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1 Introduction 

1.1 Family Flaviviridae 

Flaviviridae is a family of small enveloped viruses, which consists of four genera (Figure 1): 

Flavivirus (from the Latin flavus, “yellow”), Pestivirus (from the Latin pestis, “plague”), 

Hepacivirus (from the Greek hepar, hepatos, “liver”), and Pegivirus (from persistent and the 

original names of the GB viruses). Members of the family Flaviviridae share similarities in 

morphology, genome organization and replication strategies. However, viruses of different 

genera exhibit diverse biological properties, they are antigenically unrelated and serological 

cross-reactivity is absent between the different genera (Simmonds et al., 2017). 

Virions of members of the family are approximately 40-60 nm in diameter, have a single, 

small basic capsid and two (Flavivirus, Hepacivirus and Pegivirus) or three (Pestivirus) 

membrane-associated envelope proteins (Simmonds et al., 2017). The nonstructural proteins 

encode characteristic serine protease, RNA helicase and RNA-dependent RNA polymerase 

(RdRP) motifs. The viral genome is a positive-sense non-segmented single-stranded RNA of 

approximately 9.0-13 kb (Simmonds et al., 2017). The viral genomic RNA contains a single 

long open reading frame (ORF) flanked by 5′- and 3′-terminal non-translated regions (NTR). 

All members of the family lack a 3′-terminal poly(A) tail. Members of the genera Pestivirus, 

Hepacivirus and Pegivirus possess an internal ribosomal entry site (IRES) mediating cap-

independent initiation of translation, whereas viruses belonging to the genus Flavivirus 

contain a 5′-terminal type I cap structure. Genome replication takes place in the cytoplasm 

and is followed by the virion assembly, which occurs in membrane vesicles derived from the 

endoplasmic reticulum (ER). Assembled virions bud into the lumen of the ER and are 

secreted through the vesicle transport pathway (Simmonds et al., 2017, Tautz et al., 2015). 
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Figure 1. Phylogenetic relationship of members of the family Flaviviridae.  

Phylogenetic tree was newly constructed for this thesis. Conserved amino acid sequences of 

the RdRP (286 aa within NS5 or NS5B region) provided by the International Committee on 

Taxonomy of Viruses (ICTV) was used for constructing the phylogenetic tree (Simmonds et 

al., 2017). Maximum likelihood method and LG (Le Gascuel 2008) substitution model was 

applied using the MEGA version 6 (Tamura et al., 2013). Bootstrap analysis was performed 

with 100 replicates (not shown). 
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1.2 Genus Pestivirus 

1.2.1 Taxonomy 

Pestivirus is a continuously growing genus within the family Flaviviridae that comprises 

animal pathogens associated with severe economic losses for livestock (Houe, 2003, Hessman 

et al., 2009, Moennig, 2015). Genus Pestivirus currently consists of eleven species, namely 

Pestivirus A (Bovine viral diarrhea virus 1, BVDV-1), Pestivirus B (Bovine viral diarrhea 

virus 2, BVDV-2), Pestivirus C (Classical swine fever virus, CSFV), Pestivirus D (Border 

disease virus, BDV), 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), which 

are shown in Figure 2 (Smith et al., 2017). Furthermore, partial and complete genome 

sequences of other genetically distinct pestiviruses have been recently described, which may 

represent additional pestivirus species (Smith et al., 2017). 

In the last two decades, a growing number of pestiviruses was identified from a wide range of 

domestic and wild ruminants, pigs and non-ungulate hosts (Harasawa et al., 2000, Becher et 

al., 2014, Vilcek et al., 2005, Schirrmeier et al., 2004, Firth et al., 2014, Wu et al., 2012, Wu 

et al., 2018b). Giraffe pestivirus (Pestivirus G) isolated from captive giraffes with symptoms 

resembling mucosal disease in Kenya was described in early 2000 (Harasawa et al., 2000). 

The second member of Pestivirus G species was found in bovine cells originated from Kenya 

(Becher et al., 2014). In 2005, a unique pestivirus (Pestivirus E) isolated from a pronghorn 

antelope in the United States was described (Vilcek et al., 2005). First HoBi-like pestiviruses 

(Pestivirus H) were identified in fetal bovine serum (FBS) originating from Brazil 

(Schirrmeier et al., 2004). Genetic distance to the established pestivirus species initially led to 

the usage of the term “atypical pestivirus” for the Pestivirus H species (Decaro et al., 2011, 

Liu et al., 2008, Bauermann et al., 2013).  
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Bungowannah virus is a genetically and antigenically divergent porcine pestivirus 

(Pestivirus F, Figure 2), which was discovered from a farm located in Australia in 2003. It 

was shown to be associated with a severe disease in pigs as well as stillbirth and neonatal 

death (Kirkland et al., 2007). Over a decade later, another pestivirus, provisionally termed 

“Linda” was detected in congenital tremor (CT) affected piglets in a farm from Austria and 

was suggested to share a common ancestor with Bungowannah virus (Lamp et al., 2017). 

Pestivirus infections were thought to be restricted to cloven-hoofed animals until the recent 

identifications of the highly distinct pestivirus sequences from non-Artiodactylous hosts. 

Partial and full length pestivirus sequences from different bat (Rhinolophus affinis pestivirus, 

RaPV; Scotophilus kuhlii pestivirus, BtSk-PV) and rat species (Norway rat pestivirus, NRPV; 

Apodemus peninsulae pestivirus, RtAp-PV) were identified by next-generation sequencing 

(NGS) (Wu et al., 2012, Firth et al., 2014, Wu et al., 2018b). Analyses showed amino acid 

sequence identity of maximal 32% (RaPV) and 60% (NRPV) to the well-known pestiviruses 

(Wu et al., 2012, Firth et al., 2014). So far, no information is available regarding the ability of 

these viruses to cause any disease. 

The genetically highly distinct Atypical porcine pestivirus (APPV) was first discovered in 

2015 in samples from apparently healthy domestic pigs in the United States (Hause et al., 

2015). Shortly after the discovery of this novel pestivirus, it was shown to be associated with 

CT in new born piglets (Arruda et al., 2016, Postel et al., 2016). 
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Figure 2. Phylogenetic relationship of the members of genus Pestivirus 

Alignments of the conserved aminoacid sequences within pestiviral NS5B region (amino acid 

positions 3,312–3,899) were generated using MUSCLE (Edgar, 2004). Phylogenetic tree was 

constructed for this thesis using MEGA version 6 (Tamura et al., 2013). Maximum likelihood 

method and JTT+G substitution model was applied as recommended by ICTV (Smith et al., 

2017). Bootstrap analysis was performed 100 replicates (not shown). Up to 15 sequences were 

used for each species comprising: Pestivirus A (BVDV-1) (M96751, JQ799141, KP313732, 

KP941591, JN400273, KF896608, KC757383, KC853441, AB078950, AF526381, 

LC089876, KX577637, KX987157, LT631725), Pestivirus B (BVDV-2) (AF002227, 

LC006970, KT875169, KT832818, KJ000672, HQ258810, JF714967, AB567658, FJ527854, 

GQ888686, KX096718), Pestivirus C (CSFV) (X87939, J04358, FJ529205, AY646427, 

KF669877, KP233070, KM362426, KJ619377, KC851953, GQ923951, AF407339, 

KU504339), Pestivirus D (BDV) (AF037405, AB897785, KJ463422, KF925348, KF918753, 

KC963426, GU270877, U70263, AF144618), Pestivirus E (Pronghorn) (AY781152), 

Pestivirus F (Bungowannah) (EF100713), Pestivirus G (Giraffe) (AF144617, KJ660072), 

Pestivirus H (Hobi-like) (FJ040215, KC788748, KC297709, JX985409, JX469119, 

JQ612704, HQ231763, AB871953), Pestivirus I (Aydin-like) (KM408491, JX428945), 

Pestivirus J (Rat) (KJ950914, KY370100), Pestivirus K (APPV) (KU041639, KR011347, 

KU194229, LT594521, KX77872, KX929062, MF167291), and tentative species: Bat 

(MH282908), Linda (KY436034). 
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1.2.2 Virus structure and genome organization 

Pestivirus virions are enveloped, 40-60 nm in diameter and comprise four structural proteins; 

a core protein C and three envelope glycoproteins Erns, E1 and E2 (Smith et al., 2017). 

Pestiviruses have a positive-sense single-stranded RNA genome (+ssRNA) located within the 

viral particle. Genomic RNA has a length of approximately 11.3 to 13 kb and contains a 

single ORF that encodes a single polyprotein of approximately 3,900 amino acids (Figure 3) 

(Smith et al., 2017, Becher et al., 2014, Becher et al., 1998, Collett et al., 1988, Meyers et al., 

1989). In consequence of naturally occurring recombination events, length of the genomic 

RNA can reach up to 16.5 kb (Meyers et al., 1992, Becher et al., 1999). 

It is essential for viruses to induce efficient translation, since the viruses are dependent on the 

translation machinery of the host cell (Lopez-Lastra et al., 2010). The 5´-NTR of pestiviruses 

is involved in both translation initiation and replication of the viral RNA (Grassmann et al., 

2005, Yu et al., 2000). Translation of genomic RNA is initiated internally by a type IV IRES 

within the 5´-NTR (Poole et al., 1995). The polyprotein is cleaved co- and post-translationally 

by cellular and viral proteases into structural and non-structural proteins (Simmonds et al., 

2017, Stark et al., 1993, Tautz et al., 2015). After translation termination at the 3´-NTR, the 

replication complex assembles to start viral replication (Tautz et al., 2015). The 3´-NTR of 

pestiviruses does not contain a poly(A) tail, which is known to contribute to the RNA stability 

and support the translation in eukaryotic mRNAs (Smith et al., 2017, Guhaniyogi and Brewer, 

2001). NF90/NAFR proteins are host factors, which interact with the 3´-NTR of pestiviruses 

and take over the function of a poly(A) tail in coordinating the translation and RNA 

replication (Isken et al., 2004, Tautz et al., 2015). The 5´-NTR of APPV (~125 bp, 

KRO11347) was initially reported to be considerably shorter than other pestiviruses (~370-

498 bp) (Hause et al., 2015). Our attempts to verify the termini sequences by random 

amplification of cDNA ends (RACE PCR) revealed 352 bp additional sequence data of the  
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5´-NTR (APPV isolate “L277”, unpublished data). The 3´-NTR of APPV (~245 bp, 

KRO11347) is consistent with the lengths of the 3´-NTR described for other pestiviruses 

(~200-500 bp).  

 

Figure 3. Genome organization and polyprotein processing of CSFV and APPV 

Complete genome sequences of CSFV Alfort/Tuebingen (JO4358) and APPV “L277” 

(MF167291) were used for the schematic representation (Rumenapf et al., 1989, Postel et al., 

2017b). Genome organization is drawn to scale, respectively. APPV mature protein sequences 

were predicted by comparison with the known cleavage sites of other pestiviruses (Hause et 

al., 2015). Names of the individual viral proteins are given. Structural proteins are highlighted 

in grey.  

1.2.3 Characteristics and functions of pestivirus proteins 

Npro (N-terminal protease) is the first nonstructural protein encoded by the pestivirus genome 

(Figure 3). Npro is an autoprotease that catalyzes self-cleavage from the polyprotein at its own 

C-terminus (Figure 3) (Rawlings et al., 2012, Stark et al., 1993, Wiskerchen and Collett, 

1991). This C-terminal cleavage site is highly conserved among pestiviruses (Rumenapf et al., 

1998). Npro was shown to block the host cellular interferon type I (IFN-1) response and to 

protect cells from apoptosis (Ruggli et al., 2003, Fiebach et al., 2011). However, Npro is a 

nonessential pestivirus protein (Ruggli et al., 2009). Despite conserved catalytic and C-

terminal cleavage sites, the APPV Npro protein sequence does not show similarity to the other 

known pestiviruses (Hause et al., 2015). Nevertheless, APPV Npro protein was reported to 



Chapter 1 

 

 8 

possess the function of IFN-1 antagonism to suppress the innate immune response (Pan et al., 

2018a). 

The first structural protein of the pestivirus polyprotein is a highly basic core protein C (Thiel 

et al., 1991). The C protein of pestiviruses acts as a histone that wraps and thereby compacts 

the RNA genome (Murray et al., 2008). C protein of CSFV was shown to be dispensable for 

virus propagation in vitro. However, the deletion mutants were attenuated in animals (Riedel 

et al., 2010). The C protein is flexible in length within different pestiviruses (97-102 aa, 

Figure 3) (Riedel et al., 2010). APPV C protein was predicted to be slightly larger (111 aa) 

than of other known pestiviruses (Hause et al., 2015).  

A hydrophobic signal sequence located downstream of C serves as a signal sequence for 

translocation of the viral glycoproteins into the ER. Processing of the envelope proteins is 

catalyzed by a host signal peptidase within the lumen of the ER (Figure 3) (Rumenapf et al., 

1993, Tautz et al., 2015). The ER represents the pestiviral budding site, where the core-RNA 

complex is packed in envelopes (Schmeiser et al., 2014). Erns is the first of the three envelope 

glycoproteins of pestiviruses (Figure 3). Erns protein has a length of approximately 227 aa and 

a molecular weight of 42-48 kDA (Hulst and Moormann, 2001, Thiel et al., 1991). It is highly 

glycosylated with more than 50% carbohydrates in its mature form (Thiel et al., 1991, Hulst 

and Moormann, 2001). Length of the predicted Erns protein of APPV is 210 aa (Figure 3). Erns 

is unique to the pestiviruses (Thiel et al., 1991). The C-terminal region of Erns lacks a 

transmembrane anchor and instead contains an amphipathic helix that is responsible for 

membrane binding (Fetzer et al., 2005, Tews and Meyers, 2007). Most of the Erns protein 

remains membrane bound. However, high levels of Erns protein can be found in the 

supernatant of infected cells or serum of infected animals. Erns plays a role in virus attachment 

to the host cells via interactions with cell surface glycosaminoglycans (GAGs) (Iqbal et al., 

2000, Iqbal and McCauley, 2002). Increased binding to cell surface GAGs has been described 
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for cell culture adapted pestiviruses (Hulst et al., 2000). Erns is a weak target for neutralizing 

antibodies (Weiland et al., 1990, Weiland et al., 1992). Erns possess an RNase T2 domain with 

a preference for ssRNA (Hulst et al., 1994). An RNase T2 domain was also predicted within 

the Erns sequence of APPV (Hause et al., 2015).  

Glycoprotein E1 is the only pestiviral envelope protein for which the structure and the 

function are only poorly understood. E1 is 25-33 kDA in size and classified as a type I 

transmembrane protein (Weiland et al., 1990, Tautz et al., 2015). It does not induce a 

neutralizing antibody response in infected animals. Furthermore, it is problematic to raise 

antibodies against E1 protein after immunization (Thiel et al., 1991, Tautz et al., 2015). E1-E2 

heterodimers are present on the viral particle and essential for viral entry and infectivity 

(Ronecker et al., 2008). E1 contains several conserved cysteine residues (Fernandez-Sainz et 

al., 2014). Predicted length of APPV E1 is 199 aa which display a maximum of 32% pairwise 

sequence identity to E1 of other well-known pestiviruses (Hause et al., 2015). 

E2 is approximately 373-378 aa in length and has a molecular weight of 53-55 kDa (Wang et 

al., 2015, Tautz et al., 2015). Predicted E2 protein of APPV is significantly shorter (241aa) 

than E2 of classical pestiviruses (Figure 3). E2 contains a hydrophobic sequence at the C-

terminus, which is acting as a transmembrane anchor (Rumenapf et al., 1993). E2 is the 

immune-dominant antigen of classical pestiviruses (Weiland et al., 1990). E2 glycoprotein 

contains the receptor binding site and is believed to be responsible for the host species tropism 

of pestiviruses (Liang et al., 2003). Cellular receptor of the BVDV E2 glycoprotein was 

shown to be the complement control protein 1 (CCP1) domain of bovine CD46 (Krey et al., 

2006, Maurer et al., 2004).  

p7 is 61-62 aa in length and about 7 kDA in size (Elbers et al., 1996). p7 is required for the 

generation of infectious viral progeny (Harada et al., 2000). This small hydrophobic protein 
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was suggested to be a viroporin that function as an ion channel (Harada et al., 2000, Nieva et 

al., 2012). p7 protein of APPV is 64 aa long and shows no sequence similarity to any other 

pestiviruses except the bat pestiviruses RaPV and BtSk-PV (67% and 65% pairwise identity) 

(Hause et al., 2015). 

Nonstructural protein 2 (NS2) is an autoprotease and responsible for cleavage at its own C-

terminus and release of NS3 (De Moerlooze et al., 1990) (Figure 3). NS2 is about 450 aa in 

length. The N-terminal region of NS2 contains transmembrane segments followed by a 

cytoplasmic domain. NS2 autoprotease of non-cytopathogenic pestiviruses requires 

interaction with a cellular cofactor DNAJC14 (or “Jiv”, J-domain protein interacting with 

viral protein) for its activity (Lackner et al., 2005, Moulin et al., 2007, Isken et al., 2019). 

Predicted APPV NS2 protein is slightly shorter than of classical pestiviruses with a 314 aa 

length. Conserved protease domains could not be identified in APPV NS2 (Hause et al., 2015, 

Lackner et al., 2004).  

Nonstructural protein 3 (NS3) is about 80 kDA in size. Pestiviral NS3 protein is known to 

induce a detectable humoral immune response (Bolin and Ridpath, 1989, Ridpath, 2013, 

Lambot et al., 1997, Young et al., 2005). The N-terminal domain of the protein contains a 

chymotrypsine-like serine protease. The C-terminal domain contains helicase and nucleoside-

triphosphatase (NTPase) domains, which are essential for viral RNA replication (Bazan and 

Fletterick, 1988, Gorbalenya et al., 1989b, Gorbalenya et al., 1989a). NS3 protease requires 

its cofactor NS4A for activation to cleave NS3, NS4A NS4B, NS5A and NS5B from the 

polyprotein (Xu et al., 1997, Tautz et al., 2000, Wiskerchen and Collett, 1991). NS3 is 

essentially implicated for viral RNA replication. Independent from the enzymatic functions, 

important roles of the helicase domain of CSFV NS3 in virion morphogenesis were suggested 

(Moulin et al., 2007, Ma et al., 2008, Patkar and Kuhn, 2008). Predicted APPV NS3 protein is 
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687 aa in length with 70-73% sequence identity to the BtSk-PV and RaPV. Conserved 

domains were identified within the APPV NS3 protein (Hause et al., 2015). 

NS4A is a nonstructural protein of about 10 kDA in size and approximately 63 aa in length 

(Xu et al., 1997). Together with NS3, NS4A functions in the viral replication and virion 

morphogenesis (Moulin et al., 2007, Dubrau et al., 2017, Liang et al., 2009). Predicted APPV 

NS4A protein is 67 aa in length, showing 61% identity to RaPV and BtSk-PV whereas 

showing less than 33% identity to other pestiviruses (Hause et al., 2015). 

NS4B is a hydrophobic protein of approximately 35 kDA in size and 347 aa in length (Xu et 

al., 1997, Tautz et al., 1997). NS4B is essential for pestiviral replicase (Behrens et al., 1998). 

Predicted APPV NS4B is 339 aa long and shares maximum of 76% identity to RaPV whereas 

displaying only 36% identity to other pestiviruses (Hause et al., 2015).  

NS5A has a molecular weight of about 58 kDA and is approximately 496 aa in length (Tautz 

et al., 1997, Xu et al., 1997). The N-terminus of the protein contains an amphipathic helix that 

serves as a membrane anchor (Brass et al., 2007). NS5A has an essential role within the viral 

replication complex. CSFV NS5A was shown to regulate viral RNA replication (Chen et al., 

2012, Sheng et al., 2012, Xiao et al., 2009). Predicted NS5A of APPV is 472 aa in length and 

shows 40% sequence identity to BtSk-PV and only 12-17% identity to other pestiviruses 

(Hause et al., 2015). 

NS5B is the last protein encoded by the pestivirus genome. CSFV and BVDV NS5B proteins 

are 717 aa in length and have a molecular weight of about 77 kDA (Steffens et al., 1999, 

Meyers et al., 1996, Tautz et al., 1996). NS5B contains an RNA-dependent RNA polymerase 

(RdRp) sequence and shows RNA polymerase activity in vitro. The N-terminal domain of 

NS5B is unique and rather conserved whereas its C-terminal domain was shown to be 

remarkably flexible in size (Ansari et al., 2004, Choi et al., 2006). The C-terminal region of 
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NS5B was shown to take part in virion morphogenesis (Ansari et al., 2004). Predicted NS5B 

of APPV shares 61% sequence identity to BtSk-PV and 36-45% sequence identity to those of 

other pestiviruses. It is the largest protein within the APPV polyprotein with a predicted 

length of 751 aa (Figure 3) (Hause et al., 2015). 

1.3 Porcine pestiviruses 

1.3.1  Classical swine fever virus (CSFV) 

1.3.1.1 Transmission, clinical signs, course of infection & pathogenesis 

The main route of infection in CSF field cases is the horizontal transmission via oronasal 

route, by direct or indirect contact with infected pigs or by contaminated feed (Moennig et al., 

2003). Sexual transmission via insemination with the semen of infected boars can occur 

(Floegel et al., 2000). Virus is shed by the infected animals in all excretions and secretions 

throughout the clinical phase of the infection (Laevens et al., 1999, Postel et al., 2018a). Since 

pestiviruses can cross the placenta barrier, vertical transmission during pregnancy can be 

observed. The incubation period in individual animals is three to ten days (Laevens et al., 

1999).  

Clinical signs are mainly depending on the age of the animal and the virulence of the virus. In 

older pigs, the course of infection is often mild or subclinical. Three clinical forms of CSFV 

infection can be distinguished: acute, chronic and late onset. Young piglets up to 12 weeks of 

age often show the acute form of the disease. High fever, usually exceeding 40°C in young 

piglets and around 39.5°C in adults is a constant finding. Initial clinical signs are respiratory 

symptoms, conjunctivitis, constipation followed by diarrhea, anorexia and lethargy. 

Neurological symptoms, including uncoordinated movements, staggering gait and 

convulsions, are frequently seen. Skin hemorrhages on the ear, tail, abdomen and the inner 

side of the limbs are typical. Mortality rate in young animals after an acute CSFV infection is 
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up to 80% (Postel et al., 2018a, Moennig et al., 2003, Anonymous, 2002, Laevens et al., 

1999). With increasing age of the pigs, more animals recover.  

If the infection cannot be eliminated by an effective immune response, a chronic form of CSF 

can be developed. Animals can survive for two to four months. Nevertheless, the chronic form 

of CSF is always fatal. Clinical signs are initially similar to the acute infection, followed by 

non-specific reoccurring symptoms such as intermittent fever, chronic enteritis and wasting. 

CSF virus is shed from the onset of clinical signs constantly until death (Anonymous, 2002, 

Postel et al., 2018a, Moennig et al., 2003). Antibody response can be detected in serum 

samples (Muller et al., 1996). 

Late onset CSF is a consequence of prenatal or very early postnatal infections (Dahle and 

Liess, 1992, Munoz-Gonzalez et al., 2015). Pestiviruses such as CSFV, BVDV (Bovine viral 

diarrhea virus) and BDV (Border disease virus) are known to be able to cross the placenta of 

pregnant animals, resulting in prenatal infection of the fetus. The outcome of vertical CSFV 

infection mainly depends on the time of gestation and the virulence of the infecting virus 

strain (Moennig et al., 2003, Postel et al., 2018a). Typically, infection with CSFV strains with 

low to moderate virulence results in the late onset of CSFV. Infections occurring especially 

during the first and last trimester of the gestation may result in an abortion, stillbirth, 

mummification or malformation (Dewulf et al., 2001). Infections during the second trimester 

of gestation (approximately between 50 and 70 days) or early postnatal period may result in 

persistent CSFV infections (Postel et al., 2018a, Munoz-Gonzalez et al., 2015). Persistently 

infected piglets may be clinically healthy at birth and can survive for several months. Poor 

growth, wasting or occasional congenital tremor can be observed. Persistently infected piglets 

are constantly viremic, shedding large amounts of virus (Dewulf et al., 2001, Moennig et al., 

2003, Postel et al., 2018a). 
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Pathological changes visible on post mortem examination are enlarged, oedematous and 

hemorrhagic lymph nodes and hemorrhages from petechial to ecchymotic in kidneys and 

spleen. Petechiae can also be observed in intestine, urinary bladder, larynx, epiglottis and 

serosae of the abdomen and chest. A non-purulent encephalitis can be present (Depner et al., 

1995). In the chronic form of CSFV infection, hemorrhages on organs and serosae are absent 

and pathological changes are less typical. Necrotic and ulcerative lesions can be observed on 

the ileum, the ileocecal valve and the rectum due to chronic diarrhea (Moennig et al., 2003, 

Postel et al., 2018a). 

1.3.1.2 Distribution and genetic variability 

CSFV is genetically highly variable, and can be assigned to three genotypes comprising 

several sub-genotypes (1.1, 1.2, 1.3, 1.4; 2.1, 2.2, 2.3; 3.1, 3.2, 3.3, 3.4) (Paton et al., 2000, 

Postel et al., 2013, Beer et al., 2015, Postel et al., 2018a, Postel et al., 2012). Global 

distribution of genotypes shows a distinct geographical pattern that is important for the 

understanding of disease dynamics and epidemiology (Bjorklund et al., 1999, Paton et al., 

2000). In global scale, genotype 2 has been the most prevalent genotype over the past two 

decades (Beer et al., 2015).  

The European Union (EU) is recognized in most parts to be free from CSF (OIE, 2016). 

During the last CSF outbreaks in the EU (Germany, Bulgaria, Latvia and Lithuania), CSFV 

genotype 2 (sub-genotype 2.1 and 2.3) isolates were reported (Anonymous, 2019). Large 

regions in America, comprising Argentina, Canada, Chile, French Guiana, Mexico, Paraguay, 

the USA, Uruguay and several provinces of Brazil (central and south), parts of Colombia and 

Costa Rica were recognized by the OIE to be CSF-free by May 2019 (Anonymous, 2019). All 

field isolates from South and Central America belong to the genotype 1 (Pereda et al., 2005). 

In Russia and India, genotype 1 (sub-genotype 1.1) was predominant in the past, but latest 

reports demonstrated that strains of genotype 2 (2.1, 2.2 and 2.3) were identified more 
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frequently (Roychoudhury et al., 2014, Vlasova et al., 2003, Titov et al., 2015). So far, very 

limited information is available about the prevalence of CSFV in the Middle East and Africa 

(Beer et al., 2015). The African continent has no official OIE status for CSF. However, CSFV 

sub-genotype 2.1 was reported from South Africa and additionally in Israel (David et al., 

2011, Sandvik et al., 2005). CSF is still endemic in most of the Asian countries. So far the 

highest variability of CSFV strains were reported in mainland China and Taiwan, where sub-

genotypes 1.1, 2.1, 2.2, 2.3 and genotype 3 were detected (Tu et al., 2001, Chen et al., 2008, 

Luo et al., 2014, Shen et al., 2011). 

There is no clear correlation of genotype and virulence in CSFV infection (Beer et al., 2015). 

Npro was suggested to play an important role in virulence (Mayer et al., 2004), but additional 

studies did not prove this effect (Ruggli et al., 2009). The ribonuclease activity of the Erns 

glycoprotein was also discussed as a virulence factor for CSFV (Meyers et al., 1999).  

1.3.1.3 Diagnostics 

Low virulent CSFV strains do not induce strong clinical symptoms to raise the suspicion of 

CSFV infection. However, CSFV causes severe leukopenia and immunosuppression, which 

can lead to secondary infections. Clinical manifestation of the secondary infections can mask 

or overlap the signs of CSF (Depner et al., 1999). Since there are no exclusively characteristic 

symptoms of CSF infections, the clinical suspicion must be verified by laboratory tests. 

For identification of the agent, various methods are available such as real-time RT-PCR or 

conventional RT-PCR (nucleic acid detection), partial sequencing (molecular 

characterization), virus isolation, immunofluorescence or peroxidase staining (antigen 

detection) and enzyme-linked immunosorbent assays (ELISA, detecting E2 or Erns antigen) 

(Anonymous, 2002). Antigen ELISA is a rapid method. However, due to the rather low 

sensitivity, it is not used for testing individual animals (Anonymous, 2002, Dewulf et al., 
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2004). Virus isolation is a time-consuming method and requires indirect visualization of the 

infection by staining of viral antigen, as CSFV infection does not result in cell lysis. Real-time 

RT-PCR is the method of choice for first-line laboratory diagnosis of CSFV, since it is the 

most sensitive and rapid method for the detection of the infectious agent (Anonymous, 2002, 

Postel et al., 2018a). 

Serological assays are important for the diagnosis of the disease and for epidemiological 

investigations. Two to three weeks after the infectious agent introduction into a pig herd, 

antibodies become detectable and can persist for a long period of time (Laevens et al., 1999, 

Moennig, 2000). The detection of CSFV-specific antibodies indicates the contact with CSFV 

in the respective pig population. Antibody ELISA and virus neutralization test (VNT) are 

commonly used tools for the detection of the immune response (Anonymous, 2002, Moennig, 

2000). Routinely applied commercial CSFV E2-specific antibody ELISAs are available and 

show a similar sensitivity when compared to VNT. Cross-reactivity with ruminant 

pestiviruses can occur in both ELISA and VNT, which may cause problems in serological 

diagnosis and lead to false-positive reactions (Anonymous, 2002). 

1.3.1.4 Wild animal reservoir 

Pestiviruses have been isolated from a number of domestic and wild animals. CSF endemic in 

wild boar represents a constant threat to domestic pigs in the affected country and neighboring 

areas (Moennig, 2015). Eradication of CSFV in wild boar represents a complex situation. 

Behavior of wild boar, population dynamics, density, geographic profiles, and hunting 

strategies should be taken into account for implementing CSFV control strategies in wild boar 

(Moennig, 2015). Dense wild boar population and possible contact between domestic pigs and 

wild boars increase the risk of transmission and spread of CSFV. Within the EU, oral 

immunization together with special hunting strategies was applied to eradicate CSF 

(Moennig, 2000, Moennig, 2015, Postel et al., 2018a). 
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1.3.1.5 Humoral immune response against the CSFV infection 

CSFV-specific immune response comprises humoral and T-cell mediated immune reactions. 

Especially with increasing age, pigs that are infected with less virulent strains can recover via 

induction of an effective immune response (Weiland et al., 1990, Weiland et al., 1992, Konig 

et al., 1995). Neutralizing antibodies are developed with long-lasting solid protection against 

recurring infections. Neutralizing antibodies, which confer protective immunity to the host, 

are mainly raised against viral envelope glycoprotein E2 (Weiland et al., 1990, Weiland et al., 

1992, Konig et al., 1995, Donis et al., 1988). In a much lower extent, Erns glycoprotein elicits 

neutralizing antibodies as well. Moreover, NS3 protein provokes a detectable humoral 

immune response (Wang et al., 2015). However, these antibodies do not possess any 

neutralizing ability (Voigt et al., 2007). CSFV-specific antibodies can be detected two to three 

weeks post infection in the serum (Laevens et al., 1999). In acute CSFV infections, 

seropositive pigs with low neutralizing antibody titers can be indicative for a recent infection. 

High neutralizing antibody titers are often found in the pigs infected with the virus more than 

one month earlier. In case of a chronic CSFV infection, neutralizing antibodies become 

detectable at the end of the first month for few days and can disappear afterwards (Moennig, 

2000, Moennig et al., 2003). Persistently infected pigs fail to develop an immune response. 

Maternal antibodies are transmitted from immune sows to the piglets by colostrum intake and 

may provide passive protection to the piglets. The level of maternally derived antibodies 

(MDA) declines gradually over the time, but they can be detected from the litter until 

approximately three to four months of age (Soos et al., 2001, Meyer et al., 2018, Bourne, 

1973). Cross-reactivity can occur in ELISA and VNT between CSFV-specific antibodies and 

antibodies raised against ruminant pestiviruses (Anonymous, 2002). However, neutralizing 

capacity of the antibodies are generally several fold higher against viruses of the same 
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pestivirus species than against viruses of another species (Becher et al., 2003, Postel et al., 

2015, Anonymous, 2002) 

1.3.2 Bungowannah virus  

Bungowannah virus is a genetically and antigenically divergent pestivirus which was 

discovered in an outbreak of stillbirth and neonatal death in a pig farm from Australia 

(Kirkland et al., 2007). Bungowannah virus was shown to be associated with severe 

myocarditis and cardiac failure in affected piglets, which was reproducible by experimental 

infections of sows during gestation (Kirkland et al., 2007). Persistent and chronic forms of 

infection were detected in piglets infected at different stages of gestation. Within the period of 

several months, two farms in Australia were reported to be affected. However, virus spread 

was limited to these two farms and so far, has never been detected in other locations (Kirkland 

et al., 2015). Origin and the host reservoir of Bungowannah virus are so far unknown. Virus 

growth in a variety of cell lines extending from farm animals to bats as well as humans was 

reported (Kirkland et al., 2015). The broad cell culture tropism might suggest a spillover 

infection to porcine hosts originating from another species. 

1.3.3 Linda virus 

Linda virus (lateral-shaking inducing neurodegenerative agent) was recently discovered in CT 

affected piglets from a farm in Austria (Lamp et al., 2017). Affected piglets showed a severe 

lateral shaking, which led to elevated pre-weaning mortality rates due to inability of sucking 

milk, starvation and accidental crushing to death by the sow (Lamp et al., 2017). Similar to 

Bungowannah virus, Linda virus was reported to be easily propagated on porcine as well as 

bovine cell lines. Linda virus is genetically related and likely to share a common ancestor 

with Bungowannah virus. Identification of cross-reacting E2-specific monoclonal antibodies 

suggested that Linda virus may interfere with the serologic diagnosis of CSFV (Lamp et al., 

2017). However, similar to the genetically related Bungowannah virus,  Linda virus infection 
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from Austria remains unique and was never detected in any other location (Kirkland et al., 

2015). 

1.3.4 Atypical porcine pestivirus (APPV) 

1.3.4.1 Transmission, clinical signs, pathogenesis 

A genetically highly distinct pestivirus, named Atypical porcine pestivirus (APPV) was first 

detected in apparently healthy domestic pigs in the United States, in 2015 (Hause et al., 2015). 

Analysis showed a 68% sequence identity to the partial polyprotein sequence of RaPV, %58 

sequence identity to the polyprotein sequence of BtSk-PV and only 40% sequence identity to 

classical pestiviruses such as BVDV, BDV and CSFV (Figure 2). Shortly after the discovery, 

APPV was shown to be associated with CT in new born piglets (Postel et al., 2016, Arruda et 

al., 2016). Following studies from many countries confirmed that APPV is a major cause for 

CT in newborn piglets (Arruda et al., 2016, de Groof et al., 2016, Dessureault et al., 2018, 

Gatto et al., 2018, Kim S., 2017, Pan et al., 2018b, Possatti et al., 2018b, Postel et al., 2016, 

Schwarz et al., 2017, Shen et al., 2018, Zhang et al., 2017a, Zhang et al., 2017b, Zhou et al., 

2018, Yuan et al., 2017, Xie et al., 2019, Munoz-Gonzalez et al., 2017, Mosena et al., 2017, 

Denes et al., 2018, Yan et al., 2019, Zhang et al., 2019). 

Experimental infections of pregnant sows demonstrated efficient vertical transmission and 

resulted in the birth of viremic, CT affected piglets (Arruda et al., 2016, de Groof et al., 

2016). Virus transmission within herds is likely to occur via the orofecal route, since high 

APPV genome loads were shown to be present in salivary glands, duodenum, pancreas and 

colon (Postel et al., 2016). Furthermore, sexual transmission of APPV was proposed (de 

Groof et al., 2016, Schwarz et al., 2017). APPV genomes were detected in preputial swabs 

and semen of boars with a history of CT at birth and of commercial boar studs with no clinical 

history of CT (de Groof et al., 2016, Schwarz et al., 2017, Gatto et al., 2017). 
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Historically, CT was first described almost 100 years ago by Kinsley as “dancing pigs” 

(Kinsley, 1922). CT is a sporadic disease affecting neonatal pigs. The typical symptom is a 

generalized tremor that is more distinct during excitement and diminishes during sleep (Done 

and Harding, 1967, Harding et al., 1966). Piglets are normally free of tremors after four 

weeks. Death can occur due to starvation, hypothermia and accidental crushing to death by 

the sow (Postel et al., 2016). CT often co-occurs with splayed hind legs (de Groof et al., 2016, 

Schwarz et al., 2017). Furthermore, as established pestiviruses are able to block the innate 

immune system and cause a severe leucopenia, secondary infections may play an important 

role in the outcome of the infections (Postel et al., 2016). CT is historically classified by the 

occurrence (type A) or absence (type B) of histological lesions in the brain and spinal cord. 

Possible causes for CT are infections (type AI = CSFV; type AII = APPV, other viruses?), 

genetic defects (AIII = sex-linked recessive gene, Swedish Landrace; AIV = autosomal 

recessive gene, British Saddleback) or intoxications (AV = trichlorfon) (Postel et al., 2016). 

In many countries, due to strict eradication policy against CSFV, available genetic 

alternatives for breeding and current production practices, CT type AI, AIII and AIV occur 

only rarely. Thus, type AII has been considered the most common form of CT for the last 

decades (Done and Harding, 1967, Harding et al., 1966). 

Several viruses were discussed as a causing agent for CT Type AII. Porcine Circovirus-2 

(PCV2) as causing agent for CT was discussed controversially. Genomes of PCV2 were 

found to high degrees in neuronal tissues of piglets with CT (Stevenson et al., 2001). 

However, other studies could not confirm this finding (Kennedy et al., 2003, Ha et al., 2005). 

Presence of astroviruses (AstV) was shown in different organ samples from piglets with CT in 

a farm in Sweden. However, AstV genomes were also present in healthy piglets (Blomstrom 

et al., 2014). Recently, newly discovered pestivirus Linda was associated with CT. However, 

further research including an animal experiment is needed to further understand the 

epidemiology and the pathogenesis of Linda virus. After its discovery in healthy adult pigs, 
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APPV genomes were detected by multiple groups in samples from piglets with congenital 

tremors (Arruda et al., 2016, Postel et al., 2016, de Groof et al., 2016, Gatto et al., 2018, 

Possatti et al., 2018b, Schwarz et al., 2017, Shen et al., 2018, Pan et al., 2018b, Possatti et al., 

2018a, Beer et al., 2017, Zhang et al., 2017b). Experimental inoculation of pregnant sows 

with APPV containing sera at 32nd, 45th, and 62nd days of gestation resulted in the birth of CT 

affected piglets (Arruda et al., 2016, de Groof et al., 2016). Since the fetal 

immunocompetence occurs in pigs within 70 to 80 days of gestation, it is likely that infection 

must occur before this period for manifestation of CT (Arruda et al., 2016). 

During CT outbreaks, morbidity and severity of the clinical signs vary within and between the 

litters (de Groof et al., 2016, Gatto et al., 2018, Arruda et al., 2016). So far, occurrence of CT 

was not reported in weaner aged piglets or adult pigs. APPV induced CT was reported to be 

more prevalent in litters of gilts than sows, suggesting the immune status of the gilt plays an 

important role in the disease development (de Groof et al., 2016, Gatto et al., 2018). 

Economic consequences of APPV infections in swine herds are so far unknown. First 

estimation of APPV induced economic loss at herd level shows 10% drop in number of 

weaned piglets (Schwarz et al., 2017).  

Tissue tropism of APPV was so far described by qRT-PCR and fluorescence in situ 

hybridization (FISH) assays. APPV genomes were detected in a variety of tissues, excretion 

and secretion fluids (Munoz-Gonzalez et al., 2017, Yuan et al., 2017, Postel et al., 2016, de 

Groof et al., 2016, Arruda et al., 2016, Gatto et al., 2017). Highest loads of APPV genomes 

were shown to be present in glandular epithelial cells, lymphoid organs (follicular centers), 

cerebellum (inner granular cell layer), the trigeminal and spinal ganglia and other nervous 

tissues of CT-affected piglets (Postel et al., 2016). These findings demonstrated the ability of 

APPV to infect tissue of the central nervous system.  

No gross lesions have been described after infection with APPV. When present, 

histopathological findings are mainly found in the central nervous system. Demyelination and 
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vacuolization in the cerebellar white matter, cerebrum, spinal cord and peripheral nerves were 

reported from CT-affected animals (Schwarz et al., 2017, Mosena et al., 2017, Possatti et al., 

2018b, Dessureault et al., 2018, Possatti et al., 2018a). However, prominent histopathological 

findings are frequently absent in central and peripheral nervous system as well as in skeletal 

muscle (Postel et al., 2016, Zhang et al., 2017b). 

1.3.4.2 Diagnostics 

Shortly after the discovery of APPV, molecular biological and serological detection methods 

were developed. For the identification of the agent, virus isolation is not applicable for APPV, 

since the growth of this novel virus on cell culture is not efficient (Hause et al., 2015, Arruda 

et al., 2016, de Groof et al., 2016). Currently, routine diagnosis of APPV from clinical 

samples are mainly based on the genome detection by qRT-PCRs targeting the conserved 

regions of NS3, NS4B or NS5B (Arruda et al., 2016, Mosena et al., 2017, Postel et al., 

2017b). Viral genomes can be detected from serum or cerebrospinal fluid of diseased piglets. 

Cranial lymph nodes, tonsils, and cerebellum are other preferred specimens (Postel et al., 

2018b). Broadly reactive assays that are regularly used for the detection of pestivirus genomes 

are not applicable for detection of APPV. Cross-reactivity between CSFV and APPV does not 

occur in the methods that are routinely used for CSFV diagnosis (Postel et al., 2017b). For 

serological diagnosis of APPV, commercial diagnostic tests are currently not available. So far, 

ELISA assays based on Erns or NS3 have been described for detection of APPV-specific 

antibodies (Postel et al., 2016, Schwarz et al., 2017).  
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Abstract 

Atypical porcine pestivirus (APPV) was recently reported to be associated with neurologic 

disorders in newborn piglets. Investigations of 1,460 serum samples of apparently healthy 

pigs from different parts of Europe and Asia demonstrate a geographically wide distribution 

of genetically highly variable APPV and high APPV genome and antibody detection rates. 
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Pestiviruses are highly variable RNA viruses within the family Flaviviridae. The recently 

discovered atypical porcine pestivirus (APPV) is capable of inducing neurologic disorder in 

its host, like other pathogens of this family (e.g., tick-borne encephalitis virus, Zika virus). 

Several recently published reports demonstrate that APPV is a prominent cause of virus-

induced congenital tremor in pigs (1–4). Serum samples from healthy but viremic animals can 

induce birth of clinically affected offspring when experimentally transferred to sows during 

gestation (1, 2). So far, APPV presence has been reported from the United States, some 

countries within Europe, and China (2, 4–7). The economic relevance of APPV-related losses 

in pig production remains to be determined, but estimation revealed a drop in reproductive 

performance of 10% in an affected farm (4). Early data from the United States and Germany 

suggested a relatively high abundance (2.4%–22%) of APPV genomes in apparently healthy 

pigs (3, 6, 8) that likely play an important epidemiologic role as virus carriers. We 

investigated APPV genome and antibody abundance in healthy pigs from different parts of 

Europe and Asia to provide insight into genetic diversity of this novel pathogen. 

We tested 1,460 serum samples from Germany, Great Britain, Italy, Serbia, Switzerland, 

mainland China, and Taiwan by using an APPV-specific PCR and an indirect APPV ELISA, 

as previously described (3, 9). The sample set comprised 369 serum samples from Germany 

that were previously screened for the presence of APPV genomes (3). For our study, serum 

samples were taken from apparently healthy pigs within the framework of national veterinary 

health management in concordance with national legal and ethical regulations. 

For APPV genome detection, we conducted a PCR targeting the nonstructural protein (NS) 3 

encoding region and confirmed specificity of amplification by gel electrophoresis (3). We 

detected APPV genomes in domestic pigs from all investigated regions. In total, 130 (8.9%) 

of the 1,460 tested samples were APPV genome positive (Figure). Genome detection rates 

ranged from 2.3% (2/86 samples from Great Britain) to 17.5% (35/200 samples from Italy). 
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Moreover, we demonstrated that APPV was abundant in Asia; we detected the APPV genome 

in 11/219 samples (5%) from mainland China and 22/200 samples (11%) from Taiwan. 

We used individual samples with high genome loads to generate amplicons in a seminested 

PCR and subsequently performed Sanger sequencing (FlexiRun, LGC Genomics, Berlin, 

Germany). We generated 20 different APPV NS3 sequences from apparently healthy pigs of 

all countries (sequences deposited into GenBank under accession nos. MF279213–32). 

Genetic differences reflect geographic origin to a low degree (Figure); genetic variability even 

within a country is remarkably high (e.g., Germany and Italy). Genetic analyses including 

sequence data obtained from samples of diseased piglets revealed no correlation of 

pathogenicity with certain genetic variants (Figure). 

In addition to the NS3 fragments, we determined APPV complete coding sequences (CDS) 

from 1 sample from a healthy pig from China (deposited into GenBank under accession no. 

MF167292) and 2 samples (accession nos. MF167290 and MF167291) obtained from pigs 

during outbreaks of congenital tremors in Germany (3, 9). We performed next-generation 

sequencing as previously described (3). The outbreak isolates from Germany were almost 

identical (0.2% genetic distance) and were similar to an isolate from northern Germany 

(accession no. LT594521). The APPV from China had a unique 93-nt deletion in the NS5A 

encoding region. A similar genome (97.9% identity) is lacking this deletion (Guangxi 

Province; accession no. KY652092). The biological relevance of the deletion remains elusive, 

but classical pestiviruses show a remarkable genetic tolerance in this genomic region (10). 

The sequence data we obtained reveal a high genetic variability (up to 21% genetic distance), 

which is comparable to that of classical swine fever virus (online Technical Appendix, 

https://wwwnc.cdc.gov/EID/article/23/12/17-0951-Techapp1.pdf). 



Chapter 2 

 

 28 

We applied an indirect APPV Erns antibody ELISA, as described (9), and classified the 

serologic status into low (S/p≤0.5), intermediate (0.5<S/p<1.0), or highly (S/p≥1.0) reactive. 

Due to the lack of reference material and a standard assay, we could not determine test 

parameters (e.g., sensitivity, specificity) at this stage. Nevertheless, the ELISA was a valuable 

tool for detecting seroconversion in infected pigs; >60% of the animals showed intermediate 

to high reactivity in the antibody ELISA (Figure), which is in line with high APPV genome 

detection rates. We detected similar frequencies of APPV antibody–positive samples for each 

region, independent of the genome detection rates (Figure). We found most of the viral 

genomes (≈86%) in samples with intermediate or low antibody status; few (≈14%) of the 

highly antibody-positive animals were viremic at the same time. This observation might 

indicate a degree of protection provided by the induced antibodies. Of the 40% of the pigs that 

were antibody negative, 10% were genome positive; possible explanations are that serum 

samples were taken either from acutely infected animals before induction of a detectable 

antibody response or from persistently infected animals lacking a specific humoral immune 

response due to a specifically acquired immunotolerance, a well-known consequence of 

intrauterine pestivirus infections. 

Our findings indicate that the recently discovered APPV is abundant on several continents. 

APPV must be regarded as a pig pathogen of likely worldwide relevance.  
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Figure. Detection rates of APPV genome and antibodies and genetic variability in Europe and 

Asia. A) APPV antibody status in pigs from parts of Europe and Asia. The region of origin, 

the number of investigated samples, and the absolute numbers of APPV genome–positive 

samples in dependence on the serologic category (low, intermediate, or high APPV antibody 

status) are shown in the central circle. B) Phylogenetic tree based on a 400-nt fragment in the 

nonstructural protein 3 encoding region. We calculated genetic distances using the Kimura 2-

parameter model. We performed phylogenetic analysis by the neighbor-joining method 

including 1,000 iterations for bootstrap analysis. Only bootstrap values ≥700 are indicated. 

Bold indicates sequences generated in this study; asterisks indicate sequences from piglets 

with congenital tremor. Accession numbers for reference sequences from GenBank are shown 

in brackets. Scale bar indicates nucleotide substitutions per site. APPV, atypical porcine 
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pestivirus; CH, Switzerland; CN, China; GB, Great Britain; GER, Germany; IT, Italy; RS, 

Serbia; TWN, Taiwan. 
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Abstract 

The recently identified atypical porcine pestivirus (APPV) was demonstrated to be the 

causative agent of the neurological disorder "congenital tremor" in newborn piglets. Despite 

its relevance and wide distribution in domestic pigs, so far nothing is known about the 

situation in wild boar, representing an important wild animal reservoir for the related classical 

swine fever virus. In this study, 456 wild boar serum samples obtained from northern 

Germany were investigated for the presence of APPV genomes and virus-specific antibodies. 

Results of real-time RT-PCR analyses revealed a genome detection rate of 19%. Subsequent 

genetic characterization of APPV (n = 12) from different hunting areas demonstrated close 

genetic relationship and, with exception of APPV from one location, displayed less than 3.3% 

differences in the analyzed partial NS3 encoding region. Furthermore, indirect Erns ELISA 

revealed an antibody detection rate of approx. 52%, being in line with the high number of 

viremic wild boar. Analysis of fifteen wild boar samples from the Republic of Serbia by Erns 

antibody ELISA provided evidence that APPV is also abundant in wild boar populations 

outside Germany. High number of genome and seropositive animals suggest that wild boar 

may serve as an important virus reservoir for APPV.  
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Introduction 

Pestiviruses are highly variable RNA viruses which are members of the continuously growing 

family Flaviviridae. The genus Pestivirus comprises animal pathogens with a great socio-

economic significance for livestock worldwide. Bovine viral diarrhea virus 1 (BVDV-1), 

Bovine viral diarrhea virus 2 (BVDV-2), Border disease virus (BDV) and Classical swine 

fever virus (CSFV) are established species of the genus Pestivirus. In addition, many 

genetically diverse pestiviruses have been identified during the last two decades, and therefore 

it has been recently proposed to include seven additional virus species to the genus Pestivirus 

(Smith et al., 2017). A genetically distinct pestivirus, tentatively named “atypical porcine 

pestivirus” (APPV), was discovered in healthy domestic pigs in 2015 (Hause et al., 2015). 

Besides CSFV and APPV, two additional porcine pestiviruses have been identified so far, 

namely the unique Bungowannah virus discovered in Australia (first description in 2007) and 

the very recently discovered Linda virus from Austria (Kirkland et al., 2007; Lamp et al., 

2017). The latter two pestiviruses are genetically more closely related to each other than to 

other pestivirus species. Both are capable to induce diverse clinical signs in pigs (Kirkland et 

al., 2007; Lamp et al., 2017). After the finding of an association between the clinical 

syndrome “congenital tremor” (CT) and the presence of APPV genomes in neuronal tissues of 

diseased piglets (Arruda et al., 2016; Postel et al., 2016), several reports from different 

countries revealed that APPV must be regarded as a prominent cause of virus-induced CT (de 

Groof et al., 2016; Munoz-Gonzalez et al., 2017; Schwarz et al., 2017; Yuan et al., 2017; 

Zhang, Wen et al., 2017; Zhang, Wu et al., 2017). In contrast, the more recently discovered 

Linda pestivirus, which was reported to be also associated with CT, so far was not reported by 

other studies and additional time will be required to establish the geographical spread and the 

relevance for pig health (Lamp et al., 2017). A retrospective analysis of cerebellum samples 

from Germany shows the presence of APPV in CT-affected piglets one decade ago (Postel et 
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al., 2016). Another study from Spain declares the APPV presence almost two decades prior to 

its first discovery (Munoz-Gonzalez et al., 2017). In conclusion, APPV is not a new virus, but 

a newly discovered virus, well established in many pig populations and probably worldwide 

distributed (Postel, Meyer, Cagatay et al., 2017). Clinically healthy pigs may play an 

important epidemiological role as virus carriers (Postel, Meyer, Cagatay et al., 2017). 

Economic consequences of APPV outbreaks remain to be further investigated; one study 

estimated economical loss due to a 10% drop in the number of weaned piglets per sow 

(Schwarz et al., 2017). The presence of APPV was confirmed in domestic pigs from several 

countries of Europe, North and South America and Asia (Hause et al., 2015; Mosena et al., 

2017; Postel, Meyer, Cagatay et al., 2017), but so far no data are available with regard to the 

presence of APPV in wild boar. In this study, we investigate the presence of APPV genome 

and virus-specific antibodies in wild boar from Germany and provide genetic characterization 

of APPV circulating in the wild boar population. 

Materials and methods 

Serum samples 

For detection of APPV genomes and APPV-specific antibodies, 456 wild boar serum samples 

were collected from north-eastern part of Lower Saxony and from a neighbour hunting area in 

Saxony-Anhalt, Germany, during the hunting seasons 2015/2016 and 2016/2017. Samples 

were obtained from districts Heidekreis (hunting areas: Wulfsode/Bockum, Karrenbusch), 

Uelzen (hunting areas: Bobenwald, Lohn, Oechtringen, Wettenbostel, Wulfsode), Lüchow-

Dannenberg (hunting area: Gohlau), Celle (hunting areas: Dalle, Ringelah-Müsse), Gifhorn 

(hunting areas: Maseler Wald, Kaiserwinkel, Betzhorner Leu, Ringelah), Altmarkkreis 

Salzwedel (hunting area: Neumühle), Helmstedt (hunting areas: Mariental, Oelper) and 

Wolfsburg (Figure 3-1). Blood samples were collected into sterile tubes from the thoracic 
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cavity of hunted animals. Samples are representative for the hunting bags of wild boar in the 

different hunting areas. Moreover, 15 additional serum samples were obtained from wild boar 

hunted in the Kraljevo region, Republic of Serbia in 2015.  

In addition, 643 serum samples of healthy domestic pigs originating from Poland (n = 50), 

Republic of Serbia (n = 73), Italy (n = 200), Switzerland (n = 120), Taiwan (n = 200) were 

used for PCR screening to detect Bungowannah and Linda pestivirus genomes. The majority 

of these sera (excluding the samples from Poland) were previously used in a study on APPV 

demonstrating high genome prevalence in healthy pigs (Postel, Meyer, Cagatay et al., 2017). 

RNA purification and real-time RT-PCR 

RNA extraction was performed using the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, 

Germany) according to the manufacturer’s protocol, and RNA samples were stored at -80°C 

until testing. For the detection of APPV, a previously described pair of NS3-specific primers, 

which has been demonstrated to be broadly reactive within distinct APPV (Postel et al., 

2016), was adapted to APPV sequences reported from northern Germany using the APPV 

isolate CT-59 as reference sequence (GenBank MF16729). In addition, a second PCR was 

established using primers (APPV_5253-fw and APPV_5433-rev) more specific to German 

APPV genomes to increase the sensitivity of genome detection (Table 1). Samples were 

regarded as APPV positive, if at least one of the NS3-specific PCRs gave a positive result. 

Broadly reactive primers reported to detect different known pestiviruses including the newly 

identified Linda virus did not provide any positive results (Schwarz et al., 2017). In 

consequence, a NS5B specific primer pair was designed capable to detect Bungowannah and 

Linda pestivirus genomes at the same time, but not APPV. A Bungowannah genome-positive 

sample was used as positive control in the assay. One-step SYBR Green real-time RT-PCR 

was performed using the Mx3005P QPCR System (Agilent Technologies, Santa Clara, USA) 
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and the reagents of the QuantiTect SYBR Green RTPCR Kit (QIAGEN, Hilden, Germany) 

according to the manufacturer’s protocol. Each PCR contained 12.5 µl RT-PCR mastermix, 

10 pmol of each primer, 0.25 µl reverse transcriptase, 5.25 µl water and 5 µl sample RNA. 

For the different primer pairs, the same conditions and same thermal profile were applied as 

follows: 50°C for 30 min (RTstep), 95°C for 15 min and 40 cycles of 95°C for 15 s, 56°C for 

30 s, 72°C for 30 s and 79°C for 15 s. Melting curve analysis was used for evaluation of the 

results and specificity of the amplification was confirmed by gel electrophoresis. 

Conventional RT-PCR and nucleotide sequencing 

Amplification of partial NS3 coding sequences was performed using two-step RT-PCR 

protocol. For reverse transcription, SuperScript III Reverse Transcriptase (Invitrogen, 

Carlsbad, USA) and random hexamers (Invitrogen, Carlsbad, USA) were used. Amplification 

of an 806 bp NS3 fragment was performed with primers APPV_5030-fw and APPV_5835-rev 

(Table 3-1) using ALLin HS Red Tag Mastermix (highQu, Kraichtal, Germany). The 

following thermal profile was applied as follows: 95°C for 2 min, 40 cycles of 95°C for 15 s, 

54°C for 15 s, 72°C for 15 s and 72°C for 5 min. Sanger sequencing was conducted by LGC 

genomics (Berlin, Germany), and trimmed consensus sequences (737 nt) were used for 

phylogenetic analyses. 

Phylogenetic analysis 

Multiple sequence alignment was performed using ClustalW of the Multiple Sequence 

Comparison by Log-Expectation (MUSCLE) tool provided by EMBL-EBI and compared 

with sequences available in GenBank using BLAST software (NCBI) (McWilliam et al., 

2013). Genetic distances were calculated applying the Kimura 2-parameter substitution model 

(Kimura, 1980), and phylogenetic analysis was performed by neighbour-joining (NJ) method. 

Reliability of the constructed phylogenetic tree was evaluated by running 1,000 replicates in 
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the bootstrap test. Reference sequences of APPV representing the known major phylogenetic 

clades were retrieved from NCBI GenBank. The phylogenetic trees were displayed using 

Dendroscope software (Huson & Scornavacca, 2012). 

 

FIGURE 1 Genome and antibody detection rates of atypical porcine pestivirus (APPV) in 

wild boar hunted in north-east of Lower Saxony and neighbouring region of Saxony-Anhalt. 

Locations of investigated hunting areas are indicated by symbols (circles or triangles). The 

presence of APPV genome is indicated by filled symbols. Hunting areas from which APPV 

sequences could be determined are indicated by triangles. Empty circles represent hunting 

areas where APPV genomes were absent, filled circled indicate genome-positive hunting 

areas, but without determination of sequences. The location of APPV genome-positive serum 

used for phylogenetic analysis is shown as triangles. For all hunting areas, the number of 

APPV genome positives and the total number of samples are given in brackets. District 

borders are shown and abbreviations in bold face indicate names of the sampled districts (HK: 

Heidekreis, UE: Uelzen, DAN: Lüchow-Dannenberg, CE: Celle, GF: Gifhorn, SAW: 

Altmarkkreis Salzwedel, HE: Helmstedt) 
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TABLE 1 Primers used in the study for real-time RT-PCR, RT-PCR and sequencing 

Primer Sequence (5´-3´) Target Virus 

APPV_CT-59_5587-fwa 

APPV_CT-59_5703-reva 

CAGAGGAAAGGTCGAGTAGG 

ACCATACTCTTGAGCCTGCAG 

NS3 APPV 

APPV_5253-fw 

APPV_5433-rev 

GGATATCCAGGTACTCAATGG 

ACCCCGACCTCTTCAATATC 

NS3 APPV 

APPV_5030-fwb 

APPV_5835-revb 

CCCAGGCAATACCTCACAAC 

TTCCTCTGGCCCTGTTCTTC 

NS3 APPV 

LinBu_10754-fw 

LinBu_11033-rev 

ACTACTATGAGACWGCAATACC 

GCTTTAGTGTCRAAACTGACTG 

NS5B Bungowannah, 

Linda 

 

a Previously described primers (Postel et al., 2016) were adapted according to the sequence of 

APPV isolate CT-59 (GenBank MF167290). Underlined characters indicate the positions of 

changed nucleotides. bPrimers used in conventional RT-PCR and subsequent sequencing. 

 

Detection of Erns-specific antibodies against APPV 

For antibody detection in serum samples, an indirect APPV-specific enzyme-linked 

immunosorbent assay (ELISA) based on glycoprotein Erns was performed as described 

previously (Postel, Meyer, Petrov, & Becher, 2017). The serological statuses of the samples 

are given as S/P values to achieve better inter-assay comparability. Subsequently, APPV 

antibody status was classified into low reactive (S/P ≤ 0.5), intermediate (0.5 < S/P < 1.0), or 

highly reactive (S/P ≥ 1.0). 

Results and discussion 

Previous studies showed that Eurasian wild boar (Sus scrofa) is an important wild animal 

reservoir for CSFV, a porcine pestivirus of great economic relevance (Blome, Staubach, 

Henke, Carlson, & Beer, 2017; Fritzemeier et al., 2000; Postel, Austermann-Busch, Petrov, 

Moennig, & Becher, 2017). The identification of wild animal species that serve as reservoir 

host for viral pathogens is crucial to understand epidemiology of these infectious diseases and 
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to implement effective control measures. Against this background, the relevance of wild boar 

as a wild animal reservoir for the newly discovered APPV was investigated.  

In the presented study, 456 serum samples from wild boar were tested for APPV genome 

applying two real-time RT-PCR assays targeting to the NS3 coding region of the APPV 

genome. In general, both PCRs gave congruent results for the majority of samples (64 of 87 

positive samples). Of the samples which were positive for APPV genome in both PCRs, 86% 

(55 of 64) had Cq values less than or equal to 30 indicating that ample amounts of viral RNA 

were present in these sera. The PCR using primers specifically designed to detect German 

APPV appeared to be more sensitive. Twenty additional genome-positive samples missed by 

the more broadly reactive PCR (primers 5587-fw/5703-rev) were identified. The Cq values of 

these samples ranged from 29 to 35 and specificity of the amplification was confirmed by 

melting curve analysis and gel electrophoresis. In total, 87 sera were identified to be APPV 

genome positive, resulting in an overall detection rate of 19% (Figure 3-1). In comparison 

with the existing data obtained from domestic pigs, the observed genome detection rate in 

wild boar is remarkably high. A recent study concluded that APPV is a pathogen of putatively 

worldwide distribution and reported a high APPV genome abundance of approx. 9% in 

healthy domestic pigs (Postel, Meyer, Cagatay et al., 2017). In addition to detection of APPV 

genomes, serological investigation was performed and approx. 52% of the animals showed 

intermediate to high reactivity in the ELISA, which is in line with the observed high number 

of viremic wild boar (Figure 3-1). APPV-specific antibodies were also detected in hunting 

areas where no genome-positive serum samples were identified, suggesting that the virus is 

also present in these regions. In addition to the samples from Germany, 15 wild boar samples 

from the Republic of Serbia were found to be negative for APPV genome. However, 10 of 

these samples showed intermediate to high reactivity in the Erns antibody ELISA providing 

evidence that APPV is also abundant in wild boar populations outside Germany. The high 
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frequency of APPV antibody-positive wild boar is comparable to the situation in domestic 

pigs, which showed antibody detection rates of approx. 60% in clinically healthy pigs from 

Asia and Europe (Postel, Meyer, Cagatay et al., 2017). 

Twelve partial NS3 coding sequences from APPV genome-positive samples collected in 10 

different hunting areas of the investigated districts were determined (GenBank MG679828 - 

MG679839) and subjected to phylogenetic analysis. APPV reference strains of domestic pigs 

from Europe, USA and China representing the major phylogenetic clades were included in the 

analysis to depict the genetic relatedness of APPV originating from wild boar and domestic 

pigs, respectively (Figure 3-2). With the only exception of two identical APPV sequences 

from Wolfsburg, all APPV from wild boar of the different hunting areas formed a single 

phylogenetic clade (with 96% bootstrap support) showing a maximum pairwise genetic 

distance of only 3.3%. The closest related strain from domestic pigs shows a genetic distance 

of approx. 8.1% to the APPV sequences from wild boar and originates from Bavaria located 

in the South of Germany (GenBank KU041639; Figure 3-2). APPV sequences of genome-

positive samples collected in two consecutive hunting seasons from the hunting area 

“Kaiserwinkel” displayed a genetic distance of 3.1% and grouped into two different 

phylogenetic clades identified within these genetically very similar APPV sequences. More 

detailed investigations about the transmission of viruses between different groups of wild boar 

would be necessary to understand the dynamics of APPV infection. Interestingly, APPV so 

far identified in domestic pigs from Lower Saxony or other regions in the northern part of 

Germany is distinct to the genomes identified in wild boar. It can be speculated that the APPV 

variants found in wild boar are representing the native APPV genotype of this particular 

region and that APPV is endemic in this region for long time. Only two APPV sequences 

originating from the city of Wolfsburg appeared to be genetically distinct to all other APPV 

variants found in the study area. The highest genetic distance calculated to other wild boar 
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samples was 8.8% (compared to APPV from Maseler Wald). APPV sequences from 

Wolfsburg are more closely related to previously characterized genomes and belong to a 

monophyletic group comprising different APPV isolates from domestic pigs [6.6% and 7.5% 

genetic difference to APPV sequences from Austria (GenBank KX778724) and from Bavaria 

(GenBank KU041639), respectively]. The reason for the presence of genetically distinct 

APPV identified in this suburban area remains elusive. It can be speculated that this wild boar 

population has closer contact to civilization (hunting area surrounded by city and highway) 

and came in contact with APPV originated from domestic pigs. In contrast to the findings 

from wild boar, APPV shows a high genetic variability in domestic pigs from various 

countries in Europe and Asia (Postel, Meyer, Cagatay et al., 2017). Among different farms 

within Germany, pairwise genetic distances of APPV were up to 11.3%. A similar genetic 

diversity of up to 12.3% in partial NS5B encoding sequences was reported from APPV 

identified in north-east Germany (Beer et al., 2016). High genetic diversity was also observed 

within other countries such as Spain (up to 10.5%), Italy (up to 10.4%) and China (up to 

21.3%) (Postel, Meyer, Cagatay et al., 2017). Contrary to the geographically very diverse 

origin of the domestic pig samples, the investigated wild boar samples are from the same 

region, which might be one reason for the lower genetic diversity of APPV sequences from 

wild boar. A comparable low genetic diversity has been also reported for wild boar from a 

region infected by CSFV over several years (Simon, Le Dimna, Le Potier, & Pol, 2013). 

Additional characterization of APPV genomes obtained from other geographical regions will 

be necessary for a reliable evaluation of the genetic diversity of APPV in wild boar. The 

observed higher genetic diversity of APPV in domestic pigs might be also consequence of 

globalization in agriculture (e.g., animal movements, global pig and pork transport, trade of 

semen for artificial insemination) that favored spread of the virus, which was not recognized 

for decades as it was not detectable by established diagnostic assays (Postel, Meyer, Petrov et 

al., 2017).  
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FIGURE 2 Genetic diversity of atypical porcine pestiviruses (APPV) in wild boar. The 

twelve partial (737 nt) NS3 encoding APPV sequences obtained from wild boar were 

determined in this study and are indicated in bold face. APPV reference sequences 

representing different phylogenetic clades from domestic pigs were obtained from GenBank 

and their accession numbers are indicated in parentheses. Genetic distances were calculated 

by the Kimura 2-parameter substitution model and phylogenetic analysis was performed by 

applying the neighbourjoining method as described previously (Postel et al., 2012). Bootstrap 

values were calculated for 1000 iterations. Only significant bootstrap values (≥700) are given 

in the tree. The tree was displayed by Dendroscope (Huson & Scornavacca, 2012). 

In addition to APPV, the wild boar samples were investigated for the presence of other 

porcine pestiviruses, namely Bungowannah virus and Linda virus (Kirkland et al., 2007; 

Lamp et al., 2017). For this purpose, a primer pair was designed binding to a genomic region 

(NS5B encoding region) conserved for both viruses, but not cross reacting with known APPV 

sequences. None of the 456 wild boar samples gave a positive result in the RT-PCR assay 

using this primer pair. In contrast to the frequent detection of APPV, there is apparently no 

evidence for the presence of pestiviruses similar to Bungowannah virus and Linda virus in the 

investigated samples from German wild boar. Since the first detection of Bungowannah virus 



Chapter 3 

 

 46 

in Australia more than one decade ago, similar viruses were never detected again (Kirkland et 

al., 2007; Lamp et al., 2017). Moreover, for the very recently detected porcine Linda virus, 

data about prevalence and geographical distribution are not available so far. Similar to the 

results obtained for the wild boar samples own RT-PCR investigations provided no evidence 

for the presence of Linda virus and Bungowannah virus-like pestiviruses in 643 serum 

samples of domestic pigs from different countries. This strongly suggests that infections of 

pigs with pestiviruses similar to Bungowannah virus and Linda virus are very rare events and 

the occurrence of such viruses in pigs probably resulted from spillover infections originating 

from a so far unidentified virus reservoir. 

Wild boar is one of the most abundant and widely distributed large mammal species in Europe 

(Frauendorf, Gethoffer, Siebert, & Keuling, 2016; Keuling, Strauss, & Siebert, 2016). 

Infected wild boar populations can play a crucial role in epidemiology at local and 

transboundary levels (Artois et al., 2002; Edwards et al., 2000; Moennig, 2015). In general, 

detailed knowledge about various routes of virus transmission is needed to establish effective 

control measure for a disease. In the past, outbreak scenarios as well as modelling of CSF 

spread have demonstrated that CSF cases in the wild boar population will occasionally lead to 

outbreaks in domestic pigs due to periodic transfer of the virus (Boklund, Goldbach, 

Uttenthal, & Alban, 2008; Moennig, 2015; Moennig & Becher, 2015). For CSFV, it is well 

known that large population size, high density and young age structure in wild boar can 

favour to long-lasting endemic situations (Moennig, 2015; Rossi et al., 2005). The 

experiences with CSFV have illustrated the importance of wild boar as a wild animal 

reservoir in the pestivirus context (Artois et al., 2002; Frauendorf et al., 2016; Rossi et al., 

2005). It has been previously speculated that control measures and vaccination against APPV 

would likely be a future issue (de Groof et al., 2016). High detection rates of APPV not only 

in domestic pigs but also in wild boar are a challenge for designing effective control plans. In 
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the light of the present epidemiological situation and assuming that APPV infection causes a 

threat for porcine health only after vertical transmission, systematic APPV diagnosis in 

concert with a tailored herd management might be sufficient for successful control of APPV-

induced CT without vaccination. The knowledge that wild boar may serve as an important 

virus reservoir for APPV will help to establish effective control measures and to eradicate the 

virus from affected pig herds in the future. 
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Abstract 

Atypical porcine pestivirus (APPV) is a widely distributed pathogen causing congenital 

tremor (CT) in piglets. So far, no data are available regarding the humoral immune response 

against APPV. In this study, piglets and their sows from an affected herd were tested 

longitudinally for viral genome and antibodies. APPV genome was detected in the majority of 

the piglets (14/15) from CT affected litters. Transient infection of gilts was observed. Kinetics 

of Erns- and E2-specific antibodies and their neutralizing capacity were determined by 

recently (Erns) and newly (E2) developed antibody ELISAs and virus neutralization assays. 

Putative maternally derived antibodies (MDA) were detected in most piglets, but displayed 

only low to moderate neutralizing capacity (ND50 ≤ 112). Horizontal APPV transmission 

occurred when uninfected and infected piglets were mingled on the flat deck. Horizontally 

infected piglets were clinically inapparent and showed only transient viremia with 

subsequently consistently high E2 antibody levels. For piglets from CT affected litters, 

significantly lower neutralizing antibody titers were observed. Results indicate that E2 

represents the main target of neutralizing antibodies. Characterization of the humoral immune 

response against APPV will help to provide valuable serological diagnosis, to understand the 

epidemiology of this novel pathogen, and to implement tailored prevention strategies. 
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Introduction 

Pestiviruses belong to the family Flaviviridae and comprise animal pathogens associated with 

severe economic losses in livestock breeding [1]. The genus Pestivirus consists of at least 

eleven species (Pestivirus A to K), of which four are well established pestiviruses (Pestivirus 

A to D), namely bovine viral diarrhea virus 1 (BVDV-1), bovine viral diarrhea virus 2 

(BVDV-2), classical swine fever virus (CSFV) and border disease virus (BDV) [2]. Atypical 

porcine pestivirus (APPV) is a genetically distinct pestivirus, which was discovered in 2015 

and is classified as Pestivirus K species [2,3]. APPV was demonstrated to be one major 

causative agent of congenital tremor (CT) [4,5,6,7,8,9,10,11]. When present, discrete 

histopathological alterations can be found mainly in the central nervous system. APPV-

induced CT manifests as tremors of the head and limbs of new born piglets [6,9,12]. APPV is 

likely to be present worldwide and highly prevalent in domestic pig populations 

[3,13,14,15,16,17,18,19,20,21,22,23]. Recently, wild boar were identified to serve as a wild 

animal reservoir for APPV, which might be of epidemiological relevance [24,25]. Economic 

losses caused by APPV infection can occur due to elevated pre-weaning mortality [9]. 

Pestiviruses possess three envelope glycoproteins, namely Erns, E1 and E2, which are involved 

in virus attachment and entry into target cells [1]. Pestivirus glycoproteins Erns, E2 and the 

non-structural protein 3 (NS3) are known to provoke a detectable humoral immune response 

in a host after a natural infection [26]. In classical pestiviruses, such as CSFV and BVDV, E2 

functions as the immune-dominant antigen and is the main target for neutralizing antibodies 

that confer protective immunity to the host [27,28]. Erns is also known to induce neutralizing 

antibodies, but to a much lower extent [29]. However, so far nothing is known regarding the 

induction of protective immunity by structural proteins of APPV. In addition to low sequence 

homology, the predicted E2 protein of APPV is significantly shorter compared to classical 

pestiviruses, thus likely to show major differences in structure [3]. Recombinant APPV E2 
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glycoprotein was recently shown to induce humoral immune response in mice [30]. Yet, there 

are no studies available characterizing the humoral immune response during natural APPV 

infection courses in the porcine host. 

In this study, dynamics of APPV field infection were monitored for several months (from 

birth to slaughter) and kinetics of induced Erns and E2-specific antibodies, including their 

neutralizing capacity, were determined. The aim of this study is to provide insight into the 

humoral immune response against APPV infections including the neutralizing capacity of 

induced antibodies. Findings will contribute to the understanding of the epidemiology of this 

novel pathogen and will help to implement tailored prevention strategies. 

Materials and Methods  

Origin of samples  

For detection of APPV genomes and APPV-specific antibodies, serum samples of 20 piglets 

and six first parity sows with CT affected litters were taken serially at a breeding farm located 

in North Rhine-Westphalia, Germany, during a CT outbreak in 2016. Only the litters from 

first parity sows were affected with CT on this farm (n = 15, litter 1 to 4, Figure 1, Figure 

2 and Figure 3, panels a–c). A majority of the piglets originated from CT affected litters (n = 

9/15, litters 1, 2 and 3, Figure 1, Figure 2 and Figure 3, panels a and b) showed clinical signs 

of CT, whereas some littermates were apparently healthy (n = 6/15, litters 2 and 4, Figure 

1, Figure 2 and Figure 3, panel c). Piglets from CT affected litter 1 (P-1 to P-4, Figure 

1, Figure 2 and Figure 3, panel a) were cross-fostered to a pluriparous sow immediately after 

birth. One healthy litter of a pluriparous sow (n = 5, Figure 1, Figure 2 and Figure 3, panel d) 

was also sampled. 
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Figure 1. Atypical porcine pestivirus (APPV) genome titers of piglets from congenital tremor 

(CT) affected litters (a–c) and piglets from a healthy litter (d). Genome loads of 20 piglets 

were investigated by real-time RT-PCR. Cq values of serum samples (y axis), the age of 

piglets and holding conditions (x axis) are indicated. Vertical dashed lines indicate the 

changes in the holding conditions. Piglets from CT affected litter 1 (a) were cross-fostered 

immediately after birth to a pluriparous sow with a healthy litter. Piglets from CT affected 

litters 2, 3 and 4 are grouped into two panels (b, c) by the occurrence of CT. 
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Figure 2. Kinetics of E2-specific antibodies induced after APPV infection. APPV E2-specific 

antibody levels of 20 pigs were investigated by E2 ELISA and results are given as S/P values 

(S/P ≤ 0.5, low; S/P = 0.5–1.0 intermediate; S/P ≥ 1.0 high reactivity). Horizontal dashed lines 

indicate the APPV E2-specific Ab levels as low, intermediate and high. Vertical dashed lines 

indicate the changes in the holding conditions. Piglets from CT affected litter 1 (a) were 

cross-fostered immediately after birth to a pluriparous sow with a healthy litter. (d) Piglets 

from CT affected litters 2, 3 and 4 are grouped into two panels (b, c) by the occurrence of CT. 
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Figure 3. Kinetics of Erns-specific antibodies induced after APPV infection. APPV Erns-

specific antibody levels of 20 pigs were investigated by Erns ELISA and results are given as 

S/P values (S/P ≤ 0.5, low; S/P = 0.5–1.0 intermediate; S/P ≥ 1.0 high reactivity). Horizontal 

dashed lines indicate the APPV Erns-specific Ab levels as low, intermediate and high. Vertical 

dashed lines indicate the changes in the holding conditions. Piglets from CT affected litter 1 

(a) were cross-fostered immediately after birth to a pluriparous sow with a healthy litter. (d) 

Piglets from CT affected litters 2, 3 and 4 are grouped into two panels (b, c) by the occurrence 

of CT. 

 

All piglets and gilts were sampled at tree time points starting on the sixth day post natum (day 

6, 21 and 48, Figure 1, Figure 2 and Figure 3). After being weaned at an age of 21 days, all 20 

piglets (infected and uninfected) were mingled on the flat deck until they were sent to a 

fattening farm on day 69 (Figure 1, Figure 2 and Figure 3). Most of the piglets (n = 12) were 

sampled three additional times until slaughter at 161 days of age (day 103, 127, 161, Figure 

1, Figure 2 and Figure 3). At all samplings, health status of the pigs was monitored by a 
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veterinarian. All samples were taken according to the national legislation and the animal 

welfare act. Initial samples were taken for diagnostic purposes. Follow-up sampling was 

ethically approved by the local authorities of North Rhine-Westphalia (Landesamt für Natur, 

Umwelt und Verbraucherschutz Nordrhein-Westfalen; LANUV) under the permission 

number 84–02.05.40.16.020. 

RNA purification and real-time RT-PCR  

RNA extraction was performed using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s protocol. For the detection of APPV, a previously 

described pair of NS3-specific primers (APPV_CT-59_5587-fw, APPV_CT-59_5703-rev) 

was used, which has been demonstrated to be broadly reactive within distinct APPV [6]. One-

step SYBR Green real-time RT-PCR was performed using the Mx3005P Q PCR System 

(Agilent Technologies, Santa Clara, USA) and QuantiTect® SYBR® Green RT-PCR Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s recommendations. The assay was 

performed using the following thermal program: 50 °C for 10 min (RT-step), 95 °C for 15 

min and 40 cycles of 95 °C for 15 s, 56 °C for 30 s, 72 °C for 30 s and 79 °C for 15 s. Melting 

curve analysis was used for evaluation of the results and specificity of the amplification was 

confirmed by gel electrophoresis.  

Conventional RT-PCR and nucleotide sequencing  

To determine the genotype of the APPV causative for the investigated outbreak, a highly 

genome-positive sample from a six-day-old piglet (Cq value 15) was subjected to nucleotide 

sequencing. Amplification of an 806 bp partial NS3 coding sequence was performed as 

previously described, using the primers APPV_5030-fw, APPV_5835-rev [6]. Sanger 

sequencing was conducted by LGC genomics (Berlin, Germany). A sequence was generated 

using the GENtle software (version 1.9.4.0) and the obtained consensus sequence was 

subjected to BLAST search (NCBI; National Center for Biotechnology Information). 

Indirect APPV-specific ELISA assays 
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For antibody detection in serum samples, an indirect APPV-specific enzyme-linked 

immunosorbent assay (ELISA) based on glycoprotein Erns was performed as described 

previously [31]. 

With a similar approach, an additional indirect APPV-specific ELISA based on glycoprotein 

E2 was developed. Glycoprotein E2 of the German APPV isolate Ger-NRW_L277 (GenBank 

MF167291.1) was expressed in Leishmania tarentolae using the LEXSYcon2 Expression Kit 

(Jena Bioscience, Jena, Germany). The C-terminal transmembrane domain of the glycoprotein 

E2 was trimmed and the coding sequence region from position 2101 to position 2733 

(GenBank MF167291.1) was cloned into the pLEXSY-hyg2 plasmid in frame with the N-

terminal LMSAP1 signal peptide for secretory expression and a C-terminal His-tag for 

affinity purification. Secreted antigen was collected and purified in ÄKTA™ Pure 

Chromatography System using HisTrap™ Excel purification column (GE Healthcare, 

Uppsala, Sweden). Purified E2 protein was tested in immunoblot and one specific protein 

band was detected using both, an APPV antibody positive sera (diluted 1:50) and a His-tag 

specific antibody (Roche diagnostics, Mannheim, Germany, diluted 1:100). Antigen was 

diluted in coating buffer (0.1 M NaCO3 + 0.1 M NaHCO3, pH 9.6) and 0.3 µg per well coated 

onto Nunc™ MediSorp™ 96-well ELISA plates (Thermofisher Scientific, Roskilde, 

Denmark) at 4 °C, overnight. Blocking was performed with PBS containing 0.05% Tween 20 

and 4% skim milk powder at room temperature for 2 h. 

Both E2 and Erns ELISA assays were performed by incubating 1:25 diluted samples at 37 °C 

for 1 h. Specific binding of the antibodies was detected by anti-pig IgG (whole molecule)-

peroxidase (A5670, Sigma-Aldrich, MO, USA, diluted 1:35,000) and 

3,3’,5,5´Tetramethylbenzidine (TMB, Sigma-Aldrich, MO, USA) according to the 

manufacturer’s protocol. 

Serological statuses of the samples are given as S/P (sample/positive control) values for both 

ELISA assays, in order to achieve better inter-assay comparability. Subsequently, APPV 
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antibody status was classified into low (S/P ≤ 0.5), intermediate (0.5 < S/P < 1.0), or high 

reactivity (S/P ≥ 1.0) as described previously [31]. All tested sera were investigated in 

duplicates and mean values were used for S/P calculations. Duplicates showing a variation 

higher than 10% were repeated. 

Cells and APPV stock used for virus neutralization tests  

The porcine kidney cell line SPEV (cell line 0008, Collection of Cell Lines in Veterinary 

Medicine, FLI, Germany) was maintained as a monolayer in Earle´s minimal essential 

medium (EMEM) containing 5% fetal bovine serum (FBS) and infected with APPV isolate 

Ger-NRW_L277 (GenBank MF167291.1). Continuous passaging of a cell culture persistently 

infected with APPV resulted in improved viral replication and increased titers. Determination 

of the complete polyprotein coding sequence by next generation sequencing revealed 10 

nonsynonymous mutations in various regions of the viral genome on 100th passage 

(L277p100, Figure S2). The effect of these mutations, some of which are located in envelope 

glycoprotein regions, remains unclear and will be investigated in future studies. To obtain 

APPV stocks suitable for VNT, persistently infected cells were grown four days and 

supernatant was harvested together with the cells and stored at −80 °C in aliquots. For 

application in VNT, virus stocks were thawed and cell debris was removed by centrifugation 

(12,000× g, 10 min). The virus titer was determined by end point dilution assay and reached 

approximately 8 × 104 TCID50/mL. 

.  
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Neutralizing capacity of APPV-specific antibodies 

A virus neutralization test (VNT) was established according to a protocol that is routinely 

used in the EU and OIE Reference Laboratory for Classical Swine Fever for determination of 

antibody titers against classical pestiviruses [32]. Briefly, sera were complement inactivated 

for 30 min at 56 °C and tested in triplicates in a two-fold dilution series between 1:4 and 

1:8,192. The APPV L277p100 test virus dilution was adjusted to 100 TCID50 (50% tissue 

culture infectious dose) per well (50 µL) and added to each well containing the diluted serum 

samples for an incubation (37 °C for 1 h). After the incubation, 1 × 104 SPEV cells were 

added to each well and incubated at 37 °C for additional 72h. Since APPV does not cause any 

cytopathogenic effect in cell culture, immunofluorescence staining of the viral antigen was 

performed for visualization. For this purpose, a porcine field serum (diluted 1:2000) was used, 

which was demonstrated to be reactive against the recombinant APPV E2 and Erns antigens in 

western blot and also served as a positive control in both ELISA assays. In each test, back 

titration of the virus was performed and one APPV antibody positive and one negative serum 

were included as controls (Figure S2). The test was regarded as valid if the negative control 

displayed no neutralizing effect and the APPV test virus was within the range of 30–300 

TCID50 per well (50 µL). Spearman–Kaerber formula was used to calculate the neutralizing 

doses (ND50). 

Results 

Presence and kinetics of APPV genome in healthy and CT affected piglets 

Newborn piglets (n = 20) from individual litters and six gilts were investigated for APPV 

infection, presence of APPV-specific antibodies and their neutralizing capacity. All samples 

were tested for the presence of APPV genome by a real-time RT-PCR assay targeting the NS3 

coding region. Two of six gilts were APPV genome positive at the first sampling on the sixth 
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day post partum (Cq value 30 and 32), of which one remained positive at the following 

sampling (day 21, Cq value 34). All other samples from the gilts (until last sampling on day 

48) were APPV genome negative. 

With only one exception, piglets from CT affected litters (n = 15) were APPV genome 

positive from the first sampling at six days of age (Cq values between 15 and 27, Figure 1a–

c). The remaining piglet (P-15) was found to be positive at the second sampling with an age 

of 21 days, which was the last day of piglets remaining with the sow (Figure 1c). Clinical 

signs of CT were observed in 9 of 15 piglets (P-1 to P-9, Figure 1a,b), which originated from 

affected litters. Three of the piglets affected with CT at birth (P-6, P-8, P-9, Figure S1) 

showed mild symptoms of tremor (head and ears) until slaughter, whereas the others remained 

without symptoms after weaning. Healthy piglets from a healthy litter (n = 5, P-16 to P-

20, Figure 1d) were APPV genome negative from birth until weaning at 21 days of age. All 

initially uninfected piglets were APPV genome positive at 48 days of age, indicating 

horizontal infection with APPV during the first four weeks after mingling with the genome 

positive piglets on the flat deck (Cq values between 19–31, Figure 1d). No clinical signs were 

observed after horizontal infection with APPV. All sampled piglets (n = 20) were APPV 

genome positive on day 69, when they were sent to the fattening farm. Most of the piglets 

(n = 12/20) were sampled three additional times in the fattening farm, until slaughter at 161 

days of age (day 103, 127, 161, Figure 1b–d). From the initially APPV infected pigs that were 

followed up until slaughter, the majority (n = 4/7) remained genome positive, suggesting 

persistent infections (P-8, P-9, P-10, P-14, Figure 1b,c). Viral genome loads declined only 

slowly over a period of several months. In contrast, all horizontally infected piglets (n = 5, 

P16 to P-20) were already genome negative at the time of slaughter (day 161) indicating a 

transient infection. 
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To determine the genotype of the APPV isolate causing the outbreak, a partial NS3 coding 

sequence (806 bp) from a highly genome positive sample (P-1, Cq value 15) was determined. 

Sequence analysis showed 100% nucleotide identity to the APPV isolate Ger-NRW_L277, 

which originated from the same region and year and was used as test virus in VNT. 

Detection of antibodies against the envelope proteins Erns and E2 of APPV 

All samples were investigated for the presence of APPV-specific antibodies in two ELISAs 

based on the Erns or E2 envelope proteins of APPV, respectively. Sera of all gilts showed 

consistent levels of antibodies (intermediate to high) against both E2 and Erns antigens. In 

general, various patterns of antibody response were observed in piglets from CT affected 

litters whereas a consistent antibody response was evident after a horizontal transient 

infection. Independent of the health status, all except one of the samples from six-day-old 

piglets (n = 19/20) showed intermediate to high reactivity against both E2 and Erns antigen, 

which declined over time and reached minimal antibody titers at an age of 21 or 48 days 

(Figure 2 and Figure 3, panels a–d). At later time points, piglets from CT affected litters 

showed various levels of E2 and Erns-specific antibodies (Figure 2 and Figure 3, panels a–c). 

Consistent and high levels of antibodies against APPV E2 were observed from all horizontally 

infected piglets, at day 69 and later time points (P-16 to P-20, Figure 2d). 

At the individual animal level (Figure S1), one piglet from a CT affected litter (P-15) revealed 

to have the highest E2 and Erns antibody titers at an age of six days, which was APPV genome 

negative at this age and became infected before entering the flat deck (Figure 2c, Figure 3c 

and Figure S1). Few sera from individual animals were highly reactive only against the E2 or 

the Erns antigen. Sera of two diseased piglets (P-2 and P-6) from different litters showed high 

reactivity against E2 (S/P value = 1) but not Erns (S/P value = 0.5 and 0.4) at day 69 (Figure 

2a,b and Figure S1). Only one of these piglets (P-6) was sampled also at later time points and 
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the serum remained highly reactive against E2 until slaughter at day 161 (Figure 2b). 

Additionally, on day 69, another CT affected piglet (P-8) showed a transient high serum 

reactivity against Erns (S/P value = 1.5), but not against E2 (S/P value = 0.2, Figure 3b 

and Figure S1). 

Neutralizing capacity of APPV-specific antibodies 

Neutralizing capacity of the porcine sera was analyzed with the newly established APPV 

VNT. Selected sera of piglets (n = 42) at an age of six, 69 and 161 days and from the gilts 

(n = 18) taken at six, 21 and 48 days after farrowing were analyzed for their neutralizing 

capacity. Gilts showed neutralizing antibody titers (ND50) between 28 and 112 and the 

individual titers remained consistent within approximately seven weeks (48 days) after 

farrowing. No major differences were observed between the gilts that were APPV genome 

positive and those being negative at the first sampling date. Analysis of serum samples from 

the six-day-old piglets (n = 16) resulted in detection of neutralizing antibody titers at similar 

level to the gilts, showing ND50 between nine and 112 (Figure 4). The serum of the only 

initially APPV genome negative piglet (P-15) from a CT affected litter showed a neutralizing 

antibody titer of 70 at day six, which is in line with high antibody levels determined in both 

ELISAs (Figure 4 and Figure S1). The majority of tested sera from 69-day-old pigs from CT 

affected litters (n = 6/10 tested sera) showed no neutralizing capacity (ND50 ≤ 4). Only two 

CT affected piglets (P-2 and P-6) from different litters developed neutralizing antibodies 

before transfer to the fattening farm on day 69 (ND50 = 140 and 280, Figure 4 and Figure S1). 

Neutralizing antibody titers from horizontally infected piglets (n = 4) of the same age (69-

day-old) were between 35 and 112, while higher neutralizing antibody titers (between 70 and 

703) were observed at time of slaughter (day 161, Figure 4). Sera of the pigs from CT affected 

litters showed various amounts of neutralizing antibodies at the time of slaughter (ND50 ≤ 4 to 

2798, Figure 4). Nevertheless, levels of neutralizing antibodies were the highest in 
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horizontally infected pigs at the final sampling, with the exception of only two pigs derived 

from CT affected litters (P-6 and P-13). High neutralizing antibody titers of 2798 and 708 

were detected in these single individuals (P-6 and P-13, Figure 4 and Figure S1). In general, 

neutralizing antibody titers correlated with the presence of E2-specific antibodies (Figure 4a), 

but there was no apparent correlation with Erns-specific antibodies (Figure 4b). Sera of two 

piglets from CT affected litters (P-2, P-6), which showed high reactivity against the E2 

protein and only low reactivity against Erns at day 69, displayed relatively high neutralizing 

antibody titers of 140 and 280 (Figure 4 and Figure S1). Similarly, sera of a healthy piglet 

from an affected litter (P-13) and a horizontally infected piglet (P-19), both showing high 

reactivity only against E2, demonstrated high neutralizing antibody titers of 708 and 352 

(Figure 4). Furthermore, sera of two piglets (P-8, P-14) from CT affected litters, which were 

highly reactive only against Erns but not against E2 at day 69, showed no neutralizing ability 

(ND50 ≤ 4, Figure 4 and Figure S1). 

Figure 4. Reactivity of the sera against the APPV E2 and Erns envelope proteins and virus 

neutralizing capacity. Symbols indicate the health and infection status of the piglets. 

Shades of the symbols indicate the age of piglets. (a) Correlation of APPV E2 antibody 

ELISA (y axis) and VNT results (x axis). (b) Correlation of APPV Erns antibody ELISA 

(y axis) and VNT results (x axis). Individual animals indicated in the figures were 

https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#app1-viruses-11-00880
https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#app1-viruses-11-00880
https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#fig_body_display_viruses-11-00880-f004
https://www.mdpi.com/1999-4915/11/10/880/htm#app1-viruses-11-00880


Chapter 4 

 

 67 

described in detail within the results section. P-2, P-6, P-8, P-13, P-14 and P-15 are 

individually presented in Figure S1. 

 

Discussion 

APPV is a putatively globally distributed porcine pathogen associated with congenital tremor 

(CT) of newborn piglets. APPV is regarded as a potential threat to global swine health. Due to 

eminent genetic differences, biological properties of APPV can be expected to be different 

from established pestiviruses. So far, the role of porcine humoral immune response in 

controlling APPV infection has not been investigated. One major reason for this was the lack 

of serological tools such as VNT, which is restrained by the difficulties of isolation and 

propagation of APPV in cell culture [3,4,5]. Replication of APPV in cell lines suitable for 

isolation of CSFV and other pestiviruses is very limited and inefficient. Consequently, 

successful virus isolation was reported by only a few research groups [9,13,31]. A cell culture 

adapted APPV variant, showing improved viral replication in vitro, enabled for the first time 

an investigation into the relevance of neutralizing antibodies in controlling APPV infections. 

In addition, establishment of a newly developed E2 based antibody ELISA (this study) 

together with application of a recently established Erns based antibody ELISA [31] allowed 

monitoring of the kinetics of antibodies against the putative envelope proteins, which 

represent the major targets of the humoral immune system in classical pestiviruses. 

In the present study, transient infection of gilts during the gestation was observed, which is 

indicated by low or even negative APPV genome detection at the time point of farrowing. All 

gilts showed intermediate to high antibody levels against both APPV Erns and E2. Although 

the test virus used in the VNT (isolate Ger-NRW_L277) was homologous to the outbreak 

isolate, only moderate titers of neutralizing antibodies (ND50 = 28 to 112) were detectable in 

the majority of sows. Despite close and direct contact of the sows with virus shedding 
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offspring for a period of three weeks, no major titer changes were observed within the first 

seven weeks after farrowing. 

In concordance with the detection of antibodies in the sows, six-day-old piglets showed 

intermediate to high levels of Erns and E2-specific antibodies. APPV-specific antibody levels 

declined over time and reached minimal antibody titers at an age of 21 to 48 days (Figure 

2 and Figure 3) indicating maternal origin. Presence of maternally derived antibodies (MDA) 

was monitored in all piglets, independent of their health status. Half-life of porcine MDA is 

approximately 14 days for immunoglobulin IgG, the major isotype in pig colostrum, and 

levels gradually decline over time, which is in line with the presented results [33,34,35,36,37]. 

Previously, presence of MDA was also detected in CT affected piglets until 8 weeks of age 

[9]. Sera of six-day-old piglets revealed low to moderate neutralizing ability (ND50 = 9 to 

112, Figure 4), which is in line with neutralizing antibody titers detected in the gilts. Despite 

the presence of MDA, efficient horizontal infection was observed when 21-day-old APPV 

genome negative piglets (n = 6) were mingled on the flat deck with APPV infected piglets 

(Figure 1d). Moreover, a single healthy piglet (P-15) from a CT affected litter showed highest 

antibody titers against both proteins as well as neutralizing antibodies (ND50 = 70) and was 

genome negative at an age of six days. Nevertheless, antibody titers declined very rapidly and 

this piglet became viremic before entering the flat deck, without apparent clinical symptoms 

(Figure 1c and Figure S1). In CSFV infections, MDA are considered to provide passive 

protection to the piglets until development of an active immunity [34,35]. In contrast, MDAs 

did not confer protection against APPV infection in the present study. This observation can be 

explained by the limited neutralizing capacity and the rapid decline within the first weeks. 

Nevertheless, as horizontal APPV infection does not result in any clinical signs, it would 

usually remain undetected by the farmer. 

Horizontally infected piglets (n = 6) developed consistently high antibody titers against APPV 

E2 between days 69 and 161 (Figure 2d). Furthermore, neutralizing antibody titers reached up 
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to 703 at the final sampling (Figure 4), suggesting the establishment of protective immunity 

against APPV after horizontal infection. Age of piglets at the time of horizontal infection 

might represent a relevant factor for induction of protective immunity. Since the porcine 

immune system is fully matured in four-week-old piglets, a stronger antibody response after 

horizontal APPV infection might be achieved by piglets weaned later than 21 days [33,38]. 

Recovery from acute CSFV and BVDV infections usually results in long-lasting immunity for 

several years or even for lifetime [34,35,39]. So far, the duration of protective immunity 

acquired after APPV infection remains unknown and needs to be investigated in further 

studies. 

The E2 glycoprotein is known to be the immune-dominant antigen of classical pestiviruses 

such as CSFV and BVDV [27,28]. As E2 is targeted by the majority of neutralizing 

antibodies, subunit vaccines against CSFV are based on E2 antigen [38]. The E2 glycoprotein 

was recently suggested to be suitable for vaccine development, assuming that E2 is also the 

main immunogenic antigen of APPV. A recombinant E2 glycoprotein, which was not 

described in detail, was used to test the immunogenicity in mice [30]. In the present study, 

induction of humoral immune response after a field infection was investigated in the natural 

porcine host for the first time. The observed correlation between the levels of E2-specific 

antibodies and the neutralizing capacity provide evidence that E2 is the major target for 

induction of neutralizing antibodies against APPV (Figure 4a). This hypothesis is supported 

by the neutralizing antibody titers of individual sera being only reactive against the E2 antigen 

(Figure 4a,b). APPV is genetically highly variable and significantly differs from other 

pestivirus species. A previous study demonstrated that there is no cross-reactivity of APPV 

antibody positive samples in established serological assays for diagnosis of pestiviruses [31]. 

However, the extent of cross-protection of APPV-specific antibodies between different APPV 

genotypes as well as against other pestiviruses remains unknown and will be investigated in 

future studies. 
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In the present study, the great majority of piglets (n = 14/15) from CT affected litters were 

initially APPV genome positive (Figure 1a–c), of which 9 piglets showed clinical signs of CT, 

suggesting vertical infection of the piglets. APPV genome was detectable in sera from these 

putatively vertically infected piglets until slaughter and only slowly declined over a period of 

several months (Figure 1a–c). In contrast, horizontal transmission of APPV at later time 

points resulted in transient infection and absence of viral genomes at the time point of 

slaughter (Figure 1d). After the decline of MDA, various levels of Erns and E2-specific 

antibodies were detected throughout the lifetime in sera of the putatively vertically infected 

piglets (Figure 2 and Figure 3). All CT affected piglets except one (P-8) showed neutralizing 

antibody titers at the time of slaughter (Figure 4 and Figure S1). However, a low decrease in 

APPV genome titer was observed despite the absence of neutralizing antibodies (P-8, Figure 

1 and Figure S1). Furthermore, antibodies against Erns became evident, but were no longer 

detected at the time of slaughter (P-8, Figure 3 and Figure S1). 

Pestiviruses are known to induce persistent infection following an intrauterine or early post-

natal infection [34,39,40]. Persistently infected (PI) animals are immune tolerant to the 

persisting viral strain and shed high quantities of virus for life, thus representing critical virus 

reservoirs [34,39,40]. Detection and elimination of PI animals represents a key element of 

pestivirus control programs [39,40]. In a previous study, two CT affected piglets were 

identified to reach sexual maturity while still shedding virus in the absence of NS3-specific 

antibodies [9]. This is in agreement with the detection of APPV genomes in most piglets from 

CT affected litters at the time point of slaughter (Figure 1b,c). However, two piglets (P-6, P-

13) from CT affected litters developed exceptionally high neutralizing antibody titers and 

were only transiently infected with APPV; these observations are in contrast to crucial 

characteristics of persistent infections with other pestiviruses (Figure 4 and Figure S1). In 

general, the outcome of intrauterine infection with pestiviruses depends largely on the time 

point of gestation [33]. The observed individual differences in development of antibody 
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response against APPV infection and establishment of persistent versus transient infection 

might be due to different individual development of the piglets at the time point of infection. 

The fact that one infected litter can consist of diseased, healthy and also uninfected piglets (P-

15) supports the hypothesis of subsequent intrauterine infections that proceed only slowly, a 

scenario well-known for intrauterine porcine parvovirus infections. 

 

Conclusions 

Subclinical horizontal infection with APPV on the flat deck resulted in the induction of high 

neutralizing antibody titers, which provide protective immunity mainly based on E2-specific 

antibodies. Therefore, horizontal and clinically inapparent infections of piglets in the post-

weaning period seem to be beneficial to establish solid herd immunity. Introducing APPV 

naïve sows into the herd (or possibly sows that only had contact with a distinct APPV 

genotype) might cause re-appearance of CT and is in line with the observation that mainly 

gilts in their first parity farrow CT affected piglets [5]. Another scenario for the delivery of 

CT affected piglets is that those gilts may still be viremic when inseminated for the first time. 

In contrast to persistent infections with classical pestiviruses, APPV genome titers declined in 

piglets from CT affected litters and a humoral immune response against Erns and E2 was 

detectable. Further investigations will be needed to understand this phenomenon. 

The availability of serological assays including VNT and the results of the present study will 

help to implement tailored prevention strategies against APPV infections. Effective measures 

may include testing boars and semen for presence of APPV genomes, determination of the 

APPV genome and antibody status of gilts, extend acclimatization times of gilts newly 

introduced in a herd and bringing naïve gilts in contact with APPV to allow induction of 

humoral immune response against APPV before the insemination. 

https://www.mdpi.com/1999-4915/11/10/880/htm#B5-viruses-11-00880
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The present study provides a first insight into the humoral immune response against APPV 

infections in the natural host. Elucidating the capacity of neutralizing antibody induction after 

APPV infections will help to understand the epidemiology and pathogenesis of this novel 

pathogen. 

Supplementary Materials: The following are available online 

at https://www.mdpi.com/1999-4915/11/10/880/s1, Figure S1: Course of APPV infection and 

antibody response in individual piglets, Figure S2: Development of a novel APPV Virus 

Neutralization Test (VNT). 
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Supplementary Materials: Characterization of the Humoral Immune Response 

Induced After Infection with Atypical Porcine Pestivirus (APPV) 

 

Figure S1. Course of APPV infection and antibody response in individual piglets from CT 

affected litters. Upper row: CT affected piglets, lower row: healthy piglets from CT affected 

litters. Vertical dashed lines on day 21 and day 69 indicates the time of weaning and time of 

transfer to a fattening farm. Horizontal dashed lines indicates the E2 and Erns-specific 

antibody levels as low, intermediate and high, which are given as S/P values (S/P ≤ 0.5, low; 

S/P = 0.5- 1.0 intermediate; S/P ≥ 1.0 highly reactive). Neutralizing antibody (nAb) titers are 

given for days six, 69 and 161. ”n.d.”: not done. Only the piglets, which were discussed 

individually within the text, are presented. Piglet P-2 is a representative for the CT affected 

litter 1 that was cross-fostered immediately after birth to a pluriparous sow with a healthy 

litter. Since various patterns of Ab response are seen in piglets from CT affected litters, two 

individual examples of diseased (P-6 & P-8) and healthy (P-13 & P-14) piglets of CT affected 

litters are shown. P-15 is the only piglet from the CT affected litters that was initially genome 

negative. 
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Figure S2. Development of a novel APPV Virus Neutralization Test (VNT). Panel a) 

Immunofluorescence staining after de novo infection with virus stocks of APPV isolate 

“L277P100” used in VNT. SPEV cells were infected simultaneously at the time point of 

seeding. Cells were heat fixated 3 days post infection for immunofluorescence staining. Non 

infected cells served as a negative control. Panel b) Neutralizing activity of a porcine serum in 

dependence on the serum dilution. Serial dilutions of a serum sample (used as a control serum 

in each VNT assay) were performed using Log 2 dilution steps. VNT was performed as 

described within the manuscript and APPV “L277p100“ VNT stock (102 TCID50/50μl) shown 

in panel a was used as a test virus. Scale bars indicate 100 μm. 
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5 Discussion 

Pestiviruses are animal pathogens with a great socio-economic significance for livestock 

worldwide (Moennig, 2015, Houe, 2003, Hessman et al., 2009). Recently, presence of distinct 

pestivirus sequences were identified for the first time in non-Artiodactylous hosts (Wu et al., 

2012, Firth et al., 2014, Wu et al., 2018b). In addition, highly distinct pestiviruses, namely 

Atypical porcine pestivirus (APPV), Linda virus and Bungowannah virus were detected in 

domestic pigs (Hause et al., 2015, Kirkland et al., 2007, Lamp et al., 2017). After the 

discovery of APPV in 2015 from healthy domestic pigs, association between APPV and CT 

Type AII in neonatal piglets was established (Arruda et al., 2016, Postel et al., 2016). 

Currently, at least 20 reports from ten different countries described the presence of APPV in 

CT affected piglets, confirming that APPV is the prominent cause of virus-induced CT in 

neonatal piglets (Arruda et al., 2016, de Groof et al., 2016, Dessureault et al., 2018, Gatto et 

al., 2018, Kim S., 2017, Pan et al., 2018b, Possatti et al., 2018b, Postel et al., 2016, Schwarz 

et al., 2017, Shen et al., 2018, Zhang et al., 2017a, Zhang et al., 2017b, Zhou et al., 2018, 

Yuan et al., 2017, Xie et al., 2019, Munoz-Gonzalez et al., 2017, Mosena et al., 2017, Denes 

et al., 2018, Yan et al., 2019, Zhang et al., 2019). However, at the starting point of this 

project, only very limited information was available regarding the genetic and biological 

characteristics of this novel porcine pathogen. Furthermore, Classical swine fever virus 

(CSFV) is the causative agent of CT Type AI in new born piglets. Capability of APPV and 

CSFV to induce similar clinical symptoms emphasizes the importance of understanding the 

epidemiology and pathogenesis of this virus. Thus, focus of the present project was to 

determine the distribution of APPV in domestic pigs and wild boar, to genetically characterize 

different APPV variants and finally to investigate host interactions with APPV. Results 

obtained within the individual studies help to understand the epidemiology and pathogenesis 
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of APPV and will contribute to the implementation of tailored prevention strategies against 

the virus.  

5.1 Global distribution and genetic variability of APPV 

Within the early reports from the United States and Germany, presence of APPV genomes in 

the investigated domestic pig herds was shown with relatively high abundance (2.4%-22%) 

(Hause et al., 2015, Postel et al., 2016, Beer et al., 2017). Study presented in chapter two 

represents the first large scale investigations of healthy domestic pig herds. Results 

demonstrated that APPV is highly abundant in several countries within Europe and Asia (9% 

genome, 60% antibody detection rates) and is likely to be distributed globally (Postel et al., 

2017a). Apparently healthy but viremic pigs play an important epidemiological role as virus 

carriers and contribute to the wide spread of APPV (Postel et al., 2017a). In concert with our 

findings, APPV was continuously reported from many other countries within four continents, 

confirming that APPV is a porcine pathogen of global relevance (Figure 4).  

Our study presented in chapter two is also providing an insight into the genetic diversity 

within this novel pestivirus species. APPV variants originating from the same country were 

demonstrated to display remarkably high genetic variability (Postel et al., 2017a). Genetic 

variations reflect the geographic origin only to a low extent (Postel et al., 2017a). In 

agreement with our findings, other studies reported high genetic variability within the same 

country or even within the same province (Yan et al., 2019, Munoz-Gonzalez et al., 2017). 

With the availability of a growing number of APPV sequences, a recent study reported a 

distinct phylogenetic cluster consisting of only Chinese APPV sequences, which is 

represented in our study by a single sequence (China-GD_2016; KX950761) (Yan et al., 

2019, Postel et al., 2017a). As it is also the case for CSFV, no correlation of pathogenicity 

with a certain genetic group is so far evident for APPV (Postel et al., 2017a). In future studies, 

obtaining additional isolates for biological characterization of different APPV strains is of 
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particular interest to elicit the biology and pathogenicity of this novel pathogen. Furthermore, 

different APPV variants with unique deletions were identified within our own study (Postel et 

al., 2017a) and by other groups (Yan et al., 2019). Future studies are needed to address the 

biological relevance of these unique features. 

APPV reports from the study presented in chapter two are indicated with red color (Postel et 

al., 2017a). So far, APPV was reported from the United States (Hause et al., 2015, Arruda et 

al., 2016, Gatto et al., 2017), Canada (Dessureault et al., 2018), Brazil (Gatto et al., 2018), 

the Netherlands (de Groof et al., 2016), Germany (Postel et al., 2016, Beer et al., 2017, 

Postel et al., 2017a), Sweden (Blomstrom et al., 2016), Spain (Munoz-Gonzalez et al., 2017), 

Austria (Schwarz et al., 2017), Hungary (Denes et al., 2018), Great Britain, Italy, Serbia, 

Switzerland, (Postel et al., 2017a), China (Yuan et al., 2017, Zhang et al., 2017a, Postel et 

al., 2017a), Taiwan (Postel et al., 2017a) and South Korea (Kim S., 2017). 

Global distribution and the observed high genetic variability of APPV indicate a long term 

unnoticed virus spread, likely by international trade of pigs or pig products. So far, 

Figure 4. Geographic distribution of APPV 
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retrospective studies confirmed the presence of APPV in Germany, Hungary, Spain and 

Switzerland up to three decades prior to its first discovery in 2015 (Postel et al., 2016, Munoz-

Gonzalez et al., 2017, Denes et al., 2018, Kaufmann et al., 2019). The most recent study 

reported approximately 13% APPV genome detection rates from fattening pigs in Switzerland 

between 1986 and 2018 (Kaufmann et al., 2019). It can be expected that the existence of 

APPV dates back to a considerably earlier time point. In a study conducted with currently 

available APPV sequences of pigs in Germany and Spain, APPV is proposed to be evolving 

within the past 14 years with high mutation rates, which is comparable to that of CSFV 

(Munoz-Gonzalez et al., 2017). In another study using Bayesian analysis, it was speculated 

that APPV originated in Germany and spread to America and Asia (Yuan et al., 2017). 

However, availability of more APPV sequences from different geographic origins is 

necessary to strengthen the reliability of conclusions about the origin and dissemination of 

APPV. 

5.2 Presence of Linda and Bungowannah pestiviruses in domestic pigs and 

wild boar 

In addition to APPV, another novel pestivirus provisionally termed Linda virus was recently 

discovered and suggested to be associated with CT in new born piglets (Lamp et al., 2017). 

However, Linda virus or related pestiviruses such as Bungowannah virus was never reported 

from any other location and the epidemiology of these viruses were unknown. Therefore, we 

investigated the presence of these pestiviruses in domestic pigs and wild boar (Cagatay et al., 

2018). The results of our studies demonstrated that pestivirus genomes closely related to 

Linda virus or Bungowannah virus were absent in the tested domestic pigs from Europe and 

Asia (Poland, Serbia, Italy, Switzerland, Taiwan) and wild boar from Germany (Cagatay et 

al., 2018). In agreement with our results, a recent study reported the absence of Linda virus 

genomes in domestic pig samples obtained between 1986 and 2018 from Switzerland 



Chapter 5 

 

 83 

(Kaufmann et al., 2019). Absence of these viruses in domestic and wild pigs together with the 

previously reported broad cell culture tropism of Bungowannah virus (Kirkland et al., 2015) 

suggest a spillover infection of porcine hosts originating from another species. The original 

host of these pestiviruses remains unknown. In contrast to high genome detection rates of 

APPV, infections with Linda virus and Bungowannah virus seem to occur very rarely in pig 

populations. However, there are no tools available for serodiagnosis of Linda and 

Bungowannah pestiviruses so far. Development of broadly reactive serological assays for 

detection of antibodies reacting with these two unique pestiviruses, as well as related viruses 

is of particular interest. The availability of such assays may facilitate the identification of 

natural hosts of Bungowannah and Linda pestiviruses and will improve our knowledge about 

the epidemiology of these viruses. 

5.3 Wild boar serves as a wild animal reservoir for APPV 

Wild boar represents an important wild animal reservoir for porcine pestiviruses such as 

CSFV (Moennig, 2015). Identification of the wild animal reservoir is a crucial milestone to 

understand the epidemiology of APPV and implement tailored control strategies. Thus, we 

investigated the relevance of wild boar as a wild animal reservoir for APPV (Cagatay et al., 

2018). Results of our studies showed that APPV is highly abundant in the investigated wild 

boar population in Lower Saxony (19% genome, 52% antibody detection rates) (Cagatay et 

al., 2018). Additionally, presence of APPV-specific antibodies in samples from Serbia 

indicates that APPV is likely to be abundant in other parts of Europe as well (Cagatay et al., 

2018). Due to the difficulty of observing the new born piglets, there are no information 

available regarding the appearance of CT in wild boar. Experimental infections of wild boar 

should be performed in order to illuminate the ability of APPV to induce CT in wild boar. 

Nevertheless, high genome and antibody detection rates suggest that wild boar may serve as a 

wild animal reservoir for APPV (Cagatay et al., 2018). In contrast to our findings, an 
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investigated wild boar population from Spain was reported to be almost free of APPV 

infections (Colom-Cadena et al., 2018). The only APPV genome positive sample showed 

100% sequence identity to an APPV that was previously identified from domestic pigs. 

However, seroprevalence of APPV has not been investigated and remains unknown for the 

investigated wild boar population in Spain (Colom-Cadena et al., 2018). 

Genetic characterization of APPVs from wildlife provides useful information on the evolution 

of pestiviruses. APPV variants identified in German wild boar are genetically distinct to the 

APPVs from domestic pigs, even to those originated from the same region (Cagatay et al., 

2018). It was speculated that APPV variants from wild boar might represent the native APPV 

genotype from the area (Cagatay et al., 2018). Additionally, APPV sequences from wild boar 

show remarkably close relationships, when compared to the high genetic diversity of APPVs 

in domestic pigs from the same country of origin (Cagatay et al., 2018). Behavior of wild boar 

may explain this conservation. Since this species typically do not stray long distances, 

interactions with other sounders remain limited. In the future, follow up studies from the same 

area and other regions should be conducted in order to analyze the dynamics and evolution of 

APPV infections in the wild boar population. 

Interestingly, an APPV variant in wild boar from the city of Wolfsburg was identified to be 

more closely related to the APPVs from domestic pigs (Cagatay et al., 2018). Similar to our 

findings, a partial APPV sequence obtained from a wild boar near the city of Barcelona was 

reported to be identical to the APPV sequence identified in domestic pigs from approximately 

a decade ago (Colom-Cadena et al., 2018). These findings indicate an APPV transmission 

between domestic pigs and wild boar. Endemics in wild animal reservoir represent a constant 

threat to domestic pigs in the effected country and neighboring areas. In order to control and 

eradicate CSFV in the EU, oral immunization of wild boar together with special hunting 

strategies was applied (Moennig, 2015). If control and prevention of APPV is desired, 
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infection status of the wild boar populations in surrounding areas must be investigated. 

Possible direct or indirect contact between domestic pigs and wild boar must be identified and 

eliminated. If wild boar populations are ensured to remain small and isolated, infections can 

be self-limiting as it was observed in CSF infections (Moennig, 2015).  

5.4 Diagnostics for APPV infections 

Even though CT is a disease that was known for almost a century, the major causative agent 

remained unknown until the discovery of APPV a few years ago. One of the main reasons is 

the genetic distance of APPV to the classical pestiviruses, which correlated with the absence 

of cross reactivity in routinely applied assays for the detection of CSFV and other pestivirus 

genomes, antigens or antibodies (Postel et al., 2017b, Postel et al., 2017a). Furthermore, 

APPV does not cause cytopathogenic effects in cell culture and detection of the virus is only 

possible via indirect visualization by staining the viral antigen. Currently, the routine 

diagnosis of APPV from clinical samples is mainly based on the genome detection by qRT-

PCRs. High genetic variability of APPV must be taken into account, since failure in detection 

of distinct APPV genomes may occur (Postel et al., 2017a). Targeting conserved genomic 

regions that encode parts of NS3, NS4B or NS5B is the suitable choice for the genome 

detection by qRT-PCRs and currently used by several groups (Arruda et al., 2016, Mosena et 

al., 2017, Postel et al., 2017b).  

Although it is time-consuming and requires indirect visualization of the infection by staining 

the viral antigen, virus isolation is a gold standard test in CSFV diagnosis (Anonymous, 

2002). Virus isolation is not applicable in APPV diagnosis, since the growth of this novel 

virus on cell cultures routinely used for isolation of CSFV and other pestiviruses is not 

efficient (Hause et al., 2015, Arruda et al., 2016, de Groof et al., 2016). Consequently, 

successful virus isolation was only reported by few research groups (Schwarz et al., 2017, 

Beer et al., 2017, Postel et al., 2017b). Establishment of serological assays such as VNT is 
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restrained by the difficulties of isolation and propagation of APPV in cell culture (Hause et 

al., 2015, Arruda et al., 2016, de Groof et al., 2016). In our studies, many animal and human 

cell lines were tested without success, in order to identify a cell culture system that allows 

improved viral growth (unpublished data). However, as a result of the presented work, a cell 

culture adapted APPV variant that shows improved viral replication in vitro was successfully 

established (Cagatay et al., 2019). Availability of this virus isolate has allowed the 

establishment of serological assays such as VNT and particularly useful for diagnosis of 

APPV. Furthermore, this cell culture adapted virus also represents a useful tool to determine 

the molecular mechanisms of virus entry and further steps of the viral life cycle. 

VNT is a commonly used tool for the detection of the immune response against CSFV 

(Anonymous, 2002). Routinely applied commercial CSFV E2 specific antibody ELISAs show 

a similar sensitivity when compared to VNT. E2 functions as the immune-dominant antigen 

and is the main target for neutralizing antibodies that confer protective immunity to the host 

(Konig et al., 1995, Weiland et al., 1990). However, no information was available regarding 

the induction of protective immunity by structural proteins of APPV. Thus, establishment of 

VNT and the novel APPV ELISA based on the E2 antigen represents important milestones in 

characterizing the humoral immune response against APPV infections (Cagatay et al., 2019). 

Currently, two APPV ELISAs based on the E2 and Erns proteins expressed in Leishmania 

tarentolae are available and represents useful tools for APPV serodiagnosis (Cagatay et al., 

2019, Postel et al., 2017b). The results of the work presented here demonstrated that APPV 

E2 specific antibodies are correlating with the neutralizing capacity (Cagatay et al., 2019). In 

the absence of an established VNT, E2 specific ELISA would provide valuable information 

regarding the immune status of the animals. Moreover, E2 specific antibodies are detected in 

higher levels for longer period of time after a field infection, when compared to Erns specific 
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antibodies (Cagatay et al., 2019). Thus, E2 specific antibody ELISA might represent the 

method of choice for the serological diagnosis and epidemiological investigations of APPV.  

Previously, another APPV antibody ELISA based on the recombinant bacterially expressed 

Erns protein was described by Hause et al (Hause et al., 2015). However, pestiviral Erns and E2 

proteins are highly glycosylated and thus, bacterial expression of the antigens may not be 

optimal. A eukaryotic host (e.g. Leishmania tarentolae) represents a more suitable choice for 

the expression of Erns and E2 proteins, since the eukaryotic protein expression machinery 

allows post-translational modifications such as glycosylation and disulfide bond formation. In 

classical pestiviruses, Erns, E2 and NS3 proteins provoke a detectable humoral immune 

response in a host after a natural infection (Wang et al., 2015, Bolin and Ridpath, 1989, 

Ridpath, 2013, Lambot et al., 1997). An APPV NS3 specific ELISA was described by 

Schwarz et al and is currently used for the serological diagnosis of APPV (Schwarz et al., 

2017). In contrast to the high antibody detection rates of domestic pigs reported within our 

study (60% in Europe and Asia) and by Hause et al (94% in USA), considerably low NS3 

specific antibody detection rates were reported from Austria (35.3%) (Postel et al., 2017a, 

Hause et al., 2015, Schwarz et al., 2017). In future, investigations of the longitudinally 

sampled piglets (e.g. samples from chapter four) with ELISAs based on the NS3, Erns and E2 

antigens should be performed in order to compare different serological assays and to further 

elucidate the humoral immune response against APPV infections. For screening pig 

populations for the presence of distinct APPVs as well as other divergent pestiviruses (such as 

Bungowannah virus, Linda virus, rat or bat pestiviruses), establishment of broadly reactive 

serological assays are of particular interest. APPV NS3 is relatively highly conserved amongst 

pestiviruses and may represent an ideal target for the establishment of broad reactive 

serological assays. Development and the usage of such serodiagnostic tests for 

epidemiological investigations will be the focus of future studies. 
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5.5 Characteristics of APPV infection and antibody response 

With the availability of serological assays such as Erns and E2 ELISAs as well as VNT, 

characterization of the APPV infection and antibody response during a field infection was 

achievable for the first time. 

Classical pestiviruses are known to cross the placenta barrier and cause prenatal infections of 

the fetuses. Experimental infections with APPV demonstrated that intrauterine infection 

during different stages of pregnancy (32, 45 and 62 days) results in the birth of CT-affected 

piglets (Arruda et al., 2016, de Groof et al., 2016). APPV induced CT after horizontal 

infection of weaner aged piglets or adult pigs are so far not evident (Cagatay et al., 2019). In 

congruence, similar observations were reported by other groups (Arruda et al., 2016, de Groof 

et al., 2016). For manifestation of CT, it is likely that infection must occur before the 

development of fetal immunocompetence (70-80 days of gestation). During CT outbreaks, 

morbidity and severity of the clinical signs vary within and between the litters (de Groof et 

al., 2016, Gatto et al., 2018, Arruda et al., 2016, Cagatay et al., 2019). One litter can contain 

diseased, healthy and also uninfected piglets (Cagatay et al., 2019). It appears likely that 

intrauterine infection with APPV proceeds only subsequently in individually developing 

piglets, as it is well-known for porcine parvovirus infections (Cagatay et al., 2019).  

Intrauterine infection with classical pestiviruses can result in persistent infections, depending 

on the time point of gestation. Persistently infected (PI) animals are immunotolerant to the 

virus, show constant viremia and shed large amounts of virus. In theory, persistent APPV 

infections are plausible since APPV Npro protein possess the function of IFN-1 antagonism to 

suppress the innate immune response (Pan et al., 2018a). Within the study presented in 

chapter four, long term viremia was detected in putative vertically infected pigs until 

slaughter at the age of 24 weeks (Cagatay et al., 2019). However, various levels of Erns and E2 

specific antibodies were also evident. Characteristics of APPV infection in CT-affected 
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(putatively vertically infected) piglets are: long term viremia, slow decrease of genome loads, 

various patterns of humoral immune response and different levels of neutralizing Ab titers. 

Even when the viremia persists for life time in the absence of neutralizing antibodies, a 

transient (Erns-specific) antibody response and remote decrease in APPV genome levels are 

observed (Cagatay et al., 2019). Thus, for APPV a typical persistent infection as known for 

classical pestiviruses is not evident. Long term viremia in CT-affected pigs was detected by 

Schwarz et al for 14 weeks and the ability of APPV to induce persistent infections has been 

discussed (Schwarz et al., 2017). Investigated animals were shown to shed virus via saliva and 

semen in the absence of APPV NS3-specific antibody response (Schwarz et al., 2017). 

However, neither the presence of antibodies raised against the envelope proteins Erns and E2 

nor the neutralizing capacity of the antibodies were investigated and remains unknown for 

these animals.  

Detection of APPV genomes in preputial fluids and semen of boars provides evidence for a 

sexual transmission of APPV, as it is known to be efficient for other pestiviruses (de Groof et 

al., 2016, Schwarz et al., 2017, de Smit et al., 1999, Floegel et al., 2000). Furthermore, APPV 

genomes were detected in commercial bull studs, which might cause CT outbreaks in naïve 

herds (Gatto et al., 2017). However, efficient transmission of APPV infection via commercial 

boar studs is so far uncertain. Future studies are needed to prove the efficacy of sexual 

transmission route for APPV infections during natural breeding and artificial insemination.  

Horizontal transmission of APPV within the herds was previously suggested to occur via the 

orofecal route, since high APPV genome load can be found in salivary glands, duodenum, 

pancreas and colon (Postel et al., 2016). Efficient horizontal transmission of APPV occurs on 

the flat deck when naïve piglets are mingled together with infected piglets (Cagatay et al., 

2019). Horizontal APPV infections on the flat deck are clinically inapparent. Subclinical 

horizontal infection may occur before the weaning age as well (Cagatay et al., 2019). After 
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horizontal APPV infection, viremia is generally shorter when compared to vertical infections. 

Horizontally infected piglets usually clear the infection before the time of slaughter (Cagatay 

et al., 2019). Since horizontal APPV infection does not result in any clinical signs and is 

cleared quickly, it often remains undetected. Horizontal infection on the flat deck resulted in 

the induction of high and consistent neutralizing antibody titers. For CSFV, recovery from 

acute infection usually results in lifetime immunity against re-infections. After transient 

horizontal APPV infection, neutralizing antibodies were detected in fattening pigs until 

slaughter (Cagatay et al., 2019). Challenge infections of the piglets, which were horizontally 

infected on the flat deck and developed high level of neutralizing antibodies should be 

performed in future studies. It should be investigated whether those pigs might give birth to 

CT affected piglets when challenged with APPV during gestation. Moreover, the exact time 

span of the protective immunity should be further investigated. It is known for classical 

pestiviruses that the passive protection can be provided to the offspring by transmission of 

maternally derived antibodies (MDA) via colostrum from immune animals. In APPV 

infections, presence of MDA was detected for seven weeks (Cagatay et al., 2019). However, 

limited neutralizing capacity and rapid decline of MDA was observed (Cagatay et al., 2019). 

Consequently, all healthy piglets became infected with APPV on the flat deck. In contrast to 

classical pestiviruses, low neutralizing capacity together with the rapid decline of MDA 

within the first weeks suggests the absence of effective passive protection against APPV. 

Similar to our findings, presence of MDA was previously reported from CT affected piglets 

without any information about their neutralizing capacity. 

Our results provide first insights into the humoral immune response raised against APPV 

infections in the natural host (Cagatay et al., 2019). Previously, interferon α was detected in 

the sera from APPV infected piglets, which indicates the activation of host´s innate immune 

system (Munoz-Gonzalez et al., 2017). However, currently no further information is available 
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regarding the host innate immune response. Future studies will address the role of innate 

immunity in APPV infections. 

5.6 Prevention strategies for APPV 

In classical pestiviruses, E2 is the immune-dominant antigen and target for neutralizing 

antibodies (Wang et al., 2015, Weiland et al., 1992). Thus, subunit vaccines against CSFV are 

based on the E2 antigen (Postel et al., 2018a). The results of the present work revealed that 

APPV E2 glycoprotein is an important target for neutralizing antibodies and might represent a 

suitable target for subunit vaccine development against APPV (Cagatay et al., 2019). 

Accordingly, a recombinant APPV E2 glycoprotein was recently shown to induce humoral 

immune response in mice and suggested to be suitable for subunit vaccine development 

(Zhang et al., 2018). However, application of vaccines may be dispensable in controlling 

APPV infections. In domestic pig herds, APPV infections may be controlled successfully by 

suitable herd management. Effective measures may include the following aspects: (i) 

extending the acclimatization times of gilts newly introduced into a herd, bringing the naïve 

gilts in contact with APPV at an early time point in order to allow induction of humoral 

immune response against APPV before the insemination, (ii) determination of the APPV 

genome and antibody status of gilts before the insemination, (iii) testing the boars and semen 

for presence of APPV genomes. Furthermore, possible routes of reintroduction of APPV into 

the herd via wild boar should be taken into account, as wild boar represents the wild animal 

reservoir for APPV. 
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6 Summary 

Titel:   Genetic and Biological Characterization of Atypical Porcine Pestivirus (APPV) 

Associated with Congenital Tremor in Newborn Piglets 

Author:  Gökce Nur Cagatay 

Pestiviruses are enveloped RNA viruses belonging to the family Flaviviridae which 

comprises significant animal and human pathogens. A novel genetically distinct pestivirus, 

designated Atypical porcine pestivirus (APPV), was recently discovered and subsequently 

demonstrated to be a major cause of congenital tremor (CT) in newborn piglets. Within the 

present project, investigations of apparently healthy pigs from different parts of Europe and 

Asia (n=1,460) revealed remarkably high APPV genome (8.9%) and antibody (60%) 

detection rates, which together with reports from North and South America, indicate the 

global distribution and high abundance of APPV. Characterization of APPV variants from 

different origins demonstrated the high genetic variability of APPV. High genome (19%) and 

antibody (52%) detection rates of APPV in wild boar were demonstrated, which indicates that 

wild boar may serve as a wild animal reservoir for APPV. Furthermore, humoral immune 

response induced after a field infection with APPV was characterized. Findings indicate that 

E2 glycoprotein represents the immune-dominant antigen for induction of neutralizing 

antibodies against APPV infections. Maternally derived antibodies (MDA) could be detected 

at a low titer and rapidly declined. Presence of MDA in new born piglets apparently did not 

confer protection against APPV infections. A subclinical horizontal infection was observed 

when healthy and infected piglets were mingled on the flat deck. Results provide strong 

evidence that protective immunity against APPV infection can be achieved after horizontal 

infection. In contrast to the classical pestiviruses, typical persistent infection was not observed 

for APPV infection. Findings of this project help to understand the epidemiology and 
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pathogenesis of this novel pathogen and are useful for the implementation of tailored 

prevention strategies. 
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7 Zusammenfassung 

Titel:   Genetische und Biologische Charakterisierung des Atypischen Porzinen 

Pestivirus (APPV) Assoziiert mit Kongenitalem Tremor bei Neugeborenen Ferkeln 

Autor:   Gökce Nur Cagatay 

Pestiviren sind behüllte RNA Viren in der Familie Flaviviridae, welche wichtige tierische und 

menschliche Erreger umfasst. Ein genetisch verschiedenartiges Pestivirus, bezeichnet als 

Atypisches porzines Pestivirus (APPV) wurde vor kurzem entdeckt. Es konnte nachgewiesen 

werden, dass APPV an der Entstehung des kongenitalen Tremors bei neugeborenen Ferkeln 

beteiligt ist. Während des aktuellen Projektes konnten Untersuchungen von klinisch 

unauffäligen Schweinen aus verschiedenen Teilen Europas und Asiens (n=1,460) eine hohe 

Detektionsrate von APPV Genom (8,9%) und Antikörpern (60%) feststellen. Diese 

Nachweise deuten zusammen mit Berichten aus Nord- und Südamerika auf eine weltweite 

Verbreitung und große Häufigkeit von APPV Infektionen hin. Die Charakterisierung 

unterschiedlicher APPV Varianten aus unterschiedlichen Regionen weist eine hohe genetische 

Variabilität auf. Es konnten hohe Genom- (19%) und Antikörper-Detektionsraten (52%) von 

APPV in Wildschweinen festgestellt werden. Dies lässt vermuten, dass Wildschweine als 

Reservoirwirt für APPV dienen. Weiterhin wurde die humorale Immunantwort nach einer 

Feldinfektion mit APPV charakterisiert. Ergebnisse zeigen, dass das E2 Glykoprotein als 

immundominantes Antigen für die Bildung neutralisierender Antikörper gegen APPV dient. 

Ein niedriger Titer maternaler Antikörper konnte nachgewiesen werden, welcher schnell 

abfiel. Die Anwesenheit maternaler Antikörper in neugeborenen Ferkeln gewährte keinen 

Schutz gegen APPV Infektionen. Eine subklinische horizontale Infektion konnte beobachtet 

werden, als nicht-infizierte und infizierte Ferkel auf dem Flatdeck vermischt wurden. Diese 

Ergebnisse liefern einen glaubwürdigen Anhaltspunkt, dass eine schützende Immunität gegen 

APPV durch horizontale Infektionen erworben werden kann. Im Vergleich mit klassischen 
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Pestiviren konnte keine typische persistierende Infektion durch APPV nachgewiesen werden. 

Die Ergebnisse und Schlussfolgerungen aus diesem Projekt verbessern unser Verständnis der 

Epidemiologie und Pathogenese dieses neuen Erregers und sind nützlich für die Entwicklung 

und Umsetzung maßgeschneiderter Präventionsstrategien gegen APPV. 
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