPB1 subunit of RNA polymerase II (RNAP II) or the
NSs-related triggering of the degradation of RPB1, as demonstrated for BUNV or LACV
respectively (THOMAS et al., 2004; LEONARD et al., 2006; VAN KNIPPENBERG et al., 2010;
VERBRUGGEN et al., 2011).
To examine whether SBV NSs targets the RNAP II complex, cell lysates of WT SBV-, SBVΔNSs-,
or BUNV-infected HEK-293T cells were analyzed using antibodies specific for RPB1, the
phosphorylated form of RPB1, SBV N protein (VARELA et al., 2013), BUNV N protein, and ctubulin. RPB1 was not detected in BUNV- and SBV-infected cells, whereas expression was
maintained in SBVΔNSs-infected cells. This finding may result from primary degradation of
the RPB1 protein or represents a secondary degradation as sequel of an inhibited RPB1
phosphorylation. Further experiments comparing RBP1 expression using WT SBV-infected
cells grown with or without a proteasome inhibitor revealed that i) RPB1 was degraded over
time (6–15 h post infection) and ii) RPB1 pSer2 disappeared along with RPB1. Furthermore,
RPB1 expression in cells treated with the transcription inhibitor actinomycin D or infected
with WT SBV at different times post-treatment was evaluated. In SBV-infected cells, RPB1
expression decreased considerably at approximately 9–10 h post infection, whereas it
persisted until at least 12 h after actinomycin D application. Due to the RPB1 half-life of
approximately 6 h in mammalian cells, these results strongly suggest that the loss of RPB1 is
directly induced by SBV NSs expression and not the indirect result of inhibition of cellular
transcription (AKHRYMUK et al., 2012). This assumption was further confirmed by
transfection experiments using the WT and mutated SBV NSs vectors or empty control
plasmids and Western blot for RPB1. Corresponding to the results of the luciferase assay, a
reduction in RPB1 levels was restricted to cells transfected with expression plasmids for SBV
NSs or with the NSs mutants H3A and S22 del.
The NSs proteins of LACV or BUNV also promote or delay cellular apoptosis (PEKOSZ et al.,
1996; COLON-RAMOS et al., 2003; KOHL et al., 2003). Transfection experiments using WT
SBV or SBVΔNSs and measurement of caspase-3/7 in cell lysates of CPT-Tert cells revealed
that similar to LACV NSs, SBV NSs enhances the rate of apoptotic cell death in vitro. Despite
the lack of statistically significant differences in intracerebral inoculated mice, brain sections
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collected from animals infected with WT SBV contained a higher proportion of caspase-3positive cells compared to those infected with SBVΔNSs, suggesting SBV NSs as a protein
modulating apoptosis.
Summarized, the fifth part of the current study further characterized the SBV Ns as an
important SBV virulence factor that modulates transcription by affecting the degradation of
the RPB1 subunit of RNAP II. The inhibition of cellular transcription results in decreased IFN
production and subsequently inhibits the antiviral host response. Furthermore, the SBV NSsmediated apoptosis might contribute to SBV pathogenesis.
8.6

Concluding remarks

After the emergence of SBV in Europe in 2011, many aspects of the virus pathogenesis and
epidemiology were unknown. The current project focused on the study of SBV pathogenesis
in the natural ruminant host by providing an SBV-specific ISH as a quickly available
laboratory tool to identify target cells of emerging viral pathogens. Using ISH, the SBV
neurotropism as well as the correlation of CNS inflammation and SBV-RNA was
demonstrated suggesting the immunocompetence of the fetus at the time of infection and
the time between infection and birth as a critical factor in SBV pathogenesis or diagnosis.
Furthermore, examination of muscular tissue, PNS, and/or peripheral organs of
transplacentally infected small ruminants and calves characterized i) muscular hypoplasia as
an SBV-associated lesion and ii) the persistence of the SBV infection as restricted to the CNS.
The disclosure of the in utero infected offspring as a dead-end for further SBV spread as well
as the absence of SBV in the domestic and wild ruminant population of Northern Germany
before 2011 as suggested by a retrospective study revealed important aspects of SBV
epidemiology.
Due to the limited reproducibility of the SBV infection in experimental studies in ruminants,
the detailed characterization of naturally infected animals provides invaluable aspects of SBV
pathogenesis. To generate an alternative platform to further investigate molecular
determinants of SBV virulence, 2 projects were performed in cooperation with Prof. M.
Palmarini, University of Glasgow. The research focus of these studies included the
development of a reverse genetics approach to produce synthetic SBV variants and the
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evaluation of a murine in vivo model. The production of SBV NSs deletion mutants
characterized this protein as not essential for SBV viability but as an important virulence
factor blocking the host IFN response. The established reverse-genetics approach and the
use of SBV NSs deletion mutants may provide the basics for the save and economic
production of SBV live-attenuated vaccines as an alternative to the inactivated products that
are currently available in the United Kingdom and France.
Although the epidemiological data from 2014 indicate that the SBV outbreak in Europe is
essentially finished, in the absence of a large vaccination campaign, it is likely that SBV will
persist in Europe with seasonal variations and epizootic peaks (AFONSO et al., 2014;
DOUCEUL et al., 2014; ROBERTS et al., 2014; VELDHUIS et al., 2014). Even if retrospectively
the impact of the SBV infection was limited, the worst case scenario of 2012 namely the SBV
introduction in a naïve host population might reoccur if Europe becomes SBV free (AFONSO
et al., 2014; EUROPEAN FOOD SAFETY AUTHORITY, 2014). In order to avoid a decline of the
livestock immunity, targeted economically calculated vaccination programs and a timing of
the at-risk period of gestation to coincide with the period of low vector activity will be crucial
factors to limit SBV-related economic losses. The Schmallenberg virus epidemic in 2011
should be considered as an example for the emergence of other ruminant as well as human
pathogenic orthobunyaviruses such as AKAV or Oropouche virus, which represent a current
threat for European livestock and public health. Therefore, further studies to characterize
epidemiology and pathogenesis of these viruses are essential to provide an effective
response
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Organ and cell tropism and molecular characteristics of Schmallenberg virus infection in
ruminants and mouse models
Kerstin Caroline Hahn
The Schmallenbergvirus (SBV), a novel, insect-transmitted Orthobunyavirus of the Simbu
serogroup, emerged in autumn 2011 in Northern Germany, the Netherlands and Belgium
and rapidly spread across the domestic ruminant and wildlife population in Europe.
In adult ruminants SBV infection passes predominantly subclinically or may be associated
with a mild transient disease course. In pregnant cattle, sheep, and goats infection during a
critical gestation period can lead to severe malformations in aborted, stillborn, or fullterm
offspring also referred to as arthrogryposis-hydranencephaly syndrome.
After the emergence of SBV, diagnosis was restricted to quantitative reverse-transcription
polymerase chain reaction (RT-qPCR), whereas a diagnostic tool enabling SBV genome
detection on paraffin-embedded material to characterize SBV cellular tropism was not
available. Furthermore, the characterization of SBV tropism in peripheral organs of
malformed animals to further elucidate SBV-associated pathomechanisms and especially a
potential persisting infection was lacking.
In the framework of the current study, an SBV-specific in situ hybridization (ISH) probe and
protocol was established and characterized SBV predominantly as a neurotropic virus. Using
ISH SBV-RNA was detected in the brain of 17% of malformed, SBV-RTqPCR-positive tested
small ruminants and 6% of the calves. In lambs and goat kids, the positive ISH signal and was
constantly associated with non-suppurative inflammation, whereas similar lesions were
absent in SBV-ISH positive tested calves. These findings suggested that the SBV infection may
persist in the fetus after transplacental transmission and revealed an association of SBV-RNA
and inflammation in immunocompetent animals.
The subsequent characterization of the SBV organ tropism in malformed ruminants using
SBV-specific immunohistochemistry (IHC) and ISH revealed an absence of viral antigens and
RNA in peripheral organs and muscles. These observations confirmed that in utero
transmission of SBV does not result in a persisting SBV infection in peripheral organs and
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suggested the SBV-associated muscular hypoplasia as a sequel of neuronal loss in the brain
and spinal cord leading to denervation of the muscles.
To further characterize SBV epidemiology and to address the question of a circulation of SBV
in the German domestic and wildlife ruminant population before the epidemic spread in
2011, a retrospective study using brain samples archived between 1961 and 2010 was
performed. IHC and ISH did not detect SBV-specific protein or RNA, respectively. These
results substantiate the hypothesis that SBV has to be considered as a truly emerging
pathogen that has been introduced into the European ruminant population from tropical or
subtropical regions.
To generate a platform to study SBV molecular characteristics, the present study additionally
included a cooperative project with the University of Glasgow focusing on the development
of in vitro and in vivo models to study SBV pathogenesis, tropism, and virus-host cell
interactions. In cell culture synthetic SBV (sSBV) and wild type SBV (WT SBV) were
characterized by a wide tropism and possessed similar replication kinetics. The virulence and
neurotropism of both SBV types was confirmed in vivo after intracerebral inoculation of
newborn mice. In the murine model brain lesions such as neuropil vacuolation and malacia
were observed, which might be a preliminary stage for porencephaly and hydranencephaly
as described in SBV-infected malformed ruminants. To further characterize molecular
determinants of SBV virulence, SBV was sequentially passaged 32 times in cell culture. This
classical approach to attenuate viruses surprisingly resulted in a SBV variant (SBVp32)
displaying increased virulence in the murine model compared to WT SBV. Sequencing of
SBVp32 revealed a variety of mutations, which might contribute to the increased
pathogenicity by influencing SBV cell receptor affinity or modulate the host antiviral
response, respectively. It was also demonstrated, that a SBV deletion mutant of the nonstructural NSs protein (SBVΔNSs) is less virulent in mice than wild type SBV. This attenuation
is suggested to result from the inability of SBΔNSs to block interferon synthesis in virusinfected cells.
Therefore a subsequent in vitro and in vivo study was performed in cooperation with the
University of Glasgow, that focused on the SBV NSs as a virulence factor and its associated
molecular mechanisms to modulate the antiviral host response. It was demonstrated, that
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the NSs protein of SBV mediates the degradation of the RPB1 subunit of the RNA polymerase
II and consequently inhibits global cellular protein synthesis. Additionally, SBV NSs seems to
enhance apoptosis indicating that this protein modulates different factors of SBV
pathogenesis.
Summarized, these studies presented provided substantial information about SBV
pathogenesis and epidemiology in naturally-infected ruminants. Furthermore, the murine
model was characterized as a valuable approach to examine the molecular determinants of
SBV pathogenicity, as demonstrated for the SBV NSs, a non-essential protein for SBV
viability,

but

an

important

virulence

factor.
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Charakterisierung des Zell- und Organtropismus sowie molekularer Mechanismen der
Schmallenberg-Virus-Infektion bei Wiederkäuern und in Mausmodellen
Kerstin Caroline Hahn
Das Schmallenberg-Virus (SBV) stellt ein neuartiges, durch Insekten übertragenes
Orthobunyavirus der Simbu-Serogruppe dar. Dieses Virus wurde erstmals im Herbst 2011 in
Norddeutschland, den Niederlanden sowie Belgien nachgewiesen und verbreitete sich
innerhalb kurzer Zeit in der Haus- und Wildwiederkäuerpopulation Europas.
In adulten Wiederkäuern verläuft die akute SBV-Infektion überwiegend subklinisch oder
manifestiert sich als milde, transiente Erkrankung. Bei Kühen, Schafen oder Lämmern kann
die SBV-Infektion in einem vulnerablen Stadium der Trächtigkeit mit dem Auftreten
schwerer Missbildungen bei abortierten, tot geborenen oder ausgetragenen Nachkommen
assoziiert sein. Diese Malformationen werden als Arthrogrypose-Hydranencephalie-Syndrom
bezeichnet.
Nach dem Ausbruch der SBV-Epidemie basierte der labordiagnostische Nachweis des SBV
auf einer quantitativen Polymerasekettenreaktion nach reverser Transkripiton (RT-qPCR).
Eine Methode zur Visualisierung des SBV-Genoms, die eine Charakterisierung des SBVZelltropismus an Paraffin-eingebetteten Gewebeproben ermöglicht, stand nicht zur
Verfügung. Zudem war der Tropismus des SBV in peripheren Organen unbekannt, der im
Hinblick auf die Fragestellung einer persistierenden Infektion einen relevanten Aspekt der
SBV-Pathogenese darstellt.
Im Rahmen der durchgeführten Studie wurde eine SBV-spezifische Sonde sowie ein
entsprechendes Protokoll etabliert, das zur selektiven Detektion viraler RNS mittels in situHybridisierung (ISH) verwendet werden kann und die Charakterisierung des SBV als primär
neurotropes Virus ermöglichte. Mittels ISH wurde Gehirngewebe von SBV-RT-qPCR positiv
getesteten

kleinen

Wiederkäuern

und

Kälbern

mit

angeborenen,

SBV-typischen

Missbildungen untersucht und virale RNS in 17% bzw. 6% der Gewebeproben nachgewiesen.
Bei Lämmern und Ziegen war eine positive SBV-ISH Reaktion mit dem Auftreten einer
Enzephalitis korreliert, während bei den SBV-ISH positiv getesteten Kälber keine
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entzündlichen Infiltrate vorlagen. Anhand dieser Ergebnisse wurde gezeigt, dass das SBV
nach intrauteriner Übertragung im zentralen Nervensystem missgebildeter Wiederkäuer
persistieren kann. Zudem wurde nachgewiesen, dass das Vorhandensein viraler RNS bei
immunkompetenten Tieren mit dem Auftreten einer Entzündungsreaktion einhergeht.
Im Rahmen einer weiteren Studie, mit dem Ziel, den Organtropismus des SBV mittels
Immunhistochemie (IHC) und ISH zu charakterisieren, wurde kein Virus spezifisches Protein
bzw. RNS

in peripheren

Organen

und Muskulatur missgebildeter Wiederkäuer

nachgewiesen. Aufgrund dessen ist davon auszugehen, dass eine intrauterine Übertragung
des SBV nicht zu einer persistierenden Infektion in den peripheren Organen der infizierten
Nachkommen führt. Zudem wurde gezeigt, dass die SBV-assoziierte Muskelhypoplasie
wahrscheinlich sekundär aus dem Verlust von Neuronen im Gehirn und Rückenmark und
konsekutiven Defizienten der muskulären Innervation resultiert.
Im Hinblick auf die epidemiologisch relevante Fragestellung, ob das SBV möglicherweise
schon vor 2011 in der deutschen Haus- und Wildwiederkäuerpopulation zirkulierte, erfolgte
eine retrospektive Studie unter Verwendung von archiviertem Gehirngewebe aus den Jahren
1961 bis 2010. Mittels IHC und ISH wurden weder SBV spezifische Proteine, noch RNS in den
untersuchten Proben nachgewiesen. Diese Ergebnisse entsprechen der Hypothese, dass das
SBV in Europa einen neuartigen Erreger darstellt, der aus tropischen oder subtropischen
Regionen stammt.
Um weitere molekulare Eigenschaften des SBV zu untersuchen, wurden im Rahmen eines
Kooperationsprojektes mit der Universität Glasgow in vitro und in vivo Modelle entwickelt
und zur Charakterisierung des Tropismus, der Pathogenese sowie der Interaktion des SBV
mit dem Wirtsorganismus verwendet. In der Gewebekultur zeigten sowohl das Wildtyp SBV
(WT SBV) als auch ein synthetisches Virus (sSBV) einen breiten Zelltropismus und eine
ähnliche Replikationskinetik. Zur Charakterisierung der Virulenz und des Neurotropismus
beider SBV-Varianten in vivo wurden neugeborene Mäuse intrazerebral inokuliert. Die SBVInfektion war bei beiden Virusvarianten mit Vakuolisierung des Neuropils und Malazie
assoziiert, die möglicherweise eine Vorstufe von Porenzephaly und Hydranenzephalie
darstellen, die bei SBV infizierten Wiederkäuern mit Missbildungen auftreten. Um weitere
Aussagen über Virulenzfaktoren des SBV treffen zu können, wurde das WT SBV sequentiell

Zusammenfassung

51

über 32 Zellpassagen kultiviert. Dieser klassische Ansatz um Viren zu attenuieren resultierte
allerdings in einer SBV-Variante (SBVp32), die eine höhere Virulenz im Vergleich zum
Wildtyp-Virus aufwies. Anhand der Sequenzierung des SBVp32 stellten sich verschiedene
Mutationen dar, die möglicherweise zu einer Pathogenitätssteigerung aufgrund einer
erhöhten Affinität des SBV zu den spezifischen Zielrezeptoren führen bzw. die antiviralen
Wirtsreaktion modulieren. Es wurde gezeigt, dass eine SBV Deletionsmutante des NichtStrukturproteins NSs im Mausmodell eine geringere Virulenz als das WT SBV besitzt. Diese
Variante scheint, im Vergleich zum Wildtyp-Virus nicht das Potential zu besitzen, die
Interferon-Antwort des Wirtsorganismus effektiv unterdrücken zu können. Aus diesem
Grund wurde im Rahmen eines weiteren Kooperationsprojektes mit der Universität Glasgow
das SBV NSs als potenzieller SBV-Virulenzfaktor untersucht, um dessen Einfluss auf die
antivirale Wirtsantwort in vitro und in vivo auf molekularer Ebene zu charakterisieren. Es
wurde gezeigt, dass das NSs Protein des SBV die Degradation der RPB1 Untereinheit der RNS
Polymerase II bewirkt und auf diese Weise die zelluläre Proteinsynthese inhibiert. Zudem
scheint das SBV NSs einen Apoptose induzierenden Virulenzfaktor darzustellen und folglich
verschiedene Aspekte der Pathogenese des SBV Infektion zu modulieren.
Anhand der durchgeführten Untersuchungen wurden substantielle Erkenntnisse über die
Pathogenese und Epidemiologie des SBV in natürlich infizierten Wiederkäuern gewonnen.
Zudem wurde das Mausmodell als geeignetes System beschrieben, das zur Charakterisierung
weiterer Virulenz assoziierter Mechanismen des SBV verwendet werden kann. Dies erfolgte
im Rahmen der durchgeführten Studie für das NSs, welches ein nicht-essentielles Protein für
die Virus-Vitabilität darstellt, aber als wichtiger Virulenzfaktor fungiert.
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