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Introduction

1.1

Pestiviruses

1.1.1 Taxonomy of pestiviruses
The genus Pestivirus is clustering together with the genera Flavivirus, Hepacivirus and
Pegivirus into the virus family Flaviviridae (Simmonds et al., 2017). Until recently, four
species of pestiviruses have been recognized: Classical swine fever virus (CSFV), Bovine
viral diarrhea virus 1 (BVDV-1), Bovine viral diarrhea virus 2 (BVDV-2) and Border
disease virus (BDV). An increasing number of newly discovered pestiviruses required a
revision of the taxonomy of the genus Pestivirus and an addition of several virus species
(Avalos-Ramirez et al., 2001; Bauermann et al., 2012; Hause et al., 2015; Kirkland et al.,
2007; Postel et al., 2016; Schirrmeier et al., 2004; Smith et al., 2017; Vilcek et al., 2005).
According to the 10th ICTV report, the genus Pestivirus comprises currently 11 species:
Pestivirus A (Bovine viral diarrhea virus 1), Pestivirus B (Bovine viral diarrhea virus 2),
Pestivirus C (Classical swine fever virus), Pestivirus D (Border disease virus), Pestivirus E
(pronghorn pestivirus), Pestivirus F (Bungowannah virus), Pestivirus G (giraffe pestivirus),
Pestivirus H (Hobi-like pestivirus), Pestivirus I (Aydin-like pestivirus), Pestivirus J (rat
pestivirus) and Pestivirus K (Atypical porcine pestivirus) (Smith et al., 2017). Several other
pestiviruses, including two viruses found in bats (Rhinolophus affinis Pestivirus, RaPV;
Scotophilus kuhlii Pestivirus, BtSk-PV) have been suggested to represent additional pestivirus
species (Smith et al., 2017; Wu et al., 2018, 2012). Lamp et al. recently reported another not
assigned species of pestiviruses, provisionally termed Linda virus, discovered in a pig farm in
Austria (Lamp et al., 2017).
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1.1.2 Biology of pestiviruses
1.1.2.1

Host range and transmission of pestiviruses

Classical pestiviruses infect cloven-hoofed animals of the order Artiodactyla (even-toed
ungulates), like pigs, cattle, sheep, goat and wild ruminants (Becher et al., 1997; Vilček and
Nettleton, 2006). Genetically divergent pestiviruses were recently discovered in rats and bats
(Firth et al., 2014; Wu et al., 2018, 2012). Pestiviruses of ruminants have a broader host range
than pestiviruses infecting pigs, such as CSFV. Ruminant pestiviruses are frequently
transmitted to other ruminant species and are even found in pigs (Tao et al., 2013; Tautz et al.,
2015).
Pestiviruses can be transmitted through horizontal spread via body secretion and excretion,
i.e. saliva, semen, feces, nasal or urine secretion and milk. The virus can be transmitted by
direct contact between animals, as well as indirect contact i.e. with contaminated food,
veterinary

equipment

and

clothes.

Furthermore,

pestiviruses

can

be

transmitted

transplacentally, thus spreading the virus from the mother to the fetus (Meyling et al., 1990;
Moennig et al., 2003)

1.1.2.2

Clinical symptoms and pathogenesis caused by infection with

BVDV
BVDV is an economically important pathogen of livestock worldwide (Hessman et al., 2009;
Houe, 2003). In healthy cattle, an acute infection with BVDV is often inapparent or causes
only mild symptoms. Clinical signs of acute BVDV infections may include mild fever,
diarrhea, transient leukopenia, increased nasal discharge, coughing and anorexia (Baker,
1990; Liess, 1990).
2

Highly virulent BVDV strains cause more severe clinical symptoms, including haemorrhages,
severe thrombocytopenia, bloody diarrhea and epistaxis. (Corapi et al., 1989; Lunardi et al.,
2008; Pellerin et al., 1994; Rebhun et al., 1989; Yeşilbağ et al., 2014).
BVDV is able to cross the placental barrier and infect the fetus. Depending on the time point
of infection during gestation different clinical manifestations can be seen, including abortion,
stillbirth, teratogenic effects, and the birth of persistently infected calves (Brownlie, 1990;
Deregt and Loewen, 1995; Grooms, 2004). BVDV infection in the first 40 days of gestation
frequently result in the death of the fetus (Grooms, 2004). Between the 40th and 120th day of
gestation, the infection can lead to a persistent infection of the fetus. Persistently infected (PI)
animals have a virus strain-specific immunotolerance, since fetal infection occurred before the
immune system was fully developed. Therefore, the animals remain infected for the rest of
their life and continuously shed large amounts of virus. Only noncytopathic (ncp) viruses are
able to establish persistent infections, whereas infections of a gravid animal with a cytopathic
(cp) virus can lead to abortion or elimination of the virus (Deregt and Loewen, 1995; Grooms,
2004; Meyling et al., 1990).
Persistently infected animals may develop a condition named Mucosal Disease (MD) between
6-24 months after birth (Baker, 1990; Meyling et al., 1990). Symptoms are fever, a profuse
watery diarrhea with varying amounts of fresh or clotted blood, dehydration, erosive and
ulcerative lesions at nose, mouth and within the gastrointestinal tract, anorexia and
dehydration. The outcome of the disease is always fatal (Baker, 1990; Lanyon et al., 2014).
Besides the persistent infecting ncp virus, a cp virus can often be found, in animals, which
succumb to MD. These ncp and cp BVDV isolates demonstrate a high genetic similarity and a
close antigenic relationship and are referred to as virus pair (Baroth et al., 2000; Becher et al.,
1999; Corapi et al., 1988; Meyers et al., 1996; Pocock et al., 1987; Tautz et al., 1996, 1994).
3

The cp BVDV strain develops from the ncp BVDV strain by non-homologous RNA
recombination and cause the afore mentioned symptoms of MD (Becher et al., 1999; Becher
and Tautz, 2011; Tautz et al., 1994).

1.1.3 Virus morphology and genome organization
Pestiviruses are enveloped viruses with a diameter of 40-60nm. The single stranded RNA with
positive polarity and a length of approximately 12.3 kb is located within the viral particle and
consists of one open reading frame (ORF), which encodes for a polyprotein of about 3900
amino acids (Knipe and Howley, 2013; Tautz et al., 2015). The ORF is flanked by 5’ and 3’
nontranslated regions (NTRs), which play an important role in translation and RNA
replication (Becher et al., 2000; Frolov et al., 1998; Isken et al., 2004, 2003; Yu et al., 2000).
The translation of pestiviral RNA is initiated cap-independent by an internal ribosome entry
site (IRES) in the 5’ NTR (Brock et al., 1992; Pestova et al., 1998; Poole et al., 1995). No
poly(A)-tail can be found at the 3’NTR of pestiviruses. The coordination of translation and
RNA replication in pestiviruses is facilitated by interaction of the 3’NTR with host proteins of
the NFAR (nuclear factors associated with dsRNA) group (Isken et al., 2004, 2003).
The polyprotein is processed by viral and host proteases, resulting in the generation of four
structural proteins, the core protein (C) and the envelope (E) glycoproteins Erns, E1 and E2 as
well as the eight nonstructural proteins (NS) Npro, p7, NS2, NS3, NS4A, NS4B, NS5A and
NS5B (Figure 1) (Becher et al., 1998; Collett et al., 1988; Meyers et al., 1989; Rümenapf et
al., 1993; Stark et al., 1990; Tautz et al., 2015; Thiel et al., 1991).
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Figure 1: Genome organization of pestiviruses: The genome of pestivirures is a single
stranded RNA with positive polarity and a single open reading frame (ORF), which encodes
for one polyprotein. Viral and cellular proteases process the polyprotein into the single
structural and nonstructural proteins. Structural proteins are highlighted in grey

The N-terminal protease (Npro) is the first protein encoded by the ORF and constitutes its
own family (C53) of cysteine proteases (Rawlings et al., 2012). Npro is an autoprotease and
releases its own C-terminus, thereby creates the N-terminus of the C protein (core protein)
(Rümenapf et al., 1998; Stark et al., 1993; Wiskerchen, 1991). Further processing of the
pestiviral polyprotein between C/Erns, Erns/E1, E1/E2, E2/p7 and p7/NS2 is conducted by
cellular signal peptidases (SPase) and signal peptide peptidase (SPPase) (Figure 1) (Elbers et
al., 1996; Harada et al., 2000; Heimann et al., 2006; Rümenapf et al., 1993).
Erns is an envelope glycoprotein unique to the genus Pestivirus (Peterhans and Schweizer,
2013). Erns can be found on the surface of viral particles and in virus-free supernatant
(Rümenapf et al., 1993; Thiel et al., 1999). Its unusual features include an amphipathic helix
as a membrane anchor (Fetzer et al., 2005; Tews and Meyers, 2007) and an
endoribonucleolytic activity (Schneider et al., 1993). Erns is followed by the glycoproteins E1
and E2. Neutralizing antibodies against infections in animals are induced against E2 and to a
lower degree Erns (Boulanger et al., 1991; Weiland et al., 1992, 1990). The three glycoproteins
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build complexes connected by disulfide bounds. Erns – homodimer, E1-E2-heterodimer and
E2-homodimer were detected in infected cells (Thiel et al., 1991).
The nonstructural proteins p7, NS2-3, NS4A, NS4B, NS5A and NS5B follow the three
glycoproteins. Protein p7 is a small protein of 7 kDa and appears as a mature protein or as
part of an E2-p7 precursor (Elbers et al., 1996). It is necessary for virus morphogenesis but
dispensable for viral replication (Harada et al., 2000). The cleavage of NS2-3 is mediated by
an autoprotease within NS2, which requires the interaction with the cellular cofactor
DNAJC14 (also called Jiv: J-domain protein interacting with viral protein) (Lackner et al.,
2005, 2004). NS3 is a viral protein with a multitude of functions. A chymotrypsin-like serine
protease can be found in the N-terminal domain of the protein, whereas a helicase and an
RNA nucleoside triphosphatase can be found in the C-terminal part (Bazan and Fletterick,
1988; Gorbalenya et al., 1989; Tamura et al., 1993). The NS3 serine protease requires the
central domain of NS4A as a cofactor to obtain its full activity. This NS3-4A protease is not
only responsible for the cleavage of the C-terminus of NS2-3, but also for further processing
of the polyprotein and therefore for the release of NS4B, NS5A and NS5B (Tautz et al., 2000;
Wiskerchen and Collett, 1991; Xu et al., 1997). Uncleaved NS2-3 plays an essential role in
virion morphogenesis, but pestiviruses can adapt and form infectious particles also in the
absence of uncleaved NS2-3 (Agapov et al., 2004; Lattwein et al., 2012; Moulin et al., 2007).
Furthermore, uncleaved NS2-3 cannot substitute for NS3 in viral replication (Lackner et al.,
2004).
NS4A has a size of approximately 10 kDa. It serves as a cofactor for the NS3 serine protease
and plays a role in efficient virion packaging (Agapov et al., 2004; Liang et al., 2009; Moulin
et al., 2007; Tautz et al., 2000; Xu et al., 1997).
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NS4B has a size of about 35 kDa and exhibits an essential but yet uncharacterized role in viral
replication (Grassmann et al., 2001). Comparable to HCV (hepatitis C virus) two conserved
regions, termed Walker A and Walker B were identified in pestiviral NS4B. The sequence of
these two regions showed similarities to nucleotide-binding motifs (Einav et al., 2004; Gladue
et al., 2011; Walker et al., 1982).
NS5A has a size of 58 kDa and as the only part of the replicase complex, can be
complemented in trans (Grassmann et al., 2001). NS5A is comprised of three domains
connected by two low complexity sequences (LCS) (Isken et al., 2014). The domain I
contains an amphipathic α-helix at the N-terminus, which serves as a membrane anchor and a
zinc-binding site, important for viral RNA replication (Brass et al., 2007; Tellinghuisen et al.,
2006). A mutagenesis study revealed that only LCS I, the N-terminal part of domain II and
domain III tolerate deletions and thus are suited for receiving tags applicable for instances in
live-cell imaging. In this study, fluorescent labeled BVDV NS5A was shown to localize to the
surface of lipid droplets (Isken et al., 2014). Recent reports demonstrated a role for NS5A in
viral RNA replication. NS5A was shown to regulate the replication of the viral genome by
either binding to the 3’NTR of the virus or to NS5B (Chen et al., 2012; Sheng et al., 2012).
The identified regions in NS5A required for binding of NS5B as well as for viral RNA
replication are conserved in BVDV, BDV, CSFV and HCV (Chen et al., 2012).
NS5B constitutes the viral RNA-dependent RNA polymerase (RdRp) and has a size of about
77 kDa (Kao et al., 1999; Zhong et al., 1998). Furthermore, NS5B was shown to play a role in
virion morphogenesis (Ansari et al., 2004).
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1.1.4 Pestivirus life cycle
BVDV was shown to use the cellular surface protein cluster of differentiation 46 (CD46) as a
receptor for virus entry (Maurer et al., 2004). However, CD46 alone is not sufficient since a
further non-identified factor is necessary for virus entry (Tscherne et al., 2008). After
attachment to the cell surface, the virus enters the cell via clathrin-dependent endocytosis
(Grummer et al., 2004; Krey et al., 2005; Lecot et al., 2005).
The minimal set required for pestiviral RNA replication are viral proteins NS3 to NS5B and
an unknown number of cellular factors (Behrens et al., 1998; Dubrau et al., 2017; Grassmann
et al., 2001). Replication in pestiviruses takes place in close association with intracellular
membranes, comparable to hepaciviruses and flaviviruses (Paul and Bartenschlager, 2015;
Tautz et al., 2015). Extensive rearrangements of cellular membranes, described for other
members of the family Flaviviridae have not been found during pestiviral RNA replication
(Schmeiser et al., 2014).
Since NS2-3 cannot substitute for NS3 in pestiviral RNA replication, the regulation of NS2-3
cleavage is a crucial factor in the pestiviral life cycle. The activation of the NS2 autoprotease
responsible for NS2-3 processing is dependent on the cellular cofactor DNAJC14 (Isken et
al., 2018; Lackner et al., 2004; Moulin et al., 2007). The restricted availability of this cofactor
in the cell limit NS2-3 cleavage to early phases of infection. This temporal control of NS2-3
processing results in accumulation of NS2-3 later in infection and reduced pestiviral RNA
synthesis (Isken et al., 2018; Lackner et al., 2005).
Virion morphogenesis of pestiviruses is not completely understood yet. An interaction
between structural and nonstructural proteins is necessary for the assembly of viruses in the
family Flaviviridae (Murray et al., 2008a). For pestiviruses, it was demonstrated that all non-
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structural proteins except Npro and NS4B participate in the formation of new viruses (Agapov
et al., 2004; Ansari et al., 2004; Dubrau et al., 2017; Harada et al., 2000; Isken et al., 2014;
Moulin et al., 2007). However, NS4B of hepaciviruses was proven to be essential for virion
morphogenesis, leading to the assumption that the pestiviral analog fulfills the same functions
(Dubrau et al., 2017; Han et al., 2013; Klemens et al., 2015). New pestiviruses are assembled
at the endoplasmic reticulum (ER) and are released by exocytosis after passing the cellular
secretory pathway or via cell lysis after infection with a cp virus (Murray et al., 2008b;
Schmeiser et al., 2014).

1.1.5 Biotypes
Pestiviruses exist in two biotypes: noncytopathic (ncp) and cytopathic (cp). No
microscopically visible alterations can be detected in cells infected with a ncp virus, whereas
infections with a cp biotype lead to rounding up, detachment and death of cells by apoptosis
(Hoff and Donis, 1997; Tautz et al., 2015; Zhang et al., 1996). Cp viruses originate from ncp
viruses by non-homologous RNA recombination resulting in genomic rearrangements
including duplication or deletion of viral sequences and insertion of viral or cellular derived
sequences (Baroth et al., 2000; Becher et al., 1999; Becher and Tautz, 2011; Meyers et al.,
1996; Tautz et al., 1994). The unrestricted release of NS3 during the whole course of infection
and an increased viral RNA synthesis rate are regarded as hallmarks of a cp biotype (Isken et
al., 2018; Lackner et al., 2005, 2004; Mendez et al., 1998; Vassilev and Donis, 2000).
NS2-3 processing in ncp viruses is restricted by the availability of the cellular cofactor
DNAJC14. In contrast, the expression of NS3 in cp viruses occurs independent of DNAJC14,
due to the different genomic alterations in cp viruses (Becher and Tautz, 2011; Isken et al.,
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2018; Lackner et al., 2004; Moulin et al., 2007). This unrestricted expression of NS3 causes
an increased viral RNA production in cp viruses compared to ncp viruses (Lackner et al.,
2004; Mendez et al., 1998; Vassilev and Donis, 2000).
Pestiviral persistence is based on the evasion of the adaptive and innate immune response.
Ncp viruses are able to evade the adaptive immune response by establishment of
immunotolerance in a fetus against the infecting virus strain (Peterhans and Schweizer, 2010;
Tautz et al., 2015). Experimental infections of cows with cp BVDV were not able to cause a
persistent infection (Brownlie et al., 1989). Furthermore, ncp viruses are able to inhibit the
induction of the innate immune response. The viral proteins Npro and Erns block the activation
of the typ-1 IFN response by degradation of interferon regulatory factor 3 (IRF-3) and dsRNA
(Hilton et al., 2006; Iqbal et al., 2004; Magkouras et al., 2008; Peterhans and Schweizer,
2013; Ruggli et al., 2005, 2003). The increased viral RNA synthesis rate of cp viruses,
resulting in a higher amount of dsRNA, is assumed to be the decisive factor triggering an
immune response and preventing the establishment of a persistent infection (Schweizer and
Peterhans, 2001; Tautz et al., 2015; Yamane et al., 2006).

1.2

Cell death

1.2.1 Apoptosis
Apoptosis is a form of regulated cell death required for the removal of damaged, infected or
unneeded cells. Apoptosis is a vital component in the defense against pathogens, in embryonic
development and for the preservation of tissue homeostasis (Czabotar et al., 2014; Elmore,
2007; Galluzzi et al., 2018; Hail et al., 2006; Kerr et al., 1972). The activation of apoptotic
cell death is followed by a multitude of morphological changes. Cell shrinkage and the
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appearance of pyknosis as a result of chromatin condensation are first signs for activation of
apoptosis. These alterations of the cell morphology are followed by blebbing of the plasma
membrane, karyorrhexis and the formation of apoptotic bodies composed of cytoplasm and
cellular organelles (Elmore, 2007; Galluzzi et al., 2015; Kerr et al., 1972). Initially, the plasma
membrane remains intact. In vivo, the apoptotic bodies are cleared by phagocytosis, whereas
in absence of phagocytes the apoptotic bodies will lose the integrity of the plasma membrane
and release cell components, in an autolytic process called secondary necrosis (Silva, 2010;
Wyllie et al., 1980).
The morphological characterization of cell death mechanisms like apoptosis was considered
the gold standard for decades. Since biochemical assays and detection methods for key
components of different cell death mechanisms became more available and are less
subjective, classification of cell death mechanisms is shifting from a morphological to a
biochemical characterization (Galluzzi et al., 2012).

1.2.1.1

The apoptosis machinery

The two main pathways of apoptosis activation are the well-characterized and defined
extrinsic and the intrinsic pathway.

Intrinsic apoptosis
The intrinsic apoptotic pathway can be triggered by a multitude of events, which disturb the
cellular environment, like growth factor withdrawal, DNA damage and ER stress (Brumatti et
al., 2010; Pihán et al., 2017; Roos et al., 2016). The mitochondrial outer membrane
permeabilization (MOMP) is the key event in the initiation of the intrinsic apoptotic cascade.
MOMP is regulated by proteins of the BCL2 apoptosis regulator (BCL2) family. These
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proteins can be divided into two groups: pro-apoptotic and anti-apoptotic BCL-2 proteins
(Galluzzi et al., 2016; Moldoveanu et al., 2014). The BCL2 associated X apoptosis regulator
(BAX) and the BCL2 antagonist/killer 1 (BAK) belong to the pro-apoptotic BCL-2 proteins
(Luna-Vargas and Chipuk, 2016). Both proteins become activated upon the disturbance of
intracellular homeostasis and form homodimer in the mitochondrial membrane. Pores in the
outer mitochondrial membrane (OMM) are formed upon further oligomerization of these proapoptotic BCL-2 proteins and apoptotic factors are released from the mitochondrial
intermembrane space into the cytosol (Bleicken et al., 2014; Brouwer et al., 2014; Czabotar et
al., 2013; Ma et al., 2013; Shamas-Din et al., 2013; Subburaj et al., 2015). BCL2 homology
region 3 (BH3) only proteins, including p53-upregulated modulator of apoptosis (PUMA),
BCL2-interacting mediator of cell death (BIM) and BH3 interacting domain death agonist
(BID), are a subfamily of pro-apoptotic BCL2 proteins. They either directly activate BAK and
BAX or inhibit anti-apoptotic BCL2 proteins (Chen et al., 2015; Kim et al., 2009, 2006;
Moldoveanu et al., 2014; Shamas-Din et al., 2013). Anti-apoptotic BCL2 proteins, e.g. BCL2,
BCL2 like 1 (BCL-XL), MCL1, BCL2 family apoptosis regulator (MCL1), inhibiting the
oligomerization of BAX and BAK by direct binding of these pro-apoptotic BCL-2 proteins
(Cheng et al., 2001; Hardwick and Soane, 2013; Moldoveanu et al., 2014; Shamas-Din et al.,
2013).
The oligomerization of BAX and BAK in the OMM and consequently MOMP lead to the
release of apoptotic factors into the cytosol. In the cytosol, the released cytochrome c, somatic
(CYCS) binds apoptotic peptidase activating factor 1 (APAF1) and pro-caspase 9. These three
proteins together form the apoptosome, a catalytic complex activating caspase 9, which in
turn activates the effector caspases 3 and 7 (Figure 2). Other proteins released after MOMP
are diablo IAP-binding mitochondrial protein (DIABLO) and HtrA serine peptidase 2
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(HtrA2). Both proteins facilitate apoptosis activation by binding and therefore neutralizing the
X-linked inhibitor of apoptosis (XIAP) (Galluzzi et al., 2018; Tait and Green, 2013, 2010).
The activation of effector caspases like the caspase 3 and 7 lead to the formation of
morphological changes characteristic for apoptotic cell death, like DNA fragmentation,
phosphatidylserine (PS) exposure and formation of apoptotic bodies (Coleman et al., 2001;
Nagata, 2005; Naito et al., 1997; Sebbagh et al., 2001). The effector caspases facilitate these
changes by cleavage of downstream targets, like the inhibitor of the caspase-activated DNAse
(ICAD), releasing CAD, which cleaves DNA (Julien and Wells, 2017; Sakahira et al., 1998;
Slee et al., 2001).

Extrinsic apoptosis
The extrinsic apoptotic pathway becomes triggered by plasma membrane receptors, which
sense disturbances in the extracellular microenvironment. Two kinds of plasma membrane
receptors can be distinguished: death receptors, activated by receptor-ligand binding and
dependence receptors, activated upon decreasing levels of ligand (Ashkenazi, 1998; Elmore,
2007; Gibert and Mehlen, 2015; Mehlen and Bredesen, 2011).
Death receptors like Fas cell surface death receptor (FAS), TNF receptor superfamily member
1A (TNFR1), 10a (TRAILR1) and 10b (TRAILR2) bind their corresponding ligand FAS
ligand (FASLG) and TNF superfamily member 10 (TRAIL) and initiate the formation of a
multiprotein complex at the intracellular tail of the receptor (Aggarwal et al., 2012; Strasser et
al., 2009; von Karstedt et al., 2017; Wajant, 2002). Such complexes, including the deathinducing signaling complex (DISC) complex I and complex II regulate the activation of
caspase 8 (Dickens et al., 2012; Flusberg and Sorger, 2015). The recruitment of the different
kinds of multiprotein complexes is dependent on which kind of death receptor becomes
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activated.
Two execution pathways for death receptors in the extrinsic apoptotic pathway can be
distinguished. In the first pathway, active caspase 8 cleaves procaspase 3 and procaspase 7,
which lead to their activation and consequently to characteristic morphological changes in the
cell (Elmore, 2007; Shalini et al., 2015). Another pathway establishes a connection of the
extrinsic and the intrinsic apoptotic pathway. Active caspase 8 can cleave BID, followed by
the relocation of tBID to the OMM. Here tBID acts as a BH3-only activator, leading to
BAX/BAK dependent formation of pores in the OMM. Consequently, MOMP and the
followed release of CYCS lead to the formation of the apoptosome and activation of effector
caspases by the intrinsic apoptotic pathway (Figure 2) (Gross et al., 1999; Huang et al., 2016;
Li et al., 1998; Luo et al., 1998).
Dependence receptors like netrin 1 receptor (NTN1), neurotrophic receptor tyrosine kinase 3
(NTRK3) and the sonic hedgehog receptor (SHH) trigger apoptosis, when their ligands fall
under a certain level. Interestingly under physiological conditions, when their ligands are
available in adequate amounts, dependence receptors are suggested to play a role in cell
survival, proliferation and differentiation (Galluzzi et al., 2018; Gibert and Mehlen, 2015).
The signaling cascade leading to the activation of cell death through these receptors is not
completely elucidated yet. Depending on the activated receptor, apoptosis is triggered through
different signaling cascades, leading to the activation of effector caspases (caspase 3, 7) and
initiator caspases (i.a. caspase 8, 9) (Galluzzi et al., 2018; Mehlen and Tauszig-Delamasure,
2014; Thibert and Fombonne, 2010).
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Figure 2: The extrinsic and intrinsic pathways of apoptosis activation. The extrinsic apoptotic
pathway is activated by the binding of a ligand with a plasma membrane receptor, resulting in
the formation of a death-inducing signaling complex (DISC). Caspase 8 is activated by this
complex through the cleavage of its prodomain. Active caspase 8 can directly initiate the
cleavage and therefore activation of effector caspases (caspase 3, 7) or trigger the intrinsic
apoptotic pathway through the cleavage of BID. The intrinsic apoptotic pathway can be
initiated through a multitude of cellular stress events, leading to the permeabilization of the
outer mitochondrial membrane. This event causes the release of cytochrome c and the
formation of the apoptosome. In the apoptosome caspase 9 is cleaved into its active form and
consecutively initiates the cleavage and therefore activation of the effector caspases (caspase
3 and caspase 7).
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1.2.1.2

Apoptosis activation through BVDV

Apoptosis is activated during BVDV infection. DNA fragmentation as well as the cleavage of
poly adenosine diphosphate-ribose polymerase (PARP) was shown during infection with cp,
but not ncp BVDV strains (Hoff and Donis, 1997; Lambot et al., 1998; Zhang et al., 1996).
PARP is important for numerous cellular processes like transcription, replication,
recombination and most important for its role in DNA repair (Morales et al., 2014).
Interestingly different reports demonstrated that various inhibitors of apoptosis, including a
pan-caspase inhibitor, could delay the formation of a cytopathic effect (cpe) after the infection
of cells with the cp BVDV strain NADL. However, the cpe could not be inhibited, which
might indicate the involvement of other cell death pathways (Bendfeldt et al., 2003; B.
Grummer et al., 2002).
So far, the dominant pathway of apoptosis activation after infection with cp BVDV strains is
unknown. The infection of cultured cells with different cp BVDV strains were shown to
activate either the extrinsic or the intrinsic apoptotic pathway, whereas ncp BVDV strains
activated neither pathway (B Grummer et al., 2002; Yamane et al., 2005). Grummer et al.
(2002) demonstrated that the infection with the cp BVDV strain NADL disrupts the
mitochondrial membrane potential, resulting in the overexpression of APAF1 and an increase
in caspase 9 activity. Yamane et al. (2005) could show that after infection with different cp
BVDV-1 and BVDV-2 strains tumor necrosis factor alpha (TNF- α) was upregulated and led
to the activation of caspase 8.
The activation of the extrinsic and intrinsic apoptotic pathway was demonstrated after
expression of different nonstructural proteins of BVDV (Gamlen et al., 2010; St-Louis et al.,
2005). The expression of NS2-4A and NS3/4A of cp BVDV strain CP7 induced a 10-fold
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increase in caspase 9 activity and a 3-fold increase in caspase 8 activity (Gamlen et al., 2010).
Experiments conducted by St-Louis et al. (2005) investigated the activation of the extrinsic
and intrinsic apoptotic pathway after expression of NS3 of cp BVDV strain NADL. The
expressed NS3 triggered a 3-fold increase in caspase 8 and a 2-fold increase in caspase 9
activities (St-Louis et al., 2005).
One factor which was reported to be the main trigger of BVDV induced apoptosis is the
higher amount of dsRNA produced in cp BVDV strains compared to ncp BVDV strains
(Schweizer and Peterhans, 2001; Yamane et al., 2006). The amount of dsRNA in cp BVDV
infected cells was 100-200 fold higher than in cells infected with an ncp BVDV virus
(Yamane et al., 2006). Furthermore, Yamane et al. (2006) demonstrated that the RNA
interference (RNAi)-mediated knockdown of two dsRNA-reactive cellular factors, protein
kinase R (PKR) and 2’,5’-oligoadenylate synthetase 1 (OAS1), causes an inhibition of BVDV
induced cytopathogenicity. Schweizer and Peterhans (2001) showed that different ncp BVDV
strains are able to inhibit apoptosis induced by the synthetic dsRNA mimic
polyinosinic:polycytidylic acid (poly(IC)) but not the activation of apoptotis through other
stimuli.
The induction of oxidative stress during early stages of infection with different cp BVDV
strains demonstrates the involvement of another cellular response in apoptosis activation
during BVDV infections (Schweizer and Peterhans, 1999). Infection with different cp BVDV
strains, but not ncp BVDV strains increased the intracellular level of reactive oxygen species.
Antioxidants were able to block the activation of apoptosis after infection with cp BVDV
strains without affecting the viral growth (Schweizer and Peterhans, 1999).
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1.2.2 Autophagy
Autophagy is an evolutionarily conserved form of regulated cell death in which a double layer
membrane engulfs cell organelles, intracellular pathogens or long-lived proteins (Ohsumi,
2014; Yang and Klionsky, 2010). This construct is called the autophagosome. Upon fusion
with a lysosome, the content of the autophagosome is degraded and recycled for reuse.
The classification of autophagy as a mechanism exclusively leading to the demise of a cell
can be misleading. On the one hand autophagy plays a role in cell death and the pathogenesis
of some human disorders (Anding and Baehrecke, 2015; Das et al., 2012; Denton et al., 2015;
Guha et al., 2016; Xie et al., 2016). At the other hand suppression of the autophagic
machinery has been shown to counteract cell survival and aid to the occurrence of
pathological conditions (Galluzzi et al., 2015; Mizushima et al., 2008; Mulcahy Levy et al.,
2017b, 2017a; Sica et al., 2015). Three forms of autophagy have been identified:
macroautophagy (hereafter autophagy), microautophagy and chaperone-mediated autophagy
(Mizushima and Komatsu, 2011).

1.2.2.1

The molecular machinery of autophagy

An activation of autophagy is initiated by the inhibition of the serine/threonine-specific
protein kinase mammalian target of rapamycin (mTOR). The negative regulation of mTOR
stops its inhibitory effect on the uncoordinated-51 like autophagy activating kinase 1 and 2
(ULK1, ULK2) from recruiting it partners for autophagosome formation (Jung et al., 2010;
Kamada et al., 2000). ULK1 and ULK2 as well as autophagy related gene 13 (Atg13), focal
adhesion kinase‐family interacting protein of 200 KDa (FIP200) and Atg 101 form the ULK
complex (Jewell et al., 2013; Mizushima, 2010). This complex translocates to the pre-
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autophagosomal structure (Mizushima, 2010). Here the ULK complex assembles the class III
phosphatidylinositol-3-OH kinase complex (class III-PI3K complex) by recruiting class III
phosphatidylinositol 3-kinase vacuolar protein sorting 34 (Vps34), Beclin 1, Vps15 and
ATG14, resulting in the production of phosphatidylinositol-3-phosphate (PtdIns(3)P) (Itakura
et al., 2008; Ke, 2018; Kihara et al., 2001; Petiot et al., 2000; Sun et al., 2008). Together with
the double-FYVE-containing protein 1 (DFCP1) and WD-repeat domain PtdIns(3)Pinteracting (WIPI) family proteins the generated PtdIns(3)P forms the phagophore (Figure 3)
(Axe et al., 2008; Cheung et al., 2001; Polson et al., 2010; Ridley et al., 2001).
The phagophore is elongated and formed into the autophagosome via two ubiquitin-like
conjugation systems, ATG12-ATG5-ATG16 and ATG8-PE (phosphatidylethanolamine)
(Mizushima et al., 1998a, 1998b; Nakatogawa et al., 2007; Suzuki et al., 2001). ATG12 and
ATG5 become conjugated after a sequence of ubiquitination-like reactions with ATG7 (E1
activating enzyme) and ATG10 (E2 activating enzyme) (Mizushima et al., 1998b). This
ATG12-ATG5 conjugate then interacts with ATG16L to form the ATG12-ATG5-ATG16L
complex, which is associated with the elongation of the phagophore and dissociates from the
membrane upon the formation of the autophagosome (Figure 3) (Fujita et al., 2008;
Mizushima et al., 2003).
Simultaneously the preform of ATG8 family proteins (including microtubule-associated
protein 1 light chain 3 (LC3) and gamma-aminobutyric acid receptor-associated protein
(GABARAP) subfamilies) is cleaved by ATG4 (Kabeya et al., 2004, 2000; Kirisako et al.,
2000). ATG7 (E1 activating enzyme) and ATG3 (E2 activating enzyme) mediate the
conjugation of this cytosolic, cleaved form of ATG8 family proteins to PE, resulting in the
lipidated forms of ATG8 family proteins (Ichimura et al., 2000; Kirisako et al., 2000). This
lipidated form is localized to the outer and inner membranes of the phagophore, where it
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controls the size of the autophagosome and remains incorporated into the phagophore
membrane upon formation of the autophagosome as well as the autolysosome (Figure 3)
(Kabeya et al., 2000; Kirisako et al., 1999; Klionsky et al., 2016; Rubinsztein et al., 2009; Xie
et al., 2008).
The last step after the closure of the autophagosome is the fusion of the autophagosome with
a lysosome to form the autolysosome (He and Klionsky, 2009; Nakamura and Yoshimori,
2017). Different lysosomal/vacuolar acid hydrolases like the proteinases A and B, as well as
cathepsin B, D and L degrade the inner vesicle with the sequestrated material and thus small
molecules, like amino acids are recycled (Figure 3) (He and Klionsky, 2009).
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Figure 3: Overview of the macroautophagy pathway (adapted from Ke, 2018). The activation
of autophagy is negatively regulated by the mammalian target of rapamycin (mTOR), which
inhibits the activation of ULK1 and ULK2. Upon starvation mTOR is negatively regulated,
which allows the formation of the ULK complex and consequently the recruitment of the
class

III

phosphatidylinositol-3-OH

kinase

complex

(class

III-PI3K

complex).

Phosphatidylinositol-3-phosphate (PtdIns(3)P) is generated and initiates the formation of the
phagophore, which is elongated by two ubiquitin-like conjugation systems: ATG12-ATG5ATG16 and ATG8-PE. The fusion of the mature autophagosome with the lysosome results in
the formation of the autophagolysosome and the degradation of the sequestered material.

1.2.2.2

Autophagy activation through BVDV

Autophagy plays an important role in the lifecycle of different members of the family
Flaviviridae. Several reports demonstrate activation of autophagy during BVDV infections.
Fu et al. (2014) could show that the infection with the cp BVDV strain NADL triggers
autophagy. Cells transfected with a GFP-LC3 plasmid showed more LC3 puncta-positive cells
after infection with NADL than in non-infected control cells. Furthermore, increased level of
Beclin 1 and ATG14 mRNA and protein expression were found in cells infected with the cp
BVDV strain compared to non-infected cells (Fu et al., 2014a). Another study conducted by
this working group demonstrates that the inhibition of autophagy, chemically and through
RNAi mediated knockdown of LC3 and Beclin1, decreases the replication of cp BVDV strain
NADL. The treatment with the autophagy inducer rapamycin increased the replication of the
virus during early stages of infection (Fu et al., 2014c). Since both studies used only a cp
BVDV strain and no ncp BVDV strain for their experiments, no conclusion about the role of
autophagy in BVDV induced cytopathogenicity can be drawn.
Rajput et al. (2017) and Suda et al. (2018) could demonstrate that infections with a cp or ncp
BVDV strain trigger an activation of autophagy. In both studies comparable amounts of
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fluorescent-tagged LC3 was detected in cells infected with different BVDV strains
independent from the biotype of the viruses (Rajput et al., 2017; Suda et al., 2018). A
correlation between autophagy activity and virus growth could be detected independent of the
displayed biotype. The inhibition of autophagy with 3-methyladenine (3MA) led to a decrease
of virus growth, whereas a significant increase in viral replication after rapamycin (autophagy
inducer) treatment was determined 12 h p.i. (post-infection) (Rajput et al., 2017).
The co-localization of autophagy marker LC3 and BVDV proteins NS5A, Erns and E1 after
infection with the ncp BVDV strain TGAN demonstrate an association of BVDV replication
with autophagosome formation (Rajput et al., 2017). Another report by Suda et al. (2018)
shows a co-localization of NS4B with autophagosomes after infection with BVDV strains
KS86-1cp and KS86-1ncp.
Different BVDV proteins were reported to play a role for the induction of autophagy. In a
transient expression system only BVDV NS4B expression was able to activate an autophagic
response. NS3, NS4A and NS5A expression did not result in an increase of autophagosome
formation, measured by an increase in fluorescent-tagged LC3 puncta-positive cells (Suda et
al., 2018). The overexpression of viral structural proteins Erns and E2 led to increased levels of
Beclin1 and ATG14 mRNA and protein expression, indicative for autophagic activity,
whereas the overexpression of E1 had no effect on the activation of autophagy. Furthermore,
increased amounts of GFP-LC3 puncta-positive cells can be found after overexpression of Erns
and E2, but not E1 (Fu et al., 2014b).
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1.3

Unfolded protein response

The unfolded protein response (UPR) is a cellular coping mechanism to manage and negate
the effects of perturbations of the ER. Increased secretion of proteins, misfolded proteins,
nutrient starvation and changes in calcium homeostasis can cause stress for the ER (Hetz and
Papa, 2018; Schröder and Kaufman, 2005). Viruses hijack the cellular translation machinery
during replication, thus disturb ER homeostasis and cause stress for the ER (Diehl et al.,
2011; Smith, 2014). The activation of the UPR results in increased synthesis of chaperones
and foldases, inhibition of mRNA translation, an enlarged ER to dilute the load of unfolded
proteins and the clearance of misfolded proteins through ER-assisted protein degradation
(ERAD). In cases where the UPR is unable to counteract ER stress and re-establish the
normal function of the ER, apoptosis is triggered (Schröder and Kaufman, 2005; Walter and
Ron, 2011).

1.3.1 Unfolded protein response pathways
Three initiation molecules of the UPR are anchored in the ER membrane: activating
transcription factor 6 (ATF6), PKR-like endoplasmic reticulum kinase (PERK) and inositol
requiring kinase 1 (IRE1). The binding immunoglobulin protein (BiP, also known as GRP-78)
is inhibiting the activation of IRE1, PERK and ATF6 by directly binding to them. During ER
stress BiP dissociates from these ER stress sensors, which results in their activation. Other
reports suggest, that IRE1 and PERK can be activated by directly binding to misfolded
proteins (Hillary and FitzGerald, 2018; Preissler and Ron, 2019; Wang et al., 2018).
The activation of ATF6 results in the translocation of the transcription factor from the ER to
the Golgi apparatus, where two site-specific proteases, site-1 protease (S1P) and site-2

23

protease (S2P), cleave of the luminal domain and the transmembrane anchor. The emerging
fragment of ATF6 (ATF6f) induces multiple UPR genes related to protein folding (Figure 4)
(Haze et al., 1999; Lee et al., 2002; Walter and Ron, 2011; Yamamoto et al., 2007).
The activation of PERK leads to dimerization and autophosphorylation. Activated PERK
phosphorylates eukaryotic translation initiation factor 2α (eIF2α), resulting in inhibition of
general protein translation. However, the selective translation of certain mRNAs is still
possible, including activating transcription factor 4 (ATF4). The upregulation of ATF4
translation results in an enhanced folding capacity of the ER and protection against oxidative
stress (Hetz and Papa, 2018; Smith, 2014). Furthermore, ATF4 activates the pro-apoptotic
transcription factor CCAAT/enhancer-binding protein homologous protein (CHOP) and
growth arrest and DNA damage-inducible protein 34 (GADD34) (Figure 4) (Novoa et al.,
2003; Oyadomari and Mori, 2004; Zinszner et al., 1998).
IRE1 shows kinase and endonuclease activity. The latter cleaves 26 nt from the X-box
binding protein 1 (XBP1), resulting in the removal of an intron (Calfon et al., 2002; Hetz et
al., 2011; Yoshida et al., 2001). The spliced mRNA is translated into the transcription factor
XBP1s, which controls genes encoding for factors controlling protein folding and ERAD
(Figure 4) (Adachi et al., 2008; Lee et al., 2003).
In the case of chronical ER stress, the accumulation of misfolded/viral protein exceeds the
capacity of the ER. As a result, cell death through apoptosis can occur (Sano and Reed, 2013;
Zhang and Wang, 2012). IRE1 promotes apoptosis by activation of downstream targets of
Jun-N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (p38 MAPK) (Sano
and Reed, 2013). Both kinases can activate the pro-apoptotic protein BAX (Kim et al., 2006).
The transcriptional induction of CHOP via p38 MAPK or the PERK pathway results in
modulation of gene expression favoring apoptosis, like the inhibition of Bcl-2 transcription
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and induction of BIM expression (Hu et al., 2019, p. 201; McCullough et al., 2001;
Puthalakath et al., 2007). Caspase 12 is reported to be one effector protein causing cell death
after ER stress (Nakagawa et al., 2000). As part of a complex with caspase 7 and GRP78
caspase 12 is hold in its inactive preform. ER stress leads to the dissociation of GRP78 and
the release of active caspase 12, which in turn was reported to activate apoptosis via direct
cleavage of procaspase 3 or by the intrinsic pathway after cleavage of procaspase 9 (Hitomi
et al., 2004; Rao et al., 2002a, 2002b).

Figure 4: The three pathways of UPR activation (adapted from Walter and Ron 2011). The
three ER stress transducer (PERK, ATF6, IRE1) are activated upon the accumulation of
unfolded proteins in the ER and induce the transcription of UPR target genes in the nucleus.
The three sensors initiate different pathways of signal transduction. ATF6 translocates to the
Golgi apparatus where it is processed by site-specific proteases and emerges as an active
transcription factor. PERK phosphorylates eIF2α, resulting in general translation attenuation
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except for selected mRNAs, like ATF4. Unconventional mRNA splicing of XBP1 by IRE1
results in the expression of the active transcription factor XBP1s.

1.3.2 Activation of the unfolded protein response through BVDV
Jordan et al. (2002) demonstrated the activation of the UPR after infection with the cp BVDV
strain NADL. GRP-78 mRNA and protein expression were increased in cells infected with the
cp BVDV strain compared to non-infected cells. PERK and eIF2α phosphorylation as well as
CHOP and caspase 12 activation were detected by immunoblot analysis in cells infected with
the cp BVDV strain NADL (Jordan et al., 2002). Maeda et al. (2009) infected cells with the
cp BVDV strain KZ91-cp, resulting in the upregulation of GRP78 expression. A comparison
of gene expression after infection of cells with the virus strains KS86-1cp and KS86-1ncp
was conducted by Yamane et al. (2009). Genes typical for ER stress were induced by the cp
virus, including CHOP and tribbles homolog 3 (TRB3), tryptophanyl-tRNA synthetase as well
as asparagine synthetase. Furthermore, BiP protein expression in Madin-Darby bovine kidney
(MDBK) cells was limited to the cp BVDV strain. Interestingly an increase of ER stressinducible genes in primary bovine fetal muscle cells after infection with the same cp BVDV
virus could not be detected. Also the expression of BiP protein after infection with KZ91-cp
or treatment with the ER stress-inducer tunicamycin was not or only slightly induced,
suggesting different cellular response to BVDV infections in these two cell lines (Yamane et
al., 2009).
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2

Materials

2.1

Cells

2.1.1 Eukaryotic cells
MDBK cells were purchased from the American Tissue Culture Collection in Rockville,
Maryland, USA.

2.1.2 Prokaryotic cells
Escherichia coli (E. coli) strain K12 HB 101 was used for transformation and propagation of
DNA plasmids.

2.2

Virus strains and temperature sensitive mutants

BVDV strains CP7 and NCP7 as well as reconstructed temperature sensitive (rts) mutants
rTS42, rTS43 and rTS45 were obtained after in vitro transcription and transfection (Meyers et
al., 1996; Pankraz et al., 2009).
The temperature sensitive (ts) mutants TS42, TS43 and TS45 were generated within a
previous project by Dr. Alexander Pankraz (Institute of Virology, Justus-Liebig University
Gießen) via random mutagenesis of the parental virus strain CP7.

2.3

Vector

The Proteus plasmid vector used in this study was provided by R. J. Kuhn, Purdue University,
West Lafayette, USA (Kuhn et al., 1991). The plasmid contains an ampicillin resistance gene.

27

2.4

Recombinant plasmids

The cDNA copies of the complete genomes of BVDV-1 strains CP7 (pCP7-388) and NCP7
(pNCP7-393) were provided by Prof. Dr. Paul Becher (Institute of Virology, University of
Veterinary Medicine Hannover).
The sequences of the recombinant plasmids prTS42-930, prTS43-1164 and prTS45-1172
match the sequence of pCP7-388 with single nucleotide exchanges in different parts of the
genome, respectively. These three clones were created by Dr. Alexander Pankraz (Institute of
Virology, Justus-Liebig University Gießen) and provided by Prof. Dr. Paul Becher (Institute
of Virology, University of Veterinary Medicine Hannover).

2.5

Oligonucleotides

Oligonucleotides used for polymerase chain reaction (PCR), sequencing and quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) are listed in Table 1. The
oligonucleotides were produced by Sigma-Aldrich (St. Louis, USA) and MWG-Biotech
GmbH (Ebersberg, Germany).
Table 1: Oligonucleotides used for sequencing and qRT-PCR
CP7_3999fw

5’-GTTATGTGACAGACTACTTCAGG-3’

CP7_4790rv

5’-GGCATGCCGTAGACTTCTTC-3’

CP7_8279fw

5’-CAGTCCAGACAATTGGCAAC-3’

CP7_9060rev

5’-GGACAGGGTTAAGTCATAGG-3’

OL_100

5‘-CATGCCCWYAGTAGGACTAGC-3’

OL_380

5‘-AACTCCATGTGCCATGTACAG-3‘

28

2.6

Antibodies

Table 2 lists the antibodies used in immunoblot and immunofluorescence (IF) analyses.

2.7

Other materials

Commercial kits, enzymes and chemicals as well as the composition of media, solutions and
buffers used in this dissertation are specified in the appendix.
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Dilution
IF

Diluent

Source

Dilution
Immunoblot

Institute of Virology, University of
Veterinary Medicine Hannover (GreiserWilke et al., 1992; Peters et al., 1986)

Species

PBSM + 0.05 %
Tween 20

Dr. E. J. Dubovi, Cornell University,
Ithaca, USA (Corapi et al., 1988)

Reactivity/
conjugatio
1:50

4 % ECL Prime
Blocking Reagent

Name

1:2

Mouse

Mouse

2 % ECL Prime Cell signaling, Frankfurt am Main
Blocking Reagent Cat. No.: 5554S

and

1:5

BVDV-NS3

BVDV-NS3
NS2-3

Mouse

Benjamin Lamp, Institute of Virology,
University of Veterinary Medicine
Vienna (Isken et al., 2014)

C16

8.12.7 (code 4)

BVDV-NS5A

2 % ECL Prime
Blocking Reagent

1:1,000

2 % ECL Prime
Blocking Reagent

2 % ECL Prime Agilent, Waldbronn
Blocking Reagent Cat. No.: P0260

PBSM + 0.05 % Dianova, Hamburg
Tween 20
Cat. No.: 115-165-146
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11c anti BVDV-5A

1:1,500

Rabbit

1:2,000

2 % ECL Prime Bethyl, Hamburg
Blocking Reagent Cat. No.: A120-208P

Rabbit

CHOP

Mouse

1:5,000

LC3B

(D46F1)
CHOP
Rabbit mAb
β-Actin

Donkey

1:1,000
1:10,000

LC3B Antibody

2 % ECL Prime Novusbiologicals, Centennial, USA Cat.
Blocking Reagent No.: NB100-2220

Monoclonal Anti-βActin

Rabbit IgG/ horse
radish peroxidase

Rabbit

Sigma-Aldrich, Steinheim Cat. No.:
A2228

Donkey anti-Rabbit
HRP
IgG-h+l
conjugated

Mouse IgG/ horse
radish peroxidase

Goat

-

Polyclonal Rabbit
Anti-Mouse
Immunoglobulins
/HRP

Mouse IgG/ Cy3

1:800

Cy3-AffiniPure
Goat Anti-Mouse
IgG (H+L)

Table 2: Antibodies used in this study
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Methods

3.1

Cell culture

3.1.1 General cell culture methods
MDBK cells were cultivated in Dulbecco’s modified Eagle’s medium supplemented with
10 % horse serum at 37°C and 5% CO2. The medium contains 60 μg/ml penicillin G and
50 μg/ml streptomycin. Confluent cells were passaged in a ratio of 1:20 every three to four
days. Removal of the medium was followed by addition of 10 ml pre-warmed Versen trypsin,
from which 9 ml were immediately removed. The cells were incubated with the remaining
trypsin for 10-15 min at 37 °C to detach them from the surface of the 10 cm cell culture dish.
Afterwards 9 ml of medium was added and the cells were resuspended by up and down
pipetting, before being moved to a fresh cell culture dish in the ratio described.
The medium was regularly tested by PCR and IF to exclude a contamination with BVDV and
Mycoplasma. The horse serum was likewise proven free of BVDV and Mycoplasma and was
inactivated prior to usage at 56 °C for 30 min.

3.1.2 Cryoconservation and recultivation of cells
For long-time storage at -150 °C, densely grown cells were trypsinized and collected in cell
culture medium. After centrifugation (20 °C, 4 min, 805 x g) the supernatant was discarded
and the cell pellet resuspended in fresh medium containing 10 % DMSO. The cell suspension
was transferred into cryo tubes in a concentration of 2 x 106 cells/ml and set into a cell freezer
at -80 °C for 24 h. Afterwards the cryo tubes were moved to -150 °C.
Frozen cells were recultivated by thawing at room temperature, followed by dilution in 14 ml
fresh medium and centrifugation for 4 min (20°C, 805 x g) to remove the potential cytotoxic
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effect of DMSO. The supernatant was discarded and the cell pellet resuspended in fresh
medium. The cell suspension was transferred to a 3.5 cm cell culture dish and medium was
changed 4-6 h later. After the cells reached confluency they were trypsinized and transferred
to a 10 cm cell culture dish.

3.1.3 Determination of cell number
After detaching and resuspending cells from the cell culture dish, a 1:10 dilution of the cells
in 0.25 % trypan blue solution was prepared. Cells were counted in a Fuchs-Rosenthal
counting chamber under the microscope. For an accurate determination of the cell number,
four 1:10 dilutions of the cells were prepared and for each dilution eight squares were
counted. The mean value of counted cells for one big square was inserted into the following
formula:
∁= 𝑥̅ × 𝑓 ×

1000
𝑚𝑙
0.2

C

= cells per ml

f

= dilution factor

𝑥̅

= mean value of counted cells for one big square

3.1.4 Virus infection
Infection of MDBK cells with BVDV was carried out with a specific multiplicity of infection
(MOI). One requirement for an infection with a specific MOI is the accurate determination of
the present cell number. For infections, cells were seeded 12-16 h before infection. For the
determination of the present cell number at the infection time point, four additional wells or
dishes were seeded. The cell number of these four wells or dishes was determined before the
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infection and the mean value of these counted cells was considered to be the number of cells
at the time point of infection.

3.1.5 Virus propagation
For the propagation of virus, 2.3 x 106 cells were seeded 12-16 h before infection in a 10 cm
cell culture dish. The infection was carried out with an MOI of 0.1. After inoculation for 1 h
at 37 °C, 7.5 ml fresh medium was added to the virus suspension and the cells were incubated
for additional 72 h. The supernatant was harvested, aliquoted and stored at -80 °C.

3.1.6 Endpoint titration and determination of viral titers
For the titration, 100 µl cell culture medium was pipetted into each well of a 96-well plate.
The virus was diluted 1:100 in cell culture medium and 50 µl of this dilution was added to the
first lane of the 96-well plate. Afterwards 50 µl virus suspension was transferred from the first
line of the 96-well plate to the second and respectively to the consecutive lines. Pipette tips
were changed at each dilution step. Into each well 2.5 x 104 cells were pipetted and the plates
were incubated for three days at 37 °C. Titration of virus stocks was performed three times in
quadruplicates. Analysis of the titration was performed by immunofluorescence and the
infectious viral titers were determined according to the following formula:

TCID50 (50 % tissue culture infectious dose) / ml = 3(𝑥+0.5) × 10 × 𝑓
x

= mean value of highest virus-positive dilution step

f

= pre-dilution
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3.1.7 Indirect immunofluorescence
Since cp as well as ncp viruses were used in this study, analysis of infectious viral titers
required indirect IF. The supernatant of the 96-well plates was removed and the plates washed
one time with phosphate-buffered saline minus (PBSM). The cells were heat-fixated at 80°C
for 4 h. Afterwards, cells were washed once with phosphate-buffered saline (PBS) and
incubated with 50 µl of the monoclonal antibody (mAb) C16 at 37°C for 2 h in a dilution of
1:50. Following three consecutive washing steps, 50 µl of the secondary antibody Cy3AffiniPure Goat Anti-Mouse IgG (H+L) was added at a dilution of 1:800 and incubated for 1
h at 37°C. The antibody was removed by three washing steps and distillated water was added
to the wells. Both antibodies were prepared in the washing buffer containing PBSM + 0.05 %
Tween 20.
The cells were analyzed under an inverted immunofluorescence microscope at a wavelength
of 570 nm. Pestivirus infections was visible as red fluorescence located in the cytoplasm.

3.1.8 Viral growth kinetic
For the viral growth kinetic, 0.8 x 105 (39.5 °C) or 1.5 x 105 (33 °C) cells were seeded into
one well of a 6-well plate 12 h before infection. The cells were incubated with CP7, NCP7,
the ts mutants (TS42, TS43, TS45) and rts mutants (rTS42, rTS43, rTS45) at an MOI of 0.1
for 1 h at 33 °C or 39.5 °C. The inoculum was removed and cells washed six times with PBS.
To each well 2.5 ml fresh medium was added and the cells were incubated for 96 h at 33°C or
39.5 °C, respectively. At 0 h, 24 h, 48 h, 72 h and 96 h post infection (p.i.) 250 µl supernatant
were collected and stored at -80 °C. After each sample collection, 250 µl fresh medium was
substituted. The determination of infectious viral titers was performed by endpoint titration
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and indirect IF analysis as described above. The samples were undiluted (0 h p.i.) or diluted
1:10 (24 h p.i.) or 1:100 (48 h -96 h p.i.) prior to endpoint titration. Each sample was titrated
one time in quadruplicates. In the viral growth kinetic analysis, the supernatants of three
independent experiments were used.

3.1.9 Transfection of in vitro transcribed RNA
A day before the experiment, MDBK cells were splitted 1:3 to reach a confluency of 90 % at
the day of electroporation. The media was discarded and the cells were washed with PBSM
before they were trypsinized. Afterwards the cells were collected in PBSM and centrifuged
(4 °C, 4 min, 805 x g). The supernatant was discarded and the cell pellet was resuspended in
PBSM. The cells were counted and 5 x 106 cells were transferred into a 15 ml falcon. After
centrifugation (4 °C, 4 min, 805 x g) the supernatant was discarded and the cell pellet
resuspended in 260 µl PBSM. The transcript was added to the cell suspension and directly
pipetted into a 2 mm electroporation cuvette. For electroporation an exponential protocol (180
V, 950 µF) was used. Afterwards the content of the cuvette was transferred in 10 ml fresh
medium to a 10 cm cell culture dish and incubated at 37 °C. The medium was changed 4 h
post transfection. Supernatant was harvested 72 h post transfection and stored at -80 °C.

3.1.10 Analysis of viral RNA synthesis
MDBK cells were infected with CP7, NCP7, the ts mutants (TS42, TS43, TS45) and rts
mutants (rTS42, rTS43, rTS45) at an MOI of 1 and incubated at the stated temperature for 1
h. Afterwards the inoculum was removed and the cells were washed six times with PBS.
Fresh medium containing 10 % horse serum was added and the infected cells were incubated
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at the stated temperature. After removal of the supernatant and six washing steps with PBS,
total cellular RNA was harvested 10 h p.i. and 24 h p.i. (only CP7 and NCP7). The RNeasy
Mini Kit was used to isolate the RNA according to the manufacturer’s protocol (see chapter
3.4.3). The RNA was quantified via photometric analyses and 50 ng RNA was used in a qRTPCR using the QuantiTect® SYBR® Green RT-PCR kit (see chapter 3.4.6). The primer pair
OL_100 and OL_380 was used (see chapter 2.5). Changes in viral RNA synthesis are given in
percentage based on the amount of viral RNA in cells infected with CP7 (= 100 %).

3.1.11 Drug treatment
The drug tunicamycin was used to induce the UPR. Cells were seeded 12 h before treatment.
The supernatant was removed and new medium containing tunicamycin in a concentration of
1 µg/ml or 2 µg/ml was added. Cells were incubated for 24 h at the specified temperature and
lysated with the lysis buffer provided in the caspase assay kit of ABCam (see appendix)
according to the manufacturer’s protocol.

3.2

Molecular cloning

3.2.1 Cultivation of bacteria
The E. coli strain K12 HB 101 was propagated in LB medium at 37 °C and 200 rpm in an
incubation shaker. Bacteria carrying the desired plasmid were selected by addition of 100
µg/ml ampicillin into the medium.
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3.2.2 Heat-shock transformation of competent bacteria
One aliqbuot of competent E. coli was thawed on ice and mixed with plasmid DNA. After an
incubation period of 30 min on ice, the bacteria were incubated at 42 °C for 1.5 min, followed
by 5 min on ice. After adding 200 µl SOC medium, the bacteria were incubated at 37 °C and
300 rpm for 1 h. Following the incubation, 30-80 µl bacteria were plated on LB agar plates
containing 100 µg/ml ampicillin and left over night at 37°C.

3.2.3 Preparation of plasmid DNA
For the preparation of high amounts of DNA, 500 µl LB-medium with ampicillin was
inoculated with one E. coli colony and incubated for 8 h at 37 °C and 200 rpm. This
preparatory culture was then added to 200 ml LB-medium with ampicillin and incubated
overnight (16-20 h) at 37 °C and 200 rpm. The bacteria culture was split evenly into four 50
ml falcons and centrifuged at 4 °C and 3200 x g for 45 min. The supernatant was discarded
and the plasmid DNA extracted with the NucleoBond® Xtra Midi kit. The cell pellet was
resuspended in 16 ml RES buffer and lysed in 16 ml LYS buffer. For neutralization and
precipitation of the proteins 16 ml NEU buffer were added. After the calibration of the
column with 12 ml buffer EQU the column filter was loaded with the lysate. After passing of
the lysate the filter and the column were washed with 5 ml EQU buffer. A second wash step
was performed with 8 ml WASH buffer after removal of the filter. The DNA was eluted in 4
ml ELU buffer (preheated to 50 °C) and precipitated with 2.8 ml 100 % isopropanol. The
precipitated DNA was then aliquoted in five 1.5 ml tubes and centrifuged at 4 °C and 17,900
x g for 30 min. The supernatant was discarded and each pellet washed with 200 µl 70 %
ethanol. After centrifugation at 17,900 x g for 10 min at 4 °C the ethanol was removed. The
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pellet was resuspended in a total of 60 µl ultrapure water for each sample and stored at 20 °C.

3.3

General nucleic acid methods

3.3.1 Determination of nucleic acid concentrations
The determination of nucleic acid concentration by photometric analysis was carried out with
the spectrophotometer NanoDropTM2000. After calibration of the photometer with the
previously used elution buffer, the concentration based on the absorbance at 260 nm was
measured.

3.3.2 Agarose gel electrophoresis
Agarose gel electrophoresis was used as a method for the separation and identification of
nucleic acids. The agarose content of the gels was 1 - 2 %, depending on the size of used
nucleic acids. The gels were prepared by cooking of agarose in TAE buffer, followed by
chilling and solidifying. The samples were mixed with the loading buffer Orange G in a ratio
of 1:5 and pipetted into the pouches. The gels were run in electrophoresis chambers filled
with TAE buffer at 100 V for 40 min. For identification of the nucleic acid size, a 1 kb or
100 bp DNA ladder was used. Ethidium bromide solution (5 µg/ml TAE buffer) was used for
visualization of the DNA under UV light (254 nm).

3.4

RNA techniques

Gloves were worn during all experiments with RNA to prevent a degradation by RNases.
Furthermore, only sterilized material, filter tips and RNase-free water was used.
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3.4.1 In vitro transcription
In vitro transcription was carried out with the MEGAscriptTM SP6 transcription kit according
to the manufacturer’s protocol. The reaction was conducted with 1 µg linearized DNA for 2 h
at 37 °C. The remaining DNA was removed with 1 µl TurboTM DNase. The success of the
DNaseI digestion as well as the quantity and quality of the transcribed RNA were verified by
agarose gel electrophoresis.

3.4.2 RNA purification
The MEGAclear® kit was used for the purification of the in vitro transcribed RNA, according
to the manufacturer’s protocol. For the elution step, the provided buffer was heated to 95 °C
and 50 µl was added to the column before centrifugation (1 min, 15,900 x g). This step was
repeated a second time, followed by precipitation of the RNA with 10 µl 5 M ammonium
acetate and 275 µl 100 % ethanol at -20 °C for at least 30 min. Afterwards the sample was
centrifuged (4 °C, 15 min, 15,900 x g), the supernatant was discarded and the pellet washed
one time with 500 µl 70 % ethanol. After centrifugation (4 °C, 5 min, 15,900 x g) and
removal of the ethanol the RNA pellet was resuspended in 20 µl RNase-free aqua bidest.

3.4.3 Isolation of total cellular RNA
Isolation of total cellular RNA was performed with the RNeasy Mini Kit. Prior to lysis, cells
were washed six times with PBS. For lysis, 350 µl RLT buffer mixed with β-mercaptoethanol
were pipetted onto the washed cells. The lysate was collected in a 2 ml reaction tube and
frozen overnight at -80 °C. After thawing of the samples at room temperature, the lysate was
homogenized with QIAshredder® spin column. Afterwards the sample was mixed with 350 µl
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70 % ethanol and transferred to the RNeasy® spin column. Consecutive washing steps were
performed according to the manufacturer’s protocol. The RNA was eluted in 30 µl RNase-free
aqua bidest and diluted 1:4 before the RNA concentration was determined with the
spectrophotometer. The RNA was stored at -80 °C.

3.4.4 Isolation of RNA from cell culture supernatant
For the isolation of RNA from cell culture supernatant the QIAamp Viral RNA Mini kit was
used. The carrier RNA (supplemented by the manufacturer) was mixed with 560 µl of the
lysis buffer AVL and added to 140 µl cell culture supernatant. After an incubation period of 10
min, 560 µl 100 % ethanol was added and the sample was transferred unto a QIAamp spin
column. After centrifugation (1 min, 6,000 x g) the column was washed with 500 µl buffer
AW1 and AW2, respectively. For elution of the RNA, 60 µl AVE buffer was used. The RNA
was used directly or stored at -80 °C for later analysis.

3.4.5 Reverse transcription
Reverse transcription of RNA into cDNA was performed with the Moloney-Murine leukemia
virus (M-MLV) reverse transcriptase. The obtained cDNA was directly used as a template for
a PCR or it was stored at -20 °C.
Master mix 1:
5 x RT buffer

8 µl

dNTPS

8 µl

aqua bidest

10 µl
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After preparation of master mix 1, 26 µl of the mix were pipetted into an empty reaction tube
and 6 µl of RNA were added to the mix. The mixture was incubated for 5 min at 70 °C.
Master mix 2:
DTT (0.1 M)

3.5 µl

random hexamer

2 µl

RNase inhibitor

0.5 µl

M-MLV RT-polymerase

2 µl

After thoroughly mixing the master mix 2, 8 µl were added to the master mix 1 containing the
RNA and incubated using the following protocol:
Thermal profile for RT-PCR:
22 °C -

5 min

37 °C -

15 min

42 °C -

30 min

99 °C -

5 min

10 °C -

∞

3.4.6 SYBR green quantitative RT-PCR
The QuantiTect® SYBR® Green RT-PCR kit was used for the analysis of viral RNA synthesis.
The PCR master mix was prepared as follows:
Reaction Mix QuantiTect® SYBR® Green RT-PCR:
QuantiTect® Probe RT-PCR master mix

12.5 µl

Primer OL_100 (10 pmol)

1 µl

Primer OL_380 (10 pmol)

1 µl

Reverse Transcriptase

0,25 µl

Ultrapure water

5.25 µl
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Preparations of total cellular RNA were adjusted to 10 ng/µl in RNA safe buffer and 5 µl
RNA was added to the master mix. Thawing of the reagent and samples as well as preparation
of the master mix was carried out on ice. A 10-fold serial dilution (10-3 to 10-7) of a pestivirus
RNA standard was used for the quantification of the viral RNA. All samples were applied in
triplicates. A melting curve analysis (ramping of 2 °C/sec, from 55 °C to 95 °C) was
performed at the end to confirm specificity.
Thermal profile of the QuantiTect® SYBR® Green RT-PCR:
Reverse transcription:

50 °C -

30 min

Activation of Polymerase:

95 °C -

15 min

Denaturation:

95 °C -

15 sec

Annealing:

56 °C -

30 sec

Elongation:

72 °C -

30 sec

Fluorescent measurement:

82 °C -

15 sec

3.5

40 cycles

DNA techniques

3.5.1 Polymerase chain reaction
Polymerase chain reaction was carried out using Phusion® polymerase. This polymerase
displays a proof reading capability and fast elongation time when compared to other
polymerases. This PCR was mainly used for the purpose of sequencing.
Reaction Mix:
5 x Phusion® buffer

10 µl

dNTPs (10mM)

4 µl

Sense primer (20 µM)

1.5 µl

Antisense primer (20 µM)

1.5 µl

Phusion® polymerase

0.5 µl

Template DNA

1 µl
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Ultrapure Water

ad 50 µl

The following thermal profile was used:
Thermal profile Phusion® PCR:
Initial denaturation:

98 °C -

30 sec

Denaturation:

98 °C -

15 sec

Annealing:

56 °C -

30 sec

Elongation:

72 °C -

30 sec

Final extension:

72 °C -

5 min

Hold:

10 °C -

∞

35 cycles

3.5.2 Restriction enzyme digestion
The endonuclease EcoRV was used in this study for the conformation of successful plasmid
preparation. The reaction mix was prepared according to the manufacturer’s protocol and
incubated at 37 °C for 30 min.

3.5.3 Plasmid linearization for in vitro transcription
Plasmid DNA was linearized before in vitro transcription. All plasmids used had a single SmaI
restriction site in their genome. For the linearization, 5 µg plasmid DNA were digested with
restriction enzyme SmaI for 2-3h at 25 °C in a total volume of 30 µl. The linearized DNA was
precipitated with 5 µl 5 M ammonium acetate and 100 µl ethanol (100 %) at -20 °C overnight.
Afterwards the sample was centrifuged (4 °C, 35 min, 17,900 x g) and the pellet washed with
70 % ethanol. After centrifugation (4 °C, 5 min, 17,900 x g) the ethanol was removed
completely and the pellet resuspended in RNase- and DNase-free water. The DNA
concentration was determined photometrical and the sample stored at -20 °C.
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3.5.4 DNaseI digestion
DNA still present after in vitro transcription was removed by digestion with DNaseI. For each
transcription reaction, 1 µl DNaseI was used and incubated for 15 min at 37 °C.

3.6

Protein analyses

3.6.1 Cell lysis for immunoblots
Before lysis, cells were washed one time with PBS. For one well of a 6-well plate 150 µl urea
lysis buffer was added. The cells were scrapped from the well surface under addition of 2 µl
Benzonase® Nuclease and transferred to a 1.5 ml reaction tube. Benzonase® Nuclease is an
endonuclease that degrades all forms of DNA and RNA and thus helps to improve the
viscosity of the lysate. Afterwards the lysate was incubated at 4 °C on an orbital shaker (750
rpm) for 15 min. After centrifugation (4 °C, 3 min, 70 x g) the lysate was transferred to a new
reaction tube and stored at -80 °C.

3.6.2 Determination of protein concentration
Protein concentration of cell lysates was determined with the PierceTM BCA Protein Assay kit.
Preparation of the protein standard and the execution of the assay were performed according
to the manufacturer’s protocol.

3.6.3 SDS-PAGE
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used for the
analysis of viral and cellular proteins. The gels had a size of 10 x 8.5 cm and a thickness of
0.75 mm. Resolving gels in a range from 7.5 % to 15 % were used depending on the targeted
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protein. The stacking gel had a concentration of 4 %. Gel and buffer composition were
prepared depending on the targeted protein, according to Laemmli et al. or Jagow et al.
(Laemmli, 1970; Schägger and von Jagow, 1987).
Cell lysates in ABCam lysis buffer were mixed 1:1 with SDS sample buffer. Cell lysates in
urea lysis buffer were used undiluted. The lysates were incubated at 95 °C for 5 min and
afterwards transferred to ice. The acrylamide gel was loaded with up to 25 µl of the sample
per lane. PageRulerTM Plus Prestained Protein Ladder was used as a marker. The gel was run
in an electrophoresis chamber for 20 min at 20 mA and afterwards 60 - 210 min at 28 mA.

3.6.4 Immunoblot analysis
Following the SDS-Page the proteins were transferred from the resolving gel onto a PVDF
(polyvinylidene fluoride) membrane. After activation of the PVDF membrane with methanol,
the blot and PVDF membrane were positioned between Whatman® membranes immersed in
anode- or cathode-buffer. Proteins were transferred at 46 mA per gel for 60 min. The PVDF
membrane was blocked with 2 % ECL Prime Blocking Reagent for 60 min at room
temperature and incubated 10-12 h at 4 °C with the first antibody. Secondary antibodies as
well as antibody incubation for the loading control was performed at room temperature for 1
h. After each antibody incubation, the membrane was washed three times with TBS - 0.1 %
Tween respectively. All secondary antibodies were conjugated with horseradish peroxidase
(HRP). For visualization the ECL prime detection reagent as well as the ChemiDoc Imager
were used.
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3.6.5 Stripping of Immunoblots
Immunoblots detecting NS5A were stripped before incubation with an antibody against βactin as a loading control. The membrane was incubated with stripping buffer for 30 min at
50 °C, rinsed three times with aqua bidest for 5 min each and three times with TBS
containing 0.1 % Tween 20 for 10 min respectively. Afterwards the membrane was blocked
again with 2 % ECL Prime Blocking Reagent for 60 min at room temperature and incubated 1
h at room temperature with monoclonal anti-β-actin. After incubation with the secondary
antibody the proteins were visualized using the ECL prime detection reagent and the
ChemiDoc Imager.

3.6.6 Caspase assay
MDBK cells were infected with CP7, NCP7, the ts mutants (TS42, TS43, TS45) and rts
mutants (rTS42, rTS43, rTS45) at an MOI of 1 for 1 h. Mock-infected cells served as a
control. The inoculum was removed by two washing steps and fresh medium containing 10 %
horse serum was substituted. After incubation for 24 h – 72 h, depending on the conducted
experiment, cells were collected, centrifuged and lysed. The protein concentration was
determined and activated caspase 3, caspase 8, caspase 9 or caspase 12 was measured with
commercial kits according to the manufacturer’s instruction. The fluorescent substrate was
incubated with 100 µg protein for 75 min at 37 °C and emitted fluorescence was measured.
Changes of caspase activity are given as fold change based on the activity of caspases in noninfected cells.
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3.7

Computer-based analyses

3.7.1 Statistical methods
For statistical analysis the t-test was performed, using the program PRISM. P-values of less
than 0.05 were considered significant.

3.7.2 Sequence analysis
Sanger sequencing were carried out by the commercial sequencing service LGC. Analysis of
the sequences was performed with the freeware program GENTLE.
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4

Results

4.1

Introduction of temperature sensitive mutants of BVDV CP7

The temperature sensitive mutants TS42, TS43 and TS45 were created by Alexander Pankraz
(Institute of Virology, Justus-Liebig University Gießen) via random mutagenesis of the cp
BVDV strain CP7. At 33 °C the mutants displayed a cp biotype, whereas at 39.5 °C no cpe
was visible in cells infected with these mutants (Figure 5A). Different point mutations in the
genomes of the ts mutants were identified and reintroduced into a reverse genetic system to
create genetically defined reconstructed ts (rts) mutants. These rts mutants have a single
nonsynonymous mutation in the NS4B (rTS45) or NS5A (rTS42, rTS43) encoding sequence,
respectively, which is responsible for a loss of cytopathogenicity at 39.5 °C (Figure 5B).
In the present thesis, these ts mutants of the parental BVDV strain CP7 were characterized
regarding their growth characteristics, their NS3 expression as well as their viral RNA
synthesis. Furthermore, the activation of different cellular signaling pathways including
pathways of cell death were investigated after infection with the ts and rts mutants.
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Figure 5: Phenotypical and genetic characterization of generated temperature sensitive
mutants of BVDV. (A) Effects of infection with BVDV CP7, NCP7 as well as TS42, TS43,
TS45 and rTS42, rTS43 and rTS45 on MDBK cells at 33 °C (left panel) and 39.5 °C (right
panel). The infection was conducted with an MOI of 1 and pictures were taken 72 hours post
infection (h p.i.). Non-infected cells (n.i.) served as control.
(B) Schematic representation of the genome organization of BVDV and the positions of the
point mutations identified in the genomes of TS42, TS43 and TS45 (highlighted by colored
bars). The nucleotide changes as well as resulting changes of amino acids are indicated below
the representation of the BVDV genome. Point mutations responsible for the temperature
dependent loss of cytopathogenicity are marked by stripped bars.
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4.2

Growth kinetics of temperature sensitive mutants

Viral growth kinetics of the ts (TS42, TS43, TS45) and rts (rTS42, rTS43, rTS45) mutants
were determined in order to investigate whether the loss of cytopathogenicity at 39.5 °C
correlates with a reduced viral replication. Cells were infected with NCP7, CP7 and the ts as
well as the rts mutants at an MOI of 0.1 and incubated at 33 °C or 39.5 °C, respectively.
Supernatants were harvested every 24 h till 96 h p.i. The infectious viral titers were
determined by endpoint dilution and IF staining with mAb C16 for detection of BVDV NS3.
At 33 °C all of the ts mutants showed slightly to moderately higher titers compared to the
parental CP7. The peak titers at 96 h p.i. were 3.2-fold (TS42), 6-fold (TS43) and 9.3-fold
(TS45) higher than in CP7 infected cells. The rts mutants replicated comparable to CP7 over
the whole course of infection (Figure 6).
At 39.5 °C the titers of TS42 and TS43, reached at all analyzed time points, were comparable
to the titers of CP7. Compared to the titers of CP7 the rts mutants showed up to 5.5-fold lower
titers at 48 h p.i., but the peak titers of the rts mutants did not or only slightly differ from the
peak titer of CP7. The ts mutant TS45 replicated less efficiently than CP7 and produced 4.6 –
17.6-fold lower titers compared to CP7 over the whole course of infection (Figure 6).
NCP7 showed higher (12.5 – 25.8-fold) titers than CP7 at 33 °C during the entire period of
infection, whereas at 39.5 °C increased titer in NCP7 infected cells only occurred at 24 h and
48 h p.i. At later time points NCP7 and CP7 reached similar titers at 39.5 °C (Figure 6).
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Figure 6: Viral replication of the parental BVDV strain CP7, the generated ts and rts mutants
as well as NCP7. MDBK cells were infected with the indicated viruses at an MOI of 0.1 and
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incubated at 33 °C (upper panel) or 39.5 °C (lower panel), respectively. Supernatants were
harvested at 0 h, 24 h, 48 h, 72 h, and 96 h p.i. The infectious viral titers were determined by
IF analysis in three independent experiments. Each titration was conducted in quadruplicates.

4.3

Analysis of viral RNA synthesis

An enhanced viral RNA synthesis is a hallmark of cp BVDV strains. To analyze the viral
RNA production, MDBK cells were infected with the ts mutants (TS42, TS43, TS45), the rts
mutants (rTS42, rTS43, rTS45) and the parental CP7 as well as NCP7 at an MOI of 1. Total
cellular RNA was harvested 10 h p.i., a time point that correlates with the end of the first
replication cycle, and analyzed via qRT-PCR (Gong et al., 1996; Pankraz et al., 2009). At
33 °C, the viral RNA synthesis of TS42, TS43 and TS45 was comparable to CP7, whereas the
amounts of viral RNA in cells infected with the rts mutants account for about 41-60 % of viral
RNA detected in CP7 infected cells (Figure 7). At 39.5 °C, the ts and rts mutants
demonstrated a reduced viral RNA synthesis compared to CP7. The amount of viral RNA
produced by ts and rts mutants correspond to 18-53 % of viral RNA amount detected in CP7
infected cells (Figure 7). In cells infected with NCP7 a 3.2-fold higher amount of viral RNA
compared to CP7 was detected at 33 °C. At 39.5 °C comparable amounts of viral RNA were
determined in NCP7 and CP7 infected cells (Figure 7).
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Figure 7: Characterization of viral RNA synthesis after infection with ts and rts mutants as
well as CP7 and NCP7. MDBK cells were infected with the indicated viruses at an MOI of 1,
incubated at either 33 °C (left) or 39.5 °C (right) and total cellular RNA was extracted 10 h
p.i. The amount of viral RNA was determined by qRT-PCR and compared to the mean value
of viral RNA produced in cells infected with CP7 (= 100 %). The depicted data were obtained
in three independent experiments, each analyzed in triplicates.

Since previous publications have reported an increased viral RNA synthesis of cp BVDV
strains at 8-24 h p.i. compared to ncp BVDV strains, experiments with the virus pair CP7 and
NCP7 were repeated in order to confirm the findings of this thesis and to investigate a
possible influence of incubation temperature and time point of sample collection for viral
RNA synthesis (Lackner et al., 2004; Mendez et al., 1998; Vassilev and Donis, 2000; Yamane
et al., 2006). Cells were infected with CP7 and NCP7 at an MOI of 1, incubated at 33 °C,
37 °C or 39.5 °C and harvested 10 h and 24 h p.i.
After 10 h p.i. at 33 °C, cells infected with NCP7 showed a 1.9-fold increased amount of viral
RNA compared to CP7 (Figure 8). In the previous experiment NCP7 produced a 3.2-fold
higher amount of viral RNA compared to CP7 (Figure 7). At 37 °C and 39.5 °C, amounts of
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viral RNA detected in NCP7 and CP7 infected cells were comparable to each other (Figure 8)
and therefore confirm the results obtained in former experiments at 39.5 °C (Figure 7). The
analysis of viral RNA synthesis at 24 h p.i. in cells infected with NCP7 revealed a decrease of
41-53 % when compared to the amounts of viral RNA detected in CP7 infected cells at all
investigated temperatures (Figure 8).

Figure 8: Influence of temperature and time point of sample collection on viral RNA synthesis
in CP7 and NCP7 infected cells. MDBK cells were infected with CP7 and NCP7 at an MOI
of 1 and incubated at 33 °C (blue bars), 37 °C (green bars) and 39.5 °C (red bars) respectively.
Total cellular RNA was harvested 10 h p.i. and 24 h p.i., respectively. The amount of viral
RNA was determined by qRT-PCR. The indicated values are based on the mean value of CP7
(= 100 %). Data were obtained in three independent experiments, each analyzed in triplicates.

4.4

Analysis of NS3 expression

In cells infected with ncp BVDV, cleavage of NS2-3 and release of NS3 is dependent on the
availability of the cellular cofactor DNAJC14. After depletion of this cofactor, NS2-3 cannot
be cleaved and therefore NS3 cannot be detected anymore (Isken et al., 2018; Lackner et al.,
2005). Expression of NS3 in cp BVDV infected cells however is not restricted by the
availability of DNAJC14 and NS3 is expressed during all time points of infection (Baroth et
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al., 2000; Corapi et al., 1988; Meyers et al., 1996; Pocock et al., 1987; Tautz et al., 1996).
Therefore, NS3 is regarded as another marker of cp BVDV strains.
To monitor NS3 expression, MDBK cells were infected with the ts mutants TS42, TS43,
TS45 and the rts mutants rTS42, rTS43, rTS45 as well as NCP7 and CP7 at an MOI of 1,
respectively. After incubation for 24 h at 33 °C or 39.5 °C, respectively, the cells were lysed
and subjected to immunoblot analysis by using mAb 8.12.7 which detects NS2-3 as well as
NS3 (Corapi et al., 1988).
Uncleaved NS2-3 and NS3 were detected in cells infected with CP7 as well as the ts and rts
mutants, independent of the incubation temperature (Figure 9). In contrast, NCP7 infected
cells showed large amounts of NS2-3 and no or only very low amounts of NS3 at both
temperatures as reported previously (Figure 9) (Lackner et al., 2004; Pankraz et al., 2009).

Figure 9: Characterization of NS2-3/NS3 expression after infection with CP7, NCP7, as well
as the indicated ts and rts mutants. MDBK cells were infected with the indicated viruses at an
MOI of 1 and incubated at 33 °C (left panel) or 39.5 °C (right panel), respectively. Cells were
lysed 24 h p.i., separated by SDS-PAGE under reducing conditions and blotted onto PVDF
membranes. The immunoblots were incubated with the mAb 8.12.7 to detect NS2-3 and NS3.
Non-infected (n.i.) cells served as control.
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4.5

Activation of cell death pathways

In a first step the activation of different cellular signaling pathways, including multiple cell
death pathways were investigated in cells infected with CP7 or NCP7 at 37 °C, respectively.
Afterwards the established methods were used to analyze activation of different apoptotic
pathways, autophagic cell death, and the UPR after infection of cells with the ts (TS42, TS43,
TS45) and rts mutants (rTS42, rTS43, rTS45) as well as CP7 and NCP7 at 33 °C and 39.5 °C,
respectively.

4.5.1 Activation of apoptosis
Apoptosis, as one form of regulated cell death, was reported to be activated after BVDV
infection (Hoff and Donis, 1997; Zhang et al., 1996). The effector caspase 3, which is the
dominant effector caspase in apoptosis activation (Galluzzi et al., 2018), was one target
investigated in the infected cells. In an initial experiment, a suitable time point of sample
collection was evaluated. Cells infected with CP7 and NCP7 at an MOI of 1 at 37 °C were
harvested over 72 h in intervals of 24 h and subjected to a caspase 3 assay. No increased
activity of caspase 3 was registered after infection with NCP7. A gradual increase of caspase 3
activity was detectable at all time points in cells infected with CP7. After 24 h, a slight
increase in caspase 3 activity of 1.7-fold was detected. The activity of caspase 3 increased
21.5-fold at 48 h p.i. and reached a maximum of 66.9-fold at 72 h p.i. (Figure 10). Therefore,
72 h p.i. was chosen as time point of sample collection in further experiments.
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Figure 10: Kinetic of caspase 3 activation after BVDV infection. MDBK cells were infected
with CP7 or NCP7 at an MOI of 1 and incubated at 37 °C. Cell lysates were harvested at 24 h,
48 h, and 72 h p.i. The relative activities of caspase 3 were determined based on the mean
value of non-infected cells (fold change = 1). The experiment was conducted one time and all
samples were measured in duplicates.
In three additional independent experiments, a 67.4-fold increase in caspase 3 activity was
detected in cells infected with CP7 at 72 h p.i. at 37 °C. In NCP7 infected cells, no increased
activity of caspase 3 was observed (Figure 11A).
The intrinsic and extrinsic apoptotic pathways are the best characterized pathways, which
trigger the effector caspase 3. Activities of caspase 8, representative for the extrinsic apoptotic
pathway, and caspase 9, indicative for the intrinsic apoptotic pathway, were determined. At
37 °C cells infected with CP7 showed a 3.3-fold increase of caspase 8 activity at 72 h p.i.
when compared to non-infected cells. Caspase 9 activity was increased by 11.2-fold. No
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activation of caspase 8 or caspase 9 was detected in cells after infection with NCP7 (Figures
11B and 11C).

A

B

C

Figure 11: Activation of caspase 3, 8 and 9 after BVDV infection at 37 °C. MDBK cells were
infected with CP7 or NCP7 at an MOI of 1 and incubated at 37 °C. Lysates of the cells were
collected at 72 h p.i. The fold change in the activities of caspase 3 (A), caspase 8 (B) and
caspase 9 (C) was determined based on the mean value of caspase activities detected in noninfected (n.i.) cells (fold change = 1). The activities of these three caspases were detected in
identical samples. Experiments were conducted three times and each activity was measured in
duplicates. The significance of an increased activity was determined by a t-test (**Ρ<0.01,
**** Ρ<0.0001).

After establishment of methods to analyze the activation of different apoptotic pathways after
infection with CP7 and NCP7 at 37 °C, the activities of the different caspases were analyzed
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in cells infected with CP7, NCP7, the ts mutants (TS42, TS43, TS45) and rts mutants (rTS42,
rTS43, rTS45) at an MOI of 1. The infected cells were incubated at 33 °C or 39.5 °C and
harvested at 72 h p.i., respectively. No activation of caspase 3 was observed after infection
with NCP7 at both temperatures, mirroring the results at 37 °C. The occurrence of a cpe after
infection with CP7 at 33 °C and 39.5 °C and after infection with the ts and rts mutants at
33 °C correlated with a significant increase in caspase 3 activity. At 33 °C, infection with CP7
led to a 26-fold increase in caspase 3 activity, whereas infections with ts and rts mutants
induced an increase of 4.3 to 7.4-fold in caspase 3 activity. At 39.5 °C cells infected with the
ts and rts mutants showed no cpe and no increase in caspase 3 activity. In contrast, MDBK
cells infected with CP7 demonstrated a 4.4-fold higher caspase 3 activity than non-infected
cells at 39.5 °C, respectively (Figure 12A).
Finally, the activities of caspase 8 and caspase 9 were analyzed, to determine whether the
intrinsic or extrinsic apoptotic pathways were involved in the increased activation of caspase
3. No significant increase in caspase 8 activity could be detected at 33 °C and 39.5 °C after
infection with NCP7, CP7, the ts or rts mutants, respectively (Figure 12B). A slight increase
in caspase 9 activity could be measured only after infection with CP7 at 33 °C (1.8-fold) and
39.5 °C (1.7-fold). No activation of caspase 9 was observed after infection with NCP7, the ts
and rts mutants (Figure 12C).
In conclusion, the temperature-dependent occurrence of a cpe in cells infected with the ts and
rts mutants correlates with an increased caspase 3 activity, whereas no evidence was found for
an activation of caspase 8 or caspase 9.
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Figure 12: Activation of caspases 3, 8 and 9 after infection with BVDV CP7, NCP7, the ts
mutants (TS42, TS43, TS45) and the rts mutants (rTS42, rTS43, rTS45) at 33 °C (left, blue
bars) and 39.5 °C (right, red bars), respectively. MDBK cells were infected with the indicated
viruses for 72 h at an MOI of 1. Fold changes in activities of the caspases are based on the
mean value of non-infected (n.i.) cells (fold change = 1). Samples were obtained in the same
experiments and used for the analysis of (A) effector caspase 3, (B) initiator caspase 8 and (C)
initiator caspase 9 activities. Three independent experiments were performed and each sample
was measured in duplicates. The significance of an increased activity was determined by a ttest (ns Ρ>0.05, **Ρ<0.01, *** Ρ<0.001, **** Ρ<0.0001).

4.5.2 Activation of autophagy
To investigate a possible involvement of the autophagy machinery in BVDV induced
cytopathogenicity, the microtubule-associated protein 1 light chain 3B (LC3B) was analyzed.
Activation of autophagy triggers the conjugation of the cytosolic LC3B-I with
phosphatidylethanolamine (PE) (= LC3B-II) and its integration into the autophagosome
membrane (Klionsky et al., 2016; Rubinsztein et al., 2009). Therefore, an increase of LC3B-II
is indicative of an activated autophagy machinery. Cells were infected with the BVDV strains
CP7 and NCP7 at an MOI of 1 and incubated for 72 h at 37 °C. Cell lysates were taken every
24 h. The levels of LC3B-II in n.i. cells at 24 h, 48 h, and 72 h p.i. served as controls,
respectively. The cp BVDV strain CP7 demonstrated an increased autophagy activity at all
time points, compared to n.i. cells or cells infected with ncp BVDV NCP7 (Figure 13).
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Figure 13: Autophagy activation after infection with BVDV at 37 °C. Cells were infected with
the BVDV strains CP7 or NCP7 at an MOI of 1 and incubated at 37 °C, respectively. Cell
lysates were harvested at 24 h, 48 h, and 72 h p.i., respectively. The samples were separated
by SDS-PAGE under reducing conditions and blotted onto PVDF membranes. The
immunoblots were incubated with a polyclonal antibody directed against LC3B, which binds
to the cytosolic LC3B-I (19 kDa) and the autophagosome bound LC3B-II (17 kDa). Noninfected (n.i.) cells served as a control.

The activation of autophagy was analyzed in cells after infection with the ts and rts mutants at
33 °C and 39.5 °C, respectively. MDBK cells were infected with CP7, NCP7 and the ts
(TS42, TS43, TS45) as well as the rts (rTS42, rTS43, rTS45) mutants at an MOI of 1. Cell
lysates were harvested at 72 h p.i. and immunoblot analyzes were conducted.
NCP7 infected cells demonstrated comparable levels of LC3B-II to non-infected cells at both
temperatures. For infections incubated at 33 °C, an accumulation of LC3B-II was detected in
cells infected with CP7 and the ts as well as rts mutants. At 39.5 °C, CP7 infected cells
showed only a slightly increased LC3B-II level, whereas no increased accumulation of
LC3B-II was observed after infection of cells with the ts and rts mutants as well as NCP7,
when compared to non-infected cells (Figure 14). Taken together, the induction of
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cytopathogenicity correlates with an increased level of autophagy in cells infected with CP7,
the ts and rts mutants.

Figure 14: Activation of autophagy after infection with the ts mutants (TS42, TS43, TS45)
and rts mutants (rTS42, rTS43, rTS45) as well as CP7 and NCP7. MDBK cells were infected
with the indicated viruses at an MOI of 1 and incubated for 72 h at 33° C (left) and 39.5 °C
(right), respectively. The samples were lysed and separated by SDS-PAGE under reducing
conditions and transferred to PVDF membrane. To detect an increase of autophagic activity,
the immunoblots were incubated with a polyclonal antibody directed against LC3B. The
antibody detects two bands: the cytosolic LC3B-I (19 kDa) and the autophagosome bound
LC3B-II (17 kDa). The samples used in this experiment were the same samples used for the
caspase assays.

4.6

Activation of the Unfolded Protein Response

For the investigation of a possible UPR activation, as a reaction to an infection with CP7,
NCP7 and the ts mutants (TS42, TS43, TS45) the activation of caspase 12 and expression of
CHOP were determined.
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Cells were infected with CP7 and NCP7 at an MOI of 1 and incubated for 72 h at 37 °C. A
significant increase in caspase 12 activity could not be detected in cells infected with CP7 or
NCP7 at 37 °C (Figure 15). Additionally, there is no evidence of an increase in caspase 12
activity after infection of MDBK cells with CP7, NCP7 and the ts mutants at an MOI of 1 and
incubation for 72 h at 33 °C or 39.5 °C, respectively (experiment was conducted one time,
data not shown).

Figure 15: Activation of caspase 12 after infection with CP7 and NCP7 at 37 °C. The fold
change in activity of caspase 12 is based on the mean value determined for non-infected (n.i.)
cells (fold change = 1). MDBK cells were infected with CP7 or NCP7 at an MOI of 1 and
incubated at 37 °C. Cell lysates were collected at 72 h p.i., respectively. The activation of
caspase 12 was measured with the same samples used for analysis of the activities of caspases
3, 8, and 9 (see chapter 4.5.1). The experiment was conducted three times and each sample
was measured in duplicates. The significance of an increased activity was determined by a
t-test (ns Ρ>0.05).
In addition, CHOP expression was investigated by SDS-PAGE and immunoblot analysis in
MDBK cells harvested 24 h after infection with CP7, NCP7 and the ts mutants at different
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temperatures. An expected band of 27 kDa was detectable in lysates of cells after incubation
with Tunicamycin (Tn) which served as positive control. However, CHOP expression was
neither visible in cells infected with CP7 or NCP7 at 33 °C, 37 °C, and 39.5 °C nor in cells
infected with the ts mutants at 33 °C and 39.5 °C, respectively (Figure 16).

Figure 16: Expression of CHOP after infection with different BVDV strains. MDBK cells
were infected with BVDV CP7 and NCP7 as well as with the ts mutants (TS42, TS43, TS45)
at an MOI of 1. Cells were incubated at 37 °C (A; only CP7 and NCP7), 33 °C (B, left panel)
or 39.5 °C (B, right panel), respectively. Cell lysates collected at 24 h p.i. were separated by
SDS-PAGE under reducing conditions and blotted onto PVDF membranes. The immunoblots
were incubated with a polyclonal antibody directed against CHOP, which detects expressed
CHOP as a band of 27 kDa. Cells incubated with Tunicamycin (Tn) in a concentration of 1
µg/ml (A) and 2 µg/ml (A, B) served as positive control. Non-infected cells (n.i.) served as
negative control.

66

4.7

NS5A expression

For two of the ts mutants (TS43, TS45), the point mutation leading to the loss of
cytopathogenicity at 39.5 °C results in the exchange of one amino acid located near the
NS4B-NS5A cleavage site. In TS45, the substitution of a glutamic acid (E) residue with an
aspartic acid (D) residue at position 2677 of the CP7 polyprotein is located 13 aa upstream of
the NS4B-NS5A cleavage site. The substitution of a leucine (L) residue with a phenylalanine
(F) residue at the position 2698 of the CP7 polyprotein can be found in TS43 and is located 8
aa downstream of the NS4B-NS5A cleavage site (Figure 5B). To investigate a possible effect
of these mutations for the cleavage between NS4B and NS5A, the expression of NS5A was
analyzed in cells infected with CP7, NCP7 and the ts mutants (TS42, TS43, TS45) at an MOI
of 1 and incubated at either 33 °C or 39.5 °C, respectively (Figure 17). In cell lysates
harvested 24 h p.i., a band of 58 kDa, indicative for the pestiviral NS5A protein, was visible
in all infected cells. An NS4B-NS5A precursor with a calculated molecular weight of ~103
kDa was not detectable (Figure 17).

Figure 17: Expression of NS5A after infection with BVDV strains CP7, NCP7 and the ts
mutants (TS42, TS43, TS45). MDBK cells were infected with the indicated viruses at an MOI
of 1. The cells were incubated at 33 °C or 39.5 °C and lysed at 24 h p.i., respectively. The
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samples were separated by SDS-PAGE. After transfer of the proteins onto PVDF membrane, a
monoclonal antibody was used to monitor expression of NS5A (58 kDa). A band of
approximately 103 kDa indicative for a NS4B-NS5A precursor was not visible. Non-infected
cells (n.i.) served as negative control.
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5

Discussion

The existence of ncp and cp strains is a characteristic feature of BVDV. No alteration of cell
morphology can be observed after infection with ncp BVDV, whereas after an infection with a
cp BVDV strain cells demonstrate morphological changes, which are characteristic for the
activation of apoptotic cell death, including cell shrinkage, chromatin condensation and
rounding up of the cells (Hoff and Donis, 1997; Tautz et al., 2015; Zhang et al., 1996). Cp
BVDV biotypes arise from ncp biotypes by non-homologous RNA recombination and are
associated with the onset of fatal MD (Becher and Tautz, 2011; Lanyon et al., 2014; Tautz et
al., 2015).
In a previous study, our working group generated and characterized the ts mutant TS2.7 of cp
BVDV strain CP7. This mutant showed a cpe at 33 °C, but resembled an ncp biotype at
39.5 °C (Pankraz et al., 2009). In the presented thesis, three additional ts mutants of the cp
BVDV strain CP7 were characterized. In all of the mutants, a single nonsynonymous
substitution was identified as being responsible for the loss of cytopathogenicity at 39.5 °C by
reverse genetics (Figure 5). In contrast to previously described TS2.7, which harbors a single
point mutation in the NS2 encoding sequence, these mutations were found in the NS4B
(TS45) and in the NS5A (TS42, TS43) encoding sequence (Figure 5B). The temperaturedependent loss of cytopathogenicity after infection with the different ts mutants (TS42, TS43,
TS45) and rts mutants (rTS42, rTS43, rTS45) suggests that the responsible substitution for
this change in biotype are either represent a function of the affected viral protein to counteract
cell death or suppressing a function to stimulate cell death. Furthermore, it is possible that
each one of these abilities could be executed either by the viral protein individually or by the
viral protein as part of a protein complex.
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Analysis of viral growth curves confirmed that the temperature-dependent loss of
cytopathogenicity was not a result of an altered virus replication, since the ts mutants (TS42,
TS43, TS45) and rts mutants (rTS 42, rTS43, rTS45) produced high titers of infectious viral
particles, comparable to viral titers produced by CP7 (Figure 6).
Typical markers of BVDV induced cytopathogenicity were analyzed in cells infected with the
ts and rts mutants. Furthermore, activation of different cellular signaling pathways, including
different cell death pathways, were investigated after infection of cultured cells with the ts
and rts mutants.

5.1

Hallmarks of BVDV induced cytopathogenicity

In addition to the visible effects on cultured cells, ncp and cp BVDV strains can also be
distinguished by two markers of pestiviral cytopathogenicity: the presence of free NS3 at all
time points of infection and an increased viral RNA production.
For the cleavage of NS2-3, ncp BVDV strains are dependent on the cellular cofactor
DNAJC14. In contrast, the release of NS3 in cp BVDV strains is not limited by the presence
of this cellular chaperon (Isken et al., 2018; Lackner et al., 2004; Moulin et al., 2007). These
observations established the opinion of NS3 as a molecular marker of cp BVDV. However,
Qu et al. (2001) described ncp mutants of the cp BVDV strain NADL with a Y2441C
substitution at residue 15 of NS4B. Despite not developing a cpe, these mutants showed an
NS3 expression comparable to the parental cp strain NADL (Qu et al., 2001). Our working
group generated and characterized the ts mutant TS2.7 of the cp BVDV strain CP7. The
ability of TS2.7 to express NS3 at early and late phases of infection was independent of its
temperature-dependent change in cytopathogenicity (Pankraz et al., 2009). Within the present
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thesis, characteristics of NS2-3 cleavage by the ts mutants TS42, TS43, TS45 of the BVDV
strain CP7 as well as their reconstructed counterparts rTS42, rTS43 and rTS45 were
investigated. All ts and rts mutants demonstrated cleavage of NS2-3 and expression of NS3
independent from the displayed biotype (Figure 9). The findings in this thesis are therefore
consistent with former reports by Pankraz et al. (2009) and Qu et al. (2001) and add to the
number of BVDV mutants with an attenuated cytopathogenicity in spite of NS3 expression at
early and late stages of infection.
An increased viral RNA synthesis is another marker of cp BVDV strains (Isken et al., 2018;
Lackner et al., 2004; Mendez et al., 1998; Vassilev and Donis, 2000). An enhanced viral RNA
production results in an increased amount of dsRNA, an intermediate in viral RNA synthesis
and trigger for the activation of the innate immune response against viral infections (Barber,
2005; Munir and Berg, 2013). dsRNA was reported to be the main trigger of apoptosis in cells
infected with a cp BVDV strain (Yamane et al., 2006). Therefore, the RNA synthesis of the ts
and rts mutants was investigated and compared to the RNA production of the parental strain
CP7. At 39.5 °C the ts and rts mutants (= ncp biotype) showed lower amounts of accumulated
viral RNA when compared to CP7. Thus, these results demonstrate a correlation between
cytopathogenicity and increased viral RNA synthesis at 39.5 °C. At 33 °C, the ts mutants (=
cp biotype) showed a viral RNA production efficiency comparable to CP7. Despite
developing a comparable cpe at 33 °C, the amount of viral RNA found in cells infected with
the rts mutants (rTS42, rTS43, rTS45) was reduced by 41-60 % when compared to CP7.
Furthermore, a comparison of the RNA synthesis from NCP7 and CP7 at 10 h p.i. showed that
the ncp BVDV strain produced viral RNA amounts comparable (39.5 °C) or 3-fold higher
(33 °C) than the RNA amounts produced by CP7 (Figure 7). In contrast to our findings,
previous publications have reported an increased viral RNA production of cp BVDV
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compared to ncp BVDV at 8-24 h p.i. (Lackner et al., 2004; Mendez et al., 1998; Vassilev and
Donis, 2000; Yamane et al., 2006). To investigate the conflicting results and to address a
possible influence of temperature and time point of sample collection on the efficiency of
viral RNA production, further experiments with the viruses CP7 and NCP7 were conducted.
The obtained results confirmed the findings of the previous experiment for samples taken 10
h p.i., but demonstrated a correlation of cytopathogenicity and increased viral RNA
production at 24 h p.i. (Figure 7, 8). However, it appears questionable whether an
approximately 2-fold higher amount of accumulated viral RNA in cells infected with CP7
compared to NCP7, can be regarded as the main trigger of the observed cpe as early as 24 h
p.i. Instead of the determined 2-fold increased viral RNA amounts of CP7 compared to NCP7
at 24 h p.i., Yamane et al. (2006) reported that the amount of viral RNA is 100-200 fold
higher in cells infected with a cp BVDV strain 24 h p.i. compared to infections with an ncp
BVDV strain. In the same study, a similar difference in the efficiency of viral RNA synthesis
was reported for two other cp and ncp virus pairs (Yamane et al., 2006). Therefore, it is likely
that other factors serves as the main trigger for apoptosis activation rather than the increased
viral RNA synthesis, resulting in increased amounts of dsRNA, during early time points of
infection with CP7, ts and rts mutants.

5.2

Cell death activation after BVDV infection

The molecular pathway leading to the development of a cpe and demise of cells during
BVDV infections is not completely discovered yet. The earliest reports showed activation of
apoptosis (Hoff and Donis, 1997; Lambot et al., 1998; Zhang et al., 1996). However,
apoptosis can be activated by multiple different pathways. The extrinsic and intrinsic
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apoptotic pathways are the best characterized. Their activation during BVDV infection was
demonstrated by different working groups, with partly contradictory outcomes. Different
authors reported the activation of the extrinsic (Yamane et al., 2005), the intrinsic (B
Grummer et al., 2002) or both apoptotic pathways (Gamlen et al., 2010; St-Louis et al., 2005).
The results obtained from studies investigating the extrinsic and the intrinsic pathways
simultaneously are contradictory. Higher activation of caspase 9 than caspase 8 (Gamlen et
al., 2010) and vice versa (St-Louis et al., 2005) were reported. Since Yamane et al. (2005) and
Grummer et al. (2002) did not analyzed both apoptotic pathways and Gamlen et al. (2010) as
well as St-Louis et al. (2005) transfected cells with expression plasmids containing only parts
of the BVDV genome, this thesis represents the first report of a comparative approach to
evaluate the activation of the intrinsic and extrinsic pathways after infection with cp and ncp
BVDV.
At 37 °C, an increased activity of the effector caspase 3 was detectable after infection with the
cp BVDV strain CP7, whereas cells infected with NCP7 showed no activation of caspase 3
when compared to non-infected cells (Figure 11A). Analysis of the extrinsic and the intrinsic
pathways, by evaluation of the caspase 8 (extrinsic pathway) and caspase 9 (intrinsic
pathway) activities at 37 °C, demonstrated activation of both pathways after infection with
CP7. Cells infected with NCP7 showed no activation of either extrinsic or intrinsic initiator
caspases (Figure 11B, C). As explained in the introduction, the apoptotic pathways are
transmitted by a signaling cascade in which the consecutive activation of caspases enhances
the apoptotic signaling pathway (Elmore, 2007). Consequently, stronger activation of the
effector caspase 3 than initiator caspases 8 and 9 after infection with CP7 is observed. The
activation of both apoptotic pathways can be either indicative of independent activation of
both pathways or activation of the intrinsic pathway (caspase 9) through the extrinsic pathway
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(caspase 8). In the latter scenario, activated caspase 8 cleaves BID and the truncated form
tBID is migrating to the OMM. There it acts as a BH3-only protein and leads to
permeabilization of the OMM. Consequently, CYCS is released and forms together with
APAF1 and procaspase 9 the apoptosome and activates caspase 9 (Elmore, 2007; Galluzzi et
al., 2018).
The ts mutants (TS42, TS43, TS45) and rts mutants (rTS42, rTS43, rTS45) of the parental
BVDV strain CP7 showed a correlation between cytopathogenicity and apoptosis activation.
At 33 °C, the ts mutants and rts mutants, displaying a cp biotype, caused an activation of the
effector caspase 3. In contrast, at 39.5 °C, when no cpe is visible in cells infected with the ts
mutants and rts mutants, caspase 3 was not activated (Figure 12A).
If dsRNA (as an intermediate of viral RNA synthesis) is the main trigger of apoptosis in
BVDV infected cells (Yamane et al., 2006), the amounts of viral RNA could expected to be
comparable to induction of caspase 3 activity, as an indicator of apoptosis. However, at 33 °C,
CP7 infected cells demonstrated a higher activation of caspase 3 (26-fold increase) than cells
infected with the ts mutants (4.3-7.4-fold increase), despite CP7 and the ts mutants showing a
comparable viral RNA synthesis (Figure 7, 12A).
Possible pathways activated by the infection with the ts mutants that led to the activation of
effector caspase 3 were further investigated. An increased caspase 8 activity was not detected
in any of the infected cells, independent from the used viruses (Figure 12B). A slight
activation of caspase 9 after infection with CP7 at 33 °C and 39.5 °C suggested the
involvement of the intrinsic apoptotic pathway in apoptosis activation (Figure 12C). The lack
of activation of both caspase 8 and caspase 9 after infection with the ts mutants and the rts
mutants might indicate the involvement of another pathway of apoptosis activation (Figure
12B, C). It is possible that the interaction with other proteins like cathepsins, calpains,
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granzymes and HtrA2 may play a role in BVDV induced activation of apoptosis. All of these
proteases can trigger apoptosis in both caspase-independent manner (Bröker et al., 2005;
Heibein et al., 1999; Logue and Martin, 2008; Rudzińska et al., 2019; Sharif-Askari et al.,
2001; Stoka et al., 2016; Takano et al., 2005; Thomas et al., 2000) and in interplay with
caspases (Aits and Jäättelä, 2013; Cheng et al., 2018; Cilenti et al., 2004; Heibein et al., 2000;
Orrenius et al., 2015; Repnik et al., 2012; Suzuki et al., 2004; Waterhouse et al., 2005). So far
only an involvement of calpains in BVDV induced cytopathogenicity could be shown
(B. Grummer et al., 2002). In this study, Grummer et al. (2002) demonstrated that the
treatment of the cells with a calpain inhibitor can delayed the development of a cpe after
infection with the cp BVDV strain NADL. Analysis of the apoptotic pathways, induced by
these proteins can help to find a possible trigger or interaction partner responsible for the
development of a cpe after infection with a cp BVDV strain.
Autophagy is a form of programmed cell death, which is activated by many viruses of the
family Flaviviridae. Viruses hijack the autophagy machinery to assist their replication (Ke,
2018). Activation of autophagy was also reported for BVDV and was shown to occur
independent of the BVDV biotype (Rajput et al., 2017; Suda et al., 2018).
In this thesis, the activation of autophagy was analyzed by immunoblot with an antibody
directed against LC3B. Autophagy is not only a pathway of programmed cell death triggered
by pathogens, but also a physiological process to remove damaged or long-lived proteins
from the cells. Therefore, the results of autophagy activation after BVDV infection were
always compared to non-infected cells (= basal level of autophagy) (Anding and Baehrecke,
2015; Denton et al., 2015). In MDBK cells infected with the ncp BVDV strain NCP7, no
increase in autophagy activity was visible, whereas in cells infected with the cp BVDV strain
CP7 increased levels of LC3B-II, indicative of autophagic cell death, were detected at 37 °C.
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This outcome was independent of the analyzed time point (Figure 13). Furthermore, the same
correlation of cytopathogenicity and autophagy activation was observed in experiments with
the ts and rts mutants. At 33 °C, the ts and rts mutants displayed a cp biotype and showed an
increased level of autophagy. At 39.5 °C the ts and rts mutants resembled an ncp biotype and
activate autophagy comparable to non-infected cells (Figure 14).
The results presented in this thesis show that activation of autophagy in cells infected with
ncp BVDV is not exceeding autophagy activation in non-infected cells. Only cp BVDV
induced increased levels of LC3B-II, indicative for autophagic cell death. These findings
suggest an involvement of autophagy in BVDV induced cytopathogenicity, which was not
detected in previously reported investigations of other virus pairs (Rajput et al., 2017; Suda et
al., 2018).

5.3

Activation of the Unfolded Protein Response after infection with

BVDV
The UPR is a cellular response to ER stress caused by calcium dysregulation, misfolding and
accumulation of proteins in the ER (Hetz and Papa, 2018; Schröder and Kaufman, 2005).
Virus infections can lead to an increasing load of viral proteins in the ER, thus activating the
UPR (Diehl et al., 2011; Smith, 2014). Two molecular marker of the UPR were analyzed in
this thesis, CHOP and caspase 12. CHOP is a pro-apoptotic transcription factor and can
trigger apoptosis through multiple pathways, including the intrinsic and extrinsic apoptotic
pathways (Hu et al., 2019; Oyadomari and Mori, 2004; Sano and Reed, 2013). Caspase 12
was reported to cleave procaspase-9 as well as procaspase-3 directly (Hitomi et al., 2004; Rao
et al., 2002a, 2002b). A potential direct activation of caspase 3 by caspase 12 could explain
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the activation of apoptosis independent of the intrinsic or extrinsic pathways by the ts
mutants.
In the conducted experiments, no significant activation of either CHOP or caspase 12 was
detectable in cells infected with the BVDV strains CP7 and NCP7 at 37 °C (Figure 15, 16A).
Furthermore, infections with the ts mutants (TS42, TS43, TS45) as well as CP7 and NCP7 at
33 °C and 39.5 °C did not lead to the detection of CHOP (Figure 16B) or to the activation of
caspase 12 (data not shown).
Interestingly, no evidence for the activation of CHOP and caspase 12 after infection with the
BVDV strain CP7, NCP7 and ts mutants were found within this thesis, even so that other
studies discovered an activation of both proteins after infection with different BVDV strains
(Jordan et al., 2002; Maeda et al., 2009; Yamane et al., 2009). However, it cannot be excluded
that the UPR becomes triggered. Other ER-stress induced cell death modulators and effectors
than CHOP and caspase 12 may be activated as a response to an infection with these viruses.
In future experiments, analysis of other effectors and modulators of the UPR as well as
investigation of the three pathways leading to an activation of the UPR (Figure 4) could
clarify, whether an infection with CP7, NCP7 and the ts mutants induce an activation of the
UPR.

5.4

Influence of mutations for NS5A processing

Mutations in nucleotide position 8419 (TS45) and 8482 (TS43) of the CP7 genome result in a
substitution of glutamic acid with aspartic acid 13 aa upstream (TS45) or a leucine-tophenylalanine codon change 8 aa downstream (TS43) of the NS4B-NS5A cleavage site. To
investigate a possible influence of these mutations on the polyprotein processing immunoblots
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were prepared and possible aberrations in the expression of NS5A (~56 kDa) and the possible
precursor NS4B-NS5A (~103 kDa) were surveyed. The expression of NS5A was visible in all
ts mutants 24 h p.i. No NS4B-NS5A precursor could be observed. Mutations appear to have
no influence on the effectiveness of NS4B-NS5A processing and NS5A expression. Further
bands observed at 42 kDa, 35 kDa and 29 kDa are possibly truncated forms of NS5A (Figure
17). Such truncated forms are known for HCV and CSFV. Different caspases, as well as
calpains, were found being responsible for this cleavage of NS5A in HCV and CSFV (Hidajat
et al., 2004; Kalamvoki et al., 2006; Kalamvoki and Mavromara, 2004; Satoh et al., 2000; Xie
et al., 2017).

Taken together, the results of this thesis showed that ts mutants of the cp BVDV strain CP7
with single nucleotide exchanges within the NS4B and NS5A encoding sequence suppress
viral cytopathogenicity at high temperature. Analysis of markers characteristic for cp BVDV
strains in cells infected with the ts and rts mutants demonstrated, that NS3 was expressed at
low and high temperature comparable to CP7 and therefore independent of the displayed
biotype. The loss of cytopathogenicity at high temperature correlated with a reduced viral
RNA synthesis. In this thesis it could be shown that a cp biotype correlates with the activation
of apoptosis and autophagy in cells infected with CP7 and the introduced ts and rts mutants.
In future studies, the characterized ts mutants will serve as a useful tool to gain further
knowledge about the role of NS4B and NS5A in BVDV induced cell death.
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6

Summary

Titel:

Characterization of temperature sensitive mutants of bovine viral diarrhea
virus: Attenuation and mechanisms of viral cytopathogenicity

Author:

Oliver Suckstorff

The pestivirus Bovine viral diarrhea virus (BVDV) exists in two biotypes: noncytopathic
(ncp) and cytopathic (cp), which can be distinguished by their effect on cultured cells.
In this study, three temperature sensitive (ts) mutants of the cytopathic BVDV strain CP7
were characterized, which showed a temperature-dependent loss of cytopathogenicity at high
temperature (39.5°C). A point mutation in the nonstructural protein (NS) 4B or NS5A
encoding region of all three ts mutants is responsible for this temperature dependent change in
biotype. Reconstructed ts (rts) mutants were created by reintroduction of the identified
mutations into the parental strain CP7.
Presence of free NS3 at early and late stages of infection and an increased viral RNA
synthesis are regarded as hallmarks of a cp biotype. Cells infected with the ts mutants and rts
mutants expressed NS3 at low (33 °C) and high (39.5 °C) temperature, independent from their
biotype. The viral RNA production efficiencies of the ts mutants and parental CP7 were
comparable at 33°C. However, in contrast to CP7, the loss of cytopathogenicity in cells
infected with the ts mutants correlated with a decrease of viral RNA synthesis at 39.5 °C.
Different cell death mechanisms, including apoptosis and autophagy, are known to be
activated during infections with BVDV. The death of cells after infections with cp BVDV
strains is attributed to the activation of apoptosis. In congruence, a correlation between
cytopathogenicity and apoptosis activation was observed in cells infected with CP7, the ts and
rts mutants. Further investigations of pathways leading to the activation of apoptosis provided
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no evidence for an involvement of the extrinsic or the intrinsic apoptotic pathways after
infection with the ts or rts mutants. At low and high temperatures, a slight activation of the
intrinsic apoptotic pathway was detected in CP7 infected cells. As a possible alternative
signaling pathway responsible for the activation of apoptosis, the unfolded protein response
(UPR) was investigated. However, no activation of the UPR was determined after infection
with CP7, the ts mutants or rts mutants independent of the incubation temperature and thus
the biotype. Therefore, the pathway leading to the activation of apoptosis remains elusive.
Additionally, activation of another cell death mechanism, autophagy, was demonstrated to
correlate with cytopathogenicity independent of the incubation temperature.
Taken together, this thesis presents a biological characterization of ts and rts mutants of the cp
BVDV strain CP7. These mutants, with the ability to change their biotype depending on the
temperature, represent valuable tools to investigate BVDV induced cytopathogenicity and
may help to study complex virus-host interaction leading to virus induced cell death. With the
help of these tools, it was demonstrated that the occurrence of a cp biotype correlates with the
activation of apoptosis and autophagy in cells infected with CP7 as well as ts and rts mutants.
However, further investigations into the pathways leading to the activation of apoptosis and
autophagy through infections with these mutants are required in future studies.
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Zusammenfassung
Charakterisierung temperatursensitiver Mutanten des Bovinen Virusdiarrhö

Titel:

Virus: Attenuierung und Mechanismen viraler Zytopathogenität
Autor:

Oliver Suckstorff

Das Pestivirus Bovine Virusdiarrhö Virus (BVDV) existiert in zwei Biotypen: nichtzytopathogen (nzp) und zytopathogen (zp), welche anhand ihres Effektes auf Zellkulturen
unterschieden werden können. In dieser Studie wurden drei temperatursensitive (ts) Mutanten
des

zp

BVDV-Stammes CP7 charakterisiert, welche

einen temperaturabhängigen

Zytopathogenitätsverlust bei hohen Temperaturen (39.5 °C) zeigen. In jeder dieser drei
Mutanten wurde eine Punktmutation in der für das Nichtstrukturprotein (NS) 4B oder NS5A
kodierenden Region gefunden, welche verantwortlich ist für den temperaturabhängigen
Verlust der Zytopathogenität. Rekonstruierte ts (rts) Mutanten wurden durch die Einführung
der identifizierten Punktmutationen in den ursprünglichen Stamm CP7 erzeugt.
Die Anwesenheit von freiem NS3 zu frühen und späten Zeitpunkten nach einer Infektion und
eine gesteigerte virale RNA-Produktion sind Kennzeichen eines zp Biotyps. Zellen, welche
mit den ts und rts Mutanten infiziert waren, exprimierten NS3 bei niedriger (33 °C) und hoher
Temperatur (39.5 °C) und somit unabhängig von ihrem jeweiligen Biotyp. Die Effizienz der
viralen RNA-Produktion der ts Mutanten war bei 33 °C vergleichbar zu CP7. Im Gegensatz
zu CP7 führt der Verlust der Zytopathogenität nach Infektionen mit den ts Mutanten zu einer
reduzierten viralen RNA-Synthese bei 39.5 °C. Es ist bekannt, dass verschiedene
Zelltodmechanismen, einschließlich Apoptose und Autophagie, während einer Infektion mit
BVDV aktiviert werden. Der Zelltod nach Infektion mit zp BVDV-Stämmen ist auf eine
Aktivierung der Apoptose zurückzuführen. Übereinstimmend damit konnte, in Zellen welche
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mit CP7 den ts und rts Mutanten infiziert waren, eine Korrelation zwischen Zytopathogenität
und der Aktivierung von Apoptose festgestellt werden. Weitere Untersuchungen zeigten, dass
weder der extrinsische noch der intrinsische apoptotische Signalweg während einer Infektion
mit den ts oder rts Mutanten aktiviert wurden. Bei 33 °C und 39.5 °C konnte eine geringe
Aktivierung des intrinsischen apoptotischen Signalweges in CP7-infizierten Zellen festgestellt
werden. Die Unfolded Protein Response (UPR) wurde als ein möglicher alternativer
Signalweg für die Aktivierung von Apoptose untersucht. Es konnte keine Aktivierung der
UPR nach Infektionen mit CP7, den ts sowie rts Mutanten festgestellt werden, unabhängig
von der verwendeten Inkubationstemperatur und somit dem Biotyp. Der Signalweg, welcher
zu einer Aktivierung von Apoptose führt, bleibt damit unbekannt. Weiterhin konnte gezeigt
werden, dass die Aktivierung eines anderen Mechanismus des Zelltodes, Autophagie,
unabhängig von der Inkubationstemperatur mit dem Auftreten von Zytopathogenität
korreliert.
In dieser Doktorarbeit wurden ts und rts Mutanten des cp BVDV-Stammes CP7 biologisch
charakterisiert. Diese ts Mutanten, mit der Fähigkeit, ihren Biotyp abhängig von der
Inkubationstemperatur zu ändern, stellen ein nützliches Werkzeug zur Untersuchung von
BVDV

induzierter

Zytopathogenität

dar

und

könnten

dabei

helfen,

komplexe

Virus-Wirt-Interaktionen zu untersuchen, welche zum Virus-induzierten Zelltod führen. Mit
Hilfe dieser ts Mutanten, konnte gezeigt werden, dass das Auftreten eines zp Biotyps mit der
Aktivierung von Apoptose und Autophagie korreliert. Weitere Untersuchungen zur
Identifizierung von Signalwegen, welche zur Aktivierung von Apoptose und Autophagie
durch diese Mutanten führen, könnten ein Ziel zukünftiger Untersuchungen darstellen.
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Appendix

Media and solutions for cell culture
EDulb medium, pH 7.0
EDulb powder

13.53 g

Gibco BRL, Eggenstein

NaHCO 3

2.2 g

Merck KGaA, Darmstadt

Penicillin G

0.06 g

Sigma-Aldrich, Steinheim

Streptomycin sulfate

0.05 g

Sigma-Aldrich, Steinheim

Phenol red

0.016 g

Merck KGaA, Darmstadt

Storage: 4°C
Sera
Horse serum

Biochrom, Berlin

Storage: -20°C
Freezing medium
EDulb medium
DMSO

10%

Roth, Karlsruhe

NaCl

8.0 g

AppliChem, Darmstadt

KCl

0.2 g

Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O

2.37 g

AppliChem, Darmstadt

KH2PO4

0.2 g

Merck KGaA, Darmstadt

CaCl2 x 2 H2O

0.13 g

Merck KGaA, Darmstadt

MgCl2 x 6 H2O

0.1 g

Sigma-Aldrich, Steinheim

Aqua bidest

ad 1,000 ml

PBS, pH 7.0-7.2

Storage: 4°C
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PBSM, pH 7.0-7.2
NaCl

8.0 g

AppliChem, Darmstadt

KCl

0.2 g

Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O

2.37 g

AppliChem, Darmstadt

KH2PO4

0.2 g

Merck KGaA, Darmstadt

Aqua bidest

ad 1,000 ml

Storage: 4°C
Versen Trypsin 0.125%, pH 7.0
NaCl

8.0 g

AppliChem, Darmstadt

KCl

0.2 g

Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O

2.3 g

AppliChem, Darmstadt

KH2PO4

0.2 g

Merck KGaA, Darmstadt

CaCl2 x 2 H2O

0.132 g

Merck KGaA, Darmstadt

Trypsin (3 U/mg)

1.25 g

Biochrom, Heidelberg

EDTA (Versen)

1.25 g

Roth, Karlsruhe

Penicillin G

0.06 g

Sigma-Aldrich, Steinheim

Streptomycin sulfate

0.05 g

Sigma-Aldrich, Steinheim

MgSO4 × 7 H2O

0.1 g

AppliChem, Darmstadt

Aqua bidest

ad 1,000 ml

Storage: 4°C

Media and solutions for bacteria
LB-medium
LB medium powder

20 g

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Storage: 4°C
LB-agar
LB agar powder

40 g

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml
104

Storage: 4°C
SOC medium
Tryptone

2%

AppliChem, Darmstadt

Yeast extract

0.5%

Roth, Karlsruhe

NaCl

10 mM

AppliChem, Darmstadt

KCl

2.5 mM

AppliChem, Darmstadt

MgCl2

10 mM

Merck KGaA, Darmstadt

MgSO4

10 mM

Merck KGaA, Darmstadt

Glucose

20 mM

Merck KGaA, Darmstadt

KCl

10 mM

AppliChem, Darmstadt

MgSO4

20 mM

Merck KGaA, Darmstadt

Storage: -20°C
Antibiotics
Ampicillin

Sigma-Adlrich, Steinheim

Streptomycin sulfate

Sigma-Aldrich, Steinheim

Agarose gel electrophoresis
50 × TAE buffer, pH 7.8
Tris

2M

AppliChem, Darmstadt

CH3COONa × 3 H2O

0.25 M

Merck KGaA, Darmstadt

EDTA

0.05 M

AppliChem, Darmstadt

Glycerol

3 ml

Roth, Karlsruhe

Orange G (1%)

2.5 ml

Roth, Karlsruhe

Aqua bidest

4.5 ml

Orange G (0.25%)

Storage: -20°C
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1 kb DNA ladder
Tris/HCl 0.5 M, pH 7.5

100 μl

AppliChem, Darmstadt

EDTA 0.1M, pH 8.0

50 μl

AppliChem, Darmstadt

Orange G (1%)

125 μl

Roth, Karlsruhe

Bromophenol blue

50 μl

AppliChem, Darmstadt

Glycerol

400 μl

Roth, Karlsruhe

DNA ladder 1kb

200 μl

Life technologies, Darmstadt

Aqua bidest

6 ml

Storage: -20°C
Ethidium bromide solution
Ethidium bromide

10 mg/ml

1 × TAE buffer

250 ml

Roth, Karlsruhe

Cell lysis
Urea lysis buffer
6 M Urea

9g

Merck KGaA, Darmstadt

SDS

0.5 g

Roth, Karlsruhe

Glycerol

2.5 ml

Roth, Karlsruhe

β-mercaptoethanol

1.25 ml

Merck KGaA, Darmstadt

Bromophenol blue

0.25 ml

AppliChem, Darmstadt

Aqua bidest

ad 25 ml

SDS-PAGE
10 % APS
Ammonium persulfat

1g

Aqua bidest

9 ml

Roth, Karlsruhe

Storage: -20 °C
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Schägger and von Jagow system
10 ×Anode buffer, pH 8.9
2 M Tris

242.28 g

Aqua bidest

ad 1,000 ml

AppliChem, Darmstadt

10 × Cathode buffer, pH 8.25
1 M Tris

121.14 g

AppliChem, Darmstadt

1 M Tricine

179.2 g

Roth, Karlsruhe

1% SDS

10 g

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Gel buffer, pH 8.45
3 M Tris

363.42 g

AppliChem, Darmstadt

SDS

0.3% (w/v)

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Storage: 4°C
Stacking gel (4%)
Acrylamide/Bisacrylamide 29:1

1.1 ml

Bio-Rad, München

Gel buffer

2 ml

10% APS

64 μl

Sigma-Aldrich, Steinheim

TEMED

8 μl

Merck KGaA, Darmstadt

Aqua bidest

4.8 ml

Resolving gel (8%)
Acrylamide/Bisacrylamide 29:1

6.3 ml

Bio-Rad, München

Gel buffer

8 ml

10% APS

122 μl

Sigma-Aldrich, Steinheim

TEMED

12 μl

Merck KGaA, Darmstadt

Glycerol 5.5%

1.2 ml

Roth, Karlsruhe

Aqua bidest

8.7 ml
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Laemmli system
10 x SDS electrode buffer
0.25 M Tris

30.25 g

AppliChem, Darmstadt

1.92 M Glycine

144 g

Merck KGaA, Darmstadt

1% SDS

10 g

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Stacking gel (4%)
Acrylamide/Bisacrylamide 29:1

1.25 ml

Bio-Rad, München

1 M Tris HCl, pH 6.8

0.94 ml

AppliChem, Darmstadt

10% SDS

75 μl

Roth, Karlsruhe

10% APS

75 μl

Sigma-Aldrich, Steinheim

TEMED

3.75 μl

Merck KGaA, Darmstadt

Aqua bidest

5.22 ml

Resolving gel (15%)
Acrylamide/Bisacrylamide 29:1

12 ml

Bio-Rad, München

1.875 M Tris HCl, pH 8.8

0.94 ml

AppliChem, Darmstadt

10% SDS

240 μl

Roth, Karlsruhe

10% APS

240 μl

Sigma-Aldrich, Steinheim

TEMED

12 μl

Merck KGaA, Darmstadt

Aqua bidest

7 ml

Sample buffer
2 x SDS sample buffer Laemmli

Sigma-Aldrich, Steinheim

Storage: -20°C
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Immunoblot
Anode buffer I, pH 9.0
1 M Tris

300 ml

AppliChem, Darmstadt

Methanol

200 ml

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Anode buffer II, pH 7.4
1 M Tris

25 ml

AppliChem, Darmstadt

Methanol

200 ml

Roth, Karlsruhe

Aqua bidest

ad 1,000 ml

Cathode buffer, pH 9.0
1 M Tris

25 ml

AppliChem, Darmstadt

Methanol

200 ml

Roth, Karlsruhe

ɛ-Aminocapron acid

5.25 g

Sigma-Aldrich, Steinheim

Aqua bidest

ad 1,000 ml

10 x TBS, pH 7.4
0.5 M Tris

60.57 g

AppliChem, Darmstadt

1.5 M NaCl

87.66 g

AppliChem, Darmstadt

1 M Tris-HCL, pH 6.8

31.25 ml

AppliChem, Darmstadt

10% SDS

100 ml

Roth, Karlsruhe

Aqua bidest

ad 500 ml

Storage: 4°C
Stripping buffer

prepare aliquots of 46.5 ml
Storage: -20 °C
add fresh before usage:
β-mercaptoethanol

3.5 ml/aliquot
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Merck KGaA, Darmstadt

Blocking reagents
ECLTM blocking reagent (GE Healthcare, Little Chalfont, UK) was dissolved in TBS-0.1%
Tween20.

Other buffers and solutions
10% Tween20
Tween 20

10 ml

AppliChem, Darmstadt

Aqua bidest

ad 100 ml

PBSM- 0.05 % Tween
10% Tween20

5 ml

AppliChem, Darmstadt

PBSM

ad 1,000ml

Trypan blue solution
Trypan blue

0.25 g

Roth, Karlsruhe

0.15 M NaCl

0.8766 g

AppliChem, Darmstadt

Aqua bidest

ad 100 ml

70% ethanol
Ethanol 99.8%

70ml

AppliChem, Darmstadt

Aqua bidest

ad 100 ml

Chemicals
Agarose for gel electrophoresis

Biozym, Hessisch Oldendorf

β-mercaptoethanol

Merck KGaA, Darmstadt

Isopropanol

Roth, Karlsruhe

Tunicamycin

Sigma-Aldrich, Steinheim

Benzonase® Nuclease

Merck KGaA, Darmstadt
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Reagents for molecular biological techniques
DNA ladder 1 kb

Life technologies, Darmstadt

DNA ladder 100 bp

NEB, Frankfurt am Main

dNTPs

Roche, Mannheim

M-MLV Reverse Transcriptase

Life technologies, Darmstadt

Phusion ® High Fidelity polymerase

Thermo Scientific, Schwerte

Restriction enzymes buffers

NEB, Frankfurt am Main

RNase- and DNase-free water

Roth, Karlsruhe

RNase-Inhibitor, “RNase Out”

Life technologies, Darmstadt

Commercial available kits, antibodies, and substrates
Kits
BCATM Protein Assay

Pierce, Rockford, USA

GeneJETTM Gel Extraxtion

Thermo Schientific, Schwerte

MEGA® script SP6

Ambion, Darmstadt

MEGATMclear

Ambion, Darmstadt

NucleoBond Xtra plasmid Midi preparation

Macherey-Nagel, Düren

QIAshredder®

Qiagen, Hilden

QuantiTectTM SYBR green RT-PCR Mix

Qiagen, Hilden

RNeasy® Mini Kit

Qiagen, Hilden

Caspase-3 Assay Kit (Fluorometric)

Abcam, Berlin

Caspase-8 Assay Kit (Fluorometric)

Abcam, Berlin

Caspase-9 Assay Kit (Fluorometric)

Abcam, Berlin

Caspase-12 Assay Kit (Fluorometric)

Abcam, Berlin

Substrates
ECL Prime Western Blotting Detection Kit

GE Healthcare, Little
Chalfont,UK

ECL Select Western Blotting Detection Kit

GE Healthcare, Little
Chalfont,UK
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Ladder SDS-PAGE
PageRulerTM Plus Prestained Protein Ladder

Fermentas, St. Leon-Rot

Equipment and consumables
Agarose gel electrophoresis
Agarose gel electrophoresis chambers

von Keutz, Reiskirchen

Power supply unit P25

Biometra, Göttingen

UV-transilluminator Macro Vue UV-20

GE Healthcare, Little
Chalfont,UK

Image processing system Gel Jet Imager

Intas, Göttingen

Autoclave
Autoclave DB-23

Systec, Linden

Autoclave DSL 14/7/14-2-FD

Holzner, Nußloch

Cell culture system
Cell culture dishes 10 cm, 3.5 cm

Corning, New York, USA

Cell culture plates 6-well, 24-well

Corning, New York, USA

Cell culture plates 96-well

Corning, New York, USA

Cell freezer Mr FrostyTM

Thermo Scientific, Schwerte

Cell scraper, 25 cm

Sarstedt, Newton, USA

FalconsTM 15 ml, 50 ml

Nerbe, Winsen (Luhe)

Fuchs-Rosenthal chamber

Brand, Wertheim

Centrifuges
Centrifuge 5424 (rotor FA-45-24-11)

Eppendorf, Hamburg

Microcentrifuge IR 220 VAC

Roth, Karlsruhe

Refrigerated centrifuge 5417R (rotor F 45-30-11)

Eppendorf, Hamburg

Refrigerated centrifuge 5810 (rotor A-4-62)

Eppendorf, Hamburg
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Cultivation of bacteria
Petri dish

Greiner, Frickenhausen

Parafilm

Brand, Wertheim

Incubator Ecotron

Infors, Einsbach

Electropoartion
Electroporation cuvette

Bio-Rad, München

Dispenser Tips 10 ml

VWR, Darmstadt

Gene Pulser XcellTM

Bio-Rad, München

ELISA-Reader
Tecan Sunrise

Tecan, Crailsheim

Tecan GENiosTM pro plate reader

Tecan, Crailsheim

Sofware Magellan

Tecan, Crailsheim

General equipment
Glassware

Schott, Mainz

Kimtec science® Delicate Task wipes

Kimberly-Clark, Dallas, USA

Kimtec science® Precision wipes

Kimberly-Clark, Dallas, USA

Microwave

Bosch, München

3510 pH meter

Schott, Mainz

Ultrapure water system Ultra ClearTM UV UF

Siemens, München

Warming cabinet

Memmert, Schwabach

Water bath

Memmert, Schwabach

Gloves
Dermagrip Latex examination glove Coated LS

Remesco, Vienna, Austria

Dermagrip Nitril examination glove Ultra

Remesco, Vienna, Austria*
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Heat block
ThermoStat plus

Eppendorf, Hamburg

Thermomixer comfort

Eppendorf, Hamburg

Incubator
CO 2 incubator Hera cell 150i

Heraeus, Hanau

Microscopy
Fluorescence microscope (DMI 3000B)

Leica, Wetzlar

Inverse microscope (DMIL, DFC290 camera)

Leica, Wetzlar

Mixer and Swiveling tables
Duomax 1030

Heidolph, Schwabach

Magnetic Stirrer IKA RET basic

IKA, Staufen

Swiveling table Shaker WS 1.5

von Keutz, Reiskirchen

Orbital Shaker IKA VIBRAX VXR basic

IKA, Staufen

Pipettes
8- and 12-channel-pipette

Biohit, Rosbach vor der Höhe

3, 10, 20, 100, 200, and 1000 μl pipette

Biohit, Rosbach vor der Höhe

Pipetboy accu-jet®pro

Brand, Wertheim

Pipette tips
Filter tips

Nerbe, Winsen (Luhe)

Glass pipettes

Landgraf, Hannover

Photometer
NanoDropTM2000

Thermo Scientific, Schwerte
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Reaction tubes
Volume 0.2 ml

Biozym, Hessisch Oldendorf

Volume 1.5 ml, 2.0 ml

Eppendorf, Hamburg

Cryovials 2 ml

Greiner, Frickenhausen

Optical tubes 8 x strips

Agilent Techn., Santa Clara, USA

Optical caps 8 x strips

Agilent Techn., Santa Clara, USA

Refrigerator
Freezer -20°C

Liebherr, Biberach an der Riß

Freezer -80°C

Sanyo, Moriguchi, Japan

Freezer -150°C

Sanyo, Moriguchi, Japan

Refrigerator 4°C

Liebherr, Biberach an der Riß

Safety workbench
Herasafe KS

ThermoScientific, Schwerte

Scales
Scale (EW, 572)

Kern, Balingen-Frommern

Analytical balance 1712 MP 8

Sartorious, Göttingen

SDS-PAGE, Immunoblot
Blotting chamber

Biometra, Göttingen

ChemiDocTM Gel Documentation System

Bio-Rad, München

Mighty Small II SE 260-gel chamber

Serva, Heidelberg

Nitrocellulose membrane Optitran BA-S 83

GE Healthcare, Little
Chalfont,UK

Power Supply, Standard Power Pack P25

Biometra, Göttingen

PVDF membrane Immobilon-P

Merck KGaA, Darmstadt

Whatman® Filter

GE Healthcare, Little
Chalfont,UK

Quantity One® Software

Bio-Rad, München
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Thermocycler
T personal Cycler

Biometra, Göttingen

T professional basic gradient

Biometra, Göttingen

Analytik Jena FlexCycler2

Biometra, Göttingen

Mx 3005TM QPCR System

Agilent Techn., Santa Clara, USA

Vortexer
Reax top

Heidolph, Schwabach
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