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I. List of Abbreviation 

AI   Artificial insemination 

ASF   African swine fever 

ASFV   African swine fever virus 

AQP3   Aquaporin 3 

CREB   cAMP response element-binding protein 

Cq   Cycle quantification value 

C8B   Complement C8 beta chain 

DNA    Deoxyribonucleic acid 

DOK3   Docking protein 3 

Ds   double stranded 

EDTA   Ethylenediaminetetraacetic acid 

ELISA   Enzyme-linked immunosorbent assay 

ER   Endoplasmic reticulum 

EU   European Union 

GFP   Green fluorescent protein 

GPR82   G protein-coupled receptor 82 

GSTA1   Glutathione S-transferase A1 

HAU   Hemadsorbing units 50 

HPX   Hemopexin 

ICTV   International committee on taxonomy of viruses 

IHC    Immunohistochemistry 

IFN   Interferon 

IL   Interleukin 

ISH   In situ hybridisation 

ITGAD   Integrin subunit alpha D 

JPT2   Jupiter Microtubule Associated Homolog 2 

kbp   Kilo base pair  

NF-κB   Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

ORF   Open reading frame 

qPCR   Quantitative polymerase chain reaction 
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RBP4   Retinol binding protein 4 

RNA   Ribonucleic acid   

RT-qPCR  Quantitative reverse transcription polymerase chain reaction 

Ss   Single stranded 

STAT 1   Signal transducer and activator of transcription 1 

TEM   Transmission electron microscopy 

TNF-α   Tumor necrosis factor-alpha 

TSG 6   Tumor necrosis factor-inducible gene 6 protein 

uPA   Urokinase-type plasminogen activator 

uPAR   Urokinase receptor 

WSL   Wild suid lung 
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II. Introduction 

African swine fever is a notifiable animal disease that is now spread worldwide and is often fatal. 

The viral disease, which is caused by a complex DNA virus of the Asfarviridae family, affects both 

domestic and wild suids and is so far neither preventable by a vaccine nor treatable. 

Against the background of the introduction of African swine fever into the European Union 

including Central Europe, the systems of early detection and diagnostics had to be reconsidered 

and optimized in the past years and months. In this context, a virus strain from Belgium was 

characterized in detail in this work. The focus was on the pathobiological characteristics in 

domestic pigs of different age classes, knowledge which is crucial for early detection. 

Early clinical detection has to be flanked by reliable laboratory diagnostic methods. Here, the 

choice of matrices is important for success and practicability. Taking this into account, various 

traditional and alternative matrices from animal experiments with viruses of different genotypes 

were tested and compared with regard to their technical suitability, comparability and ease of 

use.  

Detailed knowledge of the direct and indirect transmission routes of the disease is also of great 

importance for animal disease control and risk assessment. In order to derive implications for the 

venereal transmissibility, one additional study turned to the pathobiology of ASFV in the male 

reproductive tract. Both domestic boars and wild boar could be included in this assessment.  

The studies of this thesis thus span an arc from the early detection of ASFV-related disease on a 

clinical and laboratory diagnostic level to the assessment of possible transmission risks and their 

mitigation. 
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III.  Review of Literature 

Taxonomy & Origin 

The taxonomic families Asfarviridae, Ascoviridae, Iridoviridae, Marseilleviridae, Mimiviridae, 

Phycodnaviridae, Pithoviridae and Poxviridae are referred to a group of nucleocytoplasmic large 

DNA viruses (NCLDV) [1]. Given the hypothesis, that eukaryotic ssDNA viruses apparently evolved 

via a fusion of genes from prokaryotic rolling circle-replicating plasmids and positive-strand RNA 

viruses, the origin of NCLDV possibly lays back to the Tectiviridae that represent icosahedral 

tailless ssDNA bacteriophages. This approval is stressed by an evolutionary connection between 

the virophages of Mimiviridae and large eukaryotic dsDNA transposons of the Polinton and 

Maverick group. Polintons are supposed to be the evolutionary intermediates between bacterial 

tectiviruses and several groups of eukaryotic dsDNA viruses [2].  

NCLDV are now classified in the phylum Nucleocytoviricota (ICTV 2020) and constitute an 

apparently monophyletic group with the existence of a common ancestor that was a virus with 

genomic complexity. Nevertheless, the majority of group core genes are unlikely to be 

monophyletic but have been independently edited, comprising evolutionary mechanisms as gene 

loss and xenologous gene displacement. Moreover, the acquisition of genes from eukaryotes, 

bacteria, bacteriophages, and links to other large DNA viruses as herpesviruses and baculoviruses 

have been reported [3]. In line, NCDLV show a broad host tropism that include phagotrophic 

protists, plants, insects, mammals and reptiles and its members share several biological features 

[4].  

As a sole member within the Asfarviridae family, African swine fever virus (ASFV) is classified in 

the single genus Asfivirus and linked to the order Asfuvirales (ICTV 2020). The evolution of ASFV 

remains unsolved, as the paucity of ASFV near-neighbours in nature makes conjecture its origin 

difficult [5]. So far, abalone asfa-like virus has been designated as the closest ancestor, though 

this relation remains distant [6, 7]. ASFV is the only known DNA arbovirus [8].   

It shows high adaption to its natural hosts, i.e. Ornithodoros ticks and indigenous African wild 

suids [8]. Strengthening the hypothesis of virus-host-coevolution within this ancient sylvatic 

cycle, endogenous viral elements have been discovered in the genomes of Ornithodoros 

moubata and porcinus integrated around 1.46 million years ago [9]. As well, other ASFV-like 

sequences have been identified in human serum and sewage [10], in freshwater [11] and marine 

environments [12]. Thus, the upcoming detection of ASFV-like sequences in genomic and 
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metagenomic data from ASFV vectors and wildlife hosts is anticipated [5]. Despite representing 

a DNA virus and therefore driven by a lower mutation rate than RNA viruses, specific ASFV gene 

sequences have been detected to mutate as fast as RNA viruses [5]. Mechanisms to generate 

ASFV variability include single nucleotide mutations, insertions and deletions, gene duplication 

and recombination [5, 13], whereas indels are more involved than point mutations driving ASFV 

diversity [14]. 

Morphology & Constitution  

The ASFV virion displays a large enveloped icosahedron with an average diameter of 200 nm [15]. 

Multiple, concentric layers constitute the complex structure of the particle (figure 1): a 

pleomorphic outer lipid membrane, an icosahedral outer protein capsid, an icosahedral internal 

lipid membrane, an icosahedral inner protein capsid and the core shell enclosing the nucleoid, 

that harbours the central DNA [4].  

 

Figure 1. Schematic structure of the ASFV virion; created by Gallagher and Harris [16] 

At least 54 viral proteins are known to structure the extracellular virion and to be packaged into 

it [17]. In accordance, the transcripts of genes encoding proteins in estimated total count 

involved in capsid formation are indicated to be more abundant than those required in 

fundamental viral processes [18].   

The outer envelope depicts a membrane-lipid bilayer [19]. The localization of the viral protein 

CD2v (gene EP153R) is attributable to the external membrane [4, 20]. This transmembrane 
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glycoprotein resembles the T-lymphocyte surface adhesion receptor CD2 and is expressed at a 

late stage of infection. Its functions are linked to the hemadsorption phenomena to ASFV-

infected cells and extracellular virions and to the inhibition of bystander lymphocyte 

proliferation. Confocal microscopy displayed its localization not only at the outer envelope, but 

also more abundant in the intracellular space [21-24]. Furthermore, CD2v activates NF-κB, which 

in turn induces IFN signalling and apoptosis in swine lymphocytes and macrophages [25]. In the 

ASFV tick vector, present CD2v enhances replication [26].  

The outer capsid (T=277) is organized in pseudo-hexameric capsomers, that are constituted by 

homotrimers of the major capsid protein p72 (gene B646L) and unite in 20 trisymmetrons and 

12 pentasymmetrons, complexly stabilized by four suggestive minor capsid proteins H240R, 

M1249L, p17 (gene D117L) and p49 (gene B438L). Each of the 12 icosahedron-vertices are 

accessorized with copies of a penton protein [4, 27, 28]. The viral protein pE120R binds to the 

major capsid protein, as previously demonstrated by co-immunoprecipitation assays and 

therefore plays a role in virus egress via mediation of the transport of ASFV particles from the 

assembly sites to the plasma membrane but it is not mandatory for virus infectivity [29].   

The inner envelope of intracellular virus consists of a single lipid bilayer [30]. At present, seven 

known transmembrane viral proteins, more precisely p17, p54 (gene E183L), p12 (gene O61R), 

p24 (gene KP177L), pH108R, pE199L, and pE248R, have been identified in this layer [4, 20]. The 

viral proteins p12 and p24 are involved in virus attachment [31-33]. The viral protein p17 is one 

of the major structuring and stabilizing proteins inhibiting cell proliferation [34]. Moreover, the 

protein p54 has been referred to virus entry, recruitment of envelope precursors to assembly 

sites, virus viability and the induction of apoptosis [17, 35-37]. Both pE199L and pE248R are 

reported to also facilitate viral entry [38].  

The components of the inner capsid (T=19) are mature products derived by proteolytic cleavage 

of viral polyproteins pp62 (gene CP530R) into p35, p15, and p8 and pp220 (gene CP2475L) into 

p5, p14, p34, p37, and p150. It is also assembled by pseudo-hexameric capsomers [4, 39].  

Last, the inner capsid confines the core shell associated with the nucleoprotein p10 (gene K78R) 

and pA104R [40, 41] and the innermost nucleoid with the transcriptional machinery that makes 

ASFV nearly autonomous from host transcription. Also, the ASFV virion primary contains several 

enzymes and factors needed for early mRNA transcription and processing and further 

advantageous enzymes including for host evasion [42, 43]. In fact, the existence of components 

of the base excision repair system have been reported, involving a type X DNA polymerase (gene 
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O174L), AP endonuclease (gene E296R) and dUTPase (gene E165R) [20].  

There are many more structural proteins, whose exact location and function remain inconclusive, 

among them the phosphoprotein p30 (gene CP204L). This viral protein is e.g. highly immunogenic 

due to pre-replicative expression [44].  

Genome & Life Cycle 

The ASFV genome resembles that of other NCLDV and has been compared to the genome of 

poxviruses in particular. It consists of a linear double-stranded DNA molecule with covalently 

closed terminal hairpins and inverted repeats. Depending on the viral strain, the genome has a 

size of 165-194 kbp [45]. Representative genome organization of ASFV “Georgia 2007/1” is 

depictured in figure 2. The ASF viral genome encodes for 151-167 open reading frames (ORFs) 

resulting in roughly hundred non-structural proteins, besides the structural proteins [20]. The 

genome comprises a relatively conserved core of replication-associated genes that have 

structural or enzymatic functions facilitating nearly autonomous cytoplasmic replication. Within 

this region, hot spot variable and intergenic regions are included [5]. Irrespective of virulence, at 

least 125 ORFs are conserved between all genomes of ASFV isolates (Dixon, Chapman et al. 2013). 

Terminally, there are left and right variable regions, that are predominated by multigene families 

[5]. At least 17 genes have been identified that encode for virion-structuring proteins [13].   
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Figure 2. Genome organization of ASFV “Georgia 2007/1. Direct and indirect diagnostic targets 

as used in Germany are marked in color.  

Purple: B646L (p72) and CP204L (p30) are used for direct and indirect diagnostics/ genotyping 

Red: B602L and E183L are used for genotyping blue: CP530R (pp62) is used for indirect diagnostics 

Currently, ASFV isolates are discriminated into 24 genotypes by partial nucleotide sequencing of 

the variable C-terminal end of the B646L-gene that encodes the major capsid protein p72 [45-

48]. Today, most of the 24 genotypes have been linked to outbreaks in Sub-Saharan-Africa. ASFV 

of Genotype I dominates in Central and West Africa, while highest genetic diversity is found in 

the Southern and Eastern parts of Africa. Some genotypes in Sub-Saharan-Africa are country-

specific, others have transboundary distribution [49]. While Southern and Eastern African 
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isolates show high genetic diversity, the pandemic strains belonging to genotype II are highly 

related [13, 50]. However, the analysis of the p72-genotyping does not always provide adequate 

typing resolution or fails in discrimination of different biological phenotypes. Therefore, the 

additional assessment of the E183L-, CP205L- and B602L- genes have been approached [5, 51]. 

Discrimination of ASFV strains of genotype II circulating in Eastern and Central Europe included 

the analysis of single nucleotide polymorphisms within the K145R, MGF 505-5R genes and 

tandem repeats within the O174L gene and intergenic region between I73R and I329L genes [52-

54]. Analysis of whole genome sequences of current field strains are limited and therefore its 

extension is needed to unravel more genetic markers [50, 55].The main target cells of ASFV 

represent mononuclear phagocytes of the myeloid lineage as macrophages, monocytes and 

dendritic cells [56]. One ASFV life cycle is completed within 18-24 hours and comprises the stages 

attachment, entry, uncoating, transcription, replication, assembly and release by budding or cell 

lysis [57]. Figure 3 depictures on ASFV life cycle schematically. 

 

Figure 3. Schematic life cycle of ASFV. Figure obtained from Zhu and Meng [58]. 

After attachment to the cellular plasma membrane, ASFV is known to be internalized by dynamin- 

and clathrin-mediated endocytosis, possibly engaging yet unknown receptors. Constitutive 
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macropinocytosis and actin-dependent pathways also ensure virus entry [59]. After uptake, 

incoming particles undergo a stepwise, pH-driven capsid disassembly and disruption of the outer 

membrane, since being transported from early to late endosomes or macropinosomes. Via fusion 

with the endosomal membrane, cores and DNA are ejected into the cytosol [60].   

Subsequently, immediate early and early genes are expressed as provided by the virion-packaged 

transcriptional machinery before the onset of DNA replication, followed by intermediate and late 

gene expression [61] (Figure 2). Despite a replicative nuclear phase [62], ASFV exclusively 

replicates and is assembled in cytoplasmic, perinuclear factories aligned to the microtubule 

organizing center [63, 64]. They are designated as viral factories and can be depictable via DAPI 

staining in immunofluorescence microscopy at hour 16 post infection (K. Pannhorst, personal 

communication). Cellular organelles and proteins, such as the ER, mitochondria and vimentin, 

are high-jacked in its proximity facilitating progeny assembly [65]. DNA replication intermediates 

consisting of head-to-head concatemers. Replication is thought to be initiated with the 

introduction of a single strand nick near to one terminus. Subsequently, DNA is synthesized by a 

DNA polymerase towards one terminus [13]. For efficient replication in porcine macrophages, 

ASFV thymidine kinase is required [66].  

The ASFV assembly process follows a strictly coordinated procedure [42].  

At first, ER cisternae-derived membrane fragments are assembled displaying precursors of the 

inner viral envelope implicating its putative origin from two collapsed ER cisternae [67]. 

Subsequently, the capsid and the core shell are generated simultaneously on the convex and 

concave side of viral membranes. At last, formation of the nucleoid occurs. Then, mature 

intracellular particles are transported via the reorganized cytoskeleton to the cellular plasma 

membrane and budded during virus egress via filopodia-like projections [42, 68].   

Apoptosis of the infected cell is likely initiated via the mitochondrial or extrinsic pathway [69]. 

Before the onset of replication, ASFV is sensed to activate caspase 3. Nevertheless, to ensure 

maximal release of progeny, it also encodes two anti-apoptotic proteins within A179L and A224L 

[70]. However, released intracellular virus is also infectious, as the outer envelope is not 

necessary [6]. Also, both nucleoid-carrying and empty ghost particles occur to be released from 

cell [71].  
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Transmission 

As ASFV is competent of infecting all members of the Suidae family and the non-vertebrate 

argasid vector Ornithodoros [8], four intersecting cycles can be distinguished that play a key role 

in the transmission: sylvatic, tick-pig, domestic and wild-boar habitat [72].   

In its original endemic niche in Southern and Eastern Africa, ASFV is transmitted in an ancient 

sylvatic cycle among African wild suids and soft ticks of genus Ornithodoros, which harbor in 

burrows [73]. Warthogs of the genus Phacochoerus represent the most significant part in the 

maintenance of ASF [74]. This cycle is not accompanied by overt disease or mortality in warthogs 

and bush pigs and would probably go unnoticed, acting as virus reservoirs [75]. Adults do not 

present with viremia, but partly virus can be found in various lymphoid tissues [76]. Neonatal 

warthogs become infected in the first weeks of life and develop high viremia sufficient to transmit 

the virus to naive ticks. In affected regions, almost all warthogs are exposed to ASFV in this stage 

and develop antibodies [77]. After infection via the red blood cell fraction, ASFV replicates 

primary in the tick gut, but is secondary distributed to other compartments, as the reproductive 

tract, and shed by saliva, coxal fluid, and Malpighian excrement [78] and can persist in the tick 

for up to five years [79]. The soft tick vector is competent to maintain the infection within an 

exclusive tick-cycle by transstadial, transovarial and transsexual transmission [80-83]. Successful 

infection of Ornithodoros highly depends on the ASFV strain due to molecular interactions 

designated as virus-tick-pairs [9, 84, 85].  

Spill overs from the sylvatic cycle to domestic pigs are relatively rare and most transmission 

within the African domestic pig population occurs, even in East Africa, from pig to pig [13]. In 

West African countries, the ancient sylvatic cycle is not involved [84].   

However, any introduction of the disease into the domestic pig sector or wild boar habitat leads 

to a severe systemic disease that can resemble a viral hemorrhagic fever with exceptionally high 

lethality. Once the disease has left the sylvatic cycle, the competent arthropod vector is no longer 

required to sustain infection chains and the disease is transmitted directly and indirectly among 

susceptible suids [86].   

It has been shown that the oronasal route of infection is much less effective when compared to 

the parenteral routes. In detail, roughly 104 infectious doses 50% and with that 140000 times 

more virus is needed to infect an animal via the oronasal route with high probability [87]. 

However, more recent study also showed that low doses may be effective in weak animals [88] 

or when consuming repeatedly liquid feeding [89]. Indirect routes include the feed-to-pig and 
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fomites-to-pig transmission since ASFV can persist for months in pork, fat and skin and in 

different types of pork products and for days to weeks in high titers in blood, faeces and urine 

excreted in the environment by infected pigs [86, 90, 91]. Humans handling contaminated items 

are main factors responsible for recent long-distance jumps of ASFV transmission [92]. 

Furthermore, transmission via the aerosol route was described [93]. Little is known about the 

possibility of venereal transmissibility. However, the reisolation of ASFV in sperm of an 

experimentally infected boar and subsequent transmission to a recipient female succeeded [94]. 

In addition, viral genome was detected in male gonads [95]. Transplacental transmission from 

sow to progeny was reported to be unlikely [96].  

Within the wild boar-habitat cycle, three natural factors facilitate direct disease transmission: 

wild boar social structure, short duration of low concentration virus shedding orally and 

excrementally and high lethality combined with indirect transmission through infected carcasses. 

However, wild boar movements only play a minor role in ASF dynamics at a monthly scale [97]. 

Disease in Sus Scrofa  

ASF presents as a severe but unspecific disease that resembles a hemorrhagic fever occupying 

obligate pathogenicity in Sus scrofa. These signs show a vast variance involving virus and host 

factors [98, 99].  

Following oronasal infection, ASFV primary replicates in mononuclear phagocytic cells in the 

pharyngeal mucosa of tonsils and proximal lymph nodes. Subsequently, it is systemically 

disseminated via viremia associated to erythrocytes and leukocytes to secondary organs, where 

it can be detected by day 2 post infection with clinical onset concomitantly [100]. Consequently, 

massive destruction of affected organs in line with vascular and lymphoid lesions follows, as a 

large proportion of B and T lymphocytes and macrophages succumbs to cell death caused by a 

cytokine storm upon activation [101].  

Preliminary, transcriptional studies of porcine macrophages infected with a virulent isolate, 

indicated that the vast majority of analyzed genes did not alter their expression at all, implicating 

the absence of a general “switch off” of host transcription [102]. Briefly outlined, these genes 

increased in expression include proinflammatory cytokines such as IL-6, TNF-α, IFN-β, and 

chemokines of the CC and CXC groups, that in turn activate gene expression of cellular signaling 

pathways such as Jak2, STAT 1, CREB and phosphoinositide 3-kinase adaptor [102]. As a 

consequence, recruitment and activation of inflammatory cells favor virus replication. Moreover, 

transcript levels mediating anti-inflammatory factors and genes encoding several receptors and 
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proteins, such as cryopyrin and TSG-6, were altered detected possibly suppressing the 

proinflammatory response. In line, genes encoding cell surface and secreted proteins were 

upregulated, such as syndecan and galectin 3. Syndecan has been linked to reduce cell 

invasiveness by binding to IL-8 and collagen [102]. On the one hand, active galectin 3 has anti-

apoptotic properties, on the other hand extracellular galectin 3 has been linked to induce 

lymphocyte bystander apoptosis. Then, proteins involved in antigenic presentation in 

conjunction with major histocompatibility complex class II presented to be increasingly 

expressed. Also, the uPAR gene was upregulated and uPA and uPAR harbor pleiotropic functions 

in inflammation, fibrinolysis and tissue repair [102]. In particular, TNF-α has been linked to ASFV 

pathogenesis causing intravascular coagulation, apoptosis, and shock [103].  

Vascular endothelial cells have been demonstrated to be susceptible to ASFV with similar tropism 

as for macrophages. In response to infection, the normal inflammatory reaction was inactivated, 

inhibiting surface expression of important molecules in cell activation, as E-selectin, the MHC 

class I, and transcription of proinflammatory cytokines, as IL-6 and IL-8. In contrast, the 

thrombotic state was increased. Eventually, infection resulted in apoptosis [104]. In vivo, the 

association between viral replication and vascular and lymphoid lesions failed. Invasion of virus 

coincided with an increasing monocyte-macrophage count and with vascular and lymphoid 

lesions that are possibly induced by the release of cytokines subsequently. In general, the 

production of TNF-α, IL-1α, IL-1β and IL-6, coincides with the onset of fever, vascular changes and 

changes in lymphoid structures [105].  

Playing a minor role, upon day 5-7 post infection, several other cell types have been 

demonstrated to be targeted by transmission electron microscopy: hepatocytes, capillary 

endothelia, smooth muscle cells, reticular cells, epithelia (collector renal duct and tonsillar), 

fibroblasts, pericytes, ito cells, glomerular mesangial cells, megakaryocytes, neutrophils and 

lymphocytes [100]. As they are infected while primary target cells are still viable in line with 

proliferation of macrophages, it hints to a more complex way of infection, possibly also favored 

by the intracellular release of cytokines [106].  

In ASFV naive areas, the peracute form is usually reported and presented with high fever, 

cutaneous hyperemia and death (100% lethality) 1-4 days after clinical onset [107]. The acute 

form in domestic pigs commonly shows high fever, anorexia, respiratory and gastrointestinal 

signs (constipation and diarrhea), cyanosis and central nervous disorders (ataxia and seizures) 

resulting in high lethality (lethality 90-100%) within 7-10 days post infection. Wild boar acutely 
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infected show depression and reduced liveliness, dyspnea, hind leg paresis and seizures, 

resembling courses in domestic pigs [108].. Subacute forms include clinical features similar but 

less severe to those observed in acutely infected animals with more prominent vascular changes, 

fluctuating fever, painful walking, abortion and respiratory distress, resulting in death (30-70% 

lethality) within 7-22 days post infection. Slightly visible, clinical signs aligned to the chronic form 

include lymphadenopathy, swollen joints, phased fever and reddened and necrotic skin lasting 

over a month, potentially causing death (lethality <30%) [6].  

ASF is characterized by thrombocytopenia and leukopenia (neutropenia, lymphopenia, 

neutrophilia) and changes in red blood cell counts such as erythrocytopenia or the decrease in 

hemoglobin c, increased monocyte count or monocytopenia. In general, these changes lead to a 

state of immunodeficiency [109]. Time-course analysis of acute phase protein concentration in 

serum of ASFV infected animals revealed that pig Major Acute-phase Protein, haptoglobin and 

apolipoprotein A-I response coincided with clinical onset. The haptoglobin and pig Major Acute-

phase Protein peaks greatly increased in the acute phase serum while the apolipoprotein A-I 

decreased. There was also a slight decrease in fetuin. C-reactive protein concentration started to 

rise upon day 6 post infection. In case of albumin, a non-significant decrease was observed upon 

day 5 post infection [110].   

Pathological signs vary according to the variance of clinical courses [108]. Hemorrhage of several 

organs and edema are widely seen and more severe in acute and subacute forms that are 

especially linked to organs not harboring a fixed vascular macrophage population, particularly 

gastrohepatic and renal lymph nodes, but also intestine, kidney and lungs [100]. Moreover, 

thrombocytopenia, petechial bleedings, and apparently increased vascular permeability with 

extravasation of blood components are characteristic [99]. Thrombocytopenia is commonly 

apparent upon day 3 post infection and possibly caused by destruction of bone marrow 

megakaryocytes and the consumption of peripheral platelets due to the formation of 

microthrombi [111]. Splenomegaly is a further characteristic feature, especially in the late stage 

of infection showing a hyperemic red pulp with a destructive character filled with erythrocytes, 

platelet thrombi and cell debris [101]. In the lung, secondary virus replication affects pulmonary 

intravascular, interstitial and alveolar macrophages, but also fibroblasts and neutrophils [112]. 

Infected and non-infected pulmonary intravascular macrophages show signs of secretory 

activation of proinflammatory cytokines inducing endothelial leakage that results in edema and 

alveolar hemorrhages [101]. The liver of infected animals present marked congestion including 
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infection of Kupffer cells and hepatocytes. Malfunction of liver and the anorectic state may 

contribute to multifocal, hypo-oncotic edema [101].  

 

Figure 4. Representative lesions in domestic pigs upon infection with a highly virulent ASFV 

strain during the acute stage. A and B represent hemorrhagic Lnn. gastrohepatici, while C 

depictures petechiae in the cortex of a kidney (FLI 2022).  

As recently reviewed, (per)acute courses are depicted without gross lesions while acute stages 

include splenomegaly, multifocal lymphadenitis and lesions at mucosa or serosa of further organs 

as epicardium, urinary bladder and intestine. Animals suffering from a subacute stage commonly 

present hydropericardium, ascites, multifocal edema particularly in the gall bladder or perirenal 

fat, hemorrhagic lymphadenitis, petechiae in the kidney and multifocal pneumonia. Chronical 

courses are depicted with multifocal necrosis in skin and arthritis, growth retardation emaciation, 

respiratory distress and abortion [101].  

European wild boar presents a similar pathological pattern. Gross pathology of wild boar infected 

intramuscularly and oronasally has resembled lesions in domestic pigs, including 

lymphadenopathy, hemorrhages in the lymph nodes, splenomegaly, and petechiae in several 

organs. Once, more specifically described in wild boar, have been extensive hemorrhages in 

vesical mucosa and necrotic foci in the pancreas [113, 114].  
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Diagnosis & Laboratory Workflows 

In the absence of a unique diagnostic clinical feature, ASF must be considered in diseases 

presenting other nonspecific systemic conditions as bacterial septicemias (erysipelas and acute 

salmonellosis), poisoning, Aujeszky’s disease, porcine reproductive and respiratory syndrome, 

porcine dermatitis and nephropathy syndrome and classical swine fever. Each unspecific disease 

resembling a hemorrhagic fever has to be examined for ASF (FAO manual). ASF laboratory 

diagnosis is regulated in recommendations and legal requirements. Methods and protocols can 

be found in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (OIE, 2019) 

or, for the European Union, on the website of the European Union Reference Laboratory for ASF 

(https://asf-referencelab.info/asf/en/procedures-diagnosis/sops) [108]. The diagnostic 

workflow in the German national reference laboratory employs two real-time PCRs (qPCR), based 

on the detection of a fragment of the B646L-gene. These assays were published by King et al. 

[115] and Tignon et al. [116] and are used with slight modifications concerning the internal 

controls. Successful virus isolation on peripheral blood monocytes is routinely detected by either 

positive hemadsorption phenomena, cytopathic effects or immunofluorescence staining of the 

p72-antigen [117].   

At present, 12 commercially available test systems are licensed for ASF diagnosis. These assays 

show comparable sensitivity, specificity and precision, with minor variation, when compared to 

a recommended qPCR method [116], in detail these are Virella ASFV seqc real-time PCR kit, 

VetMaxTM ASFV Detection kit, ViroReal® Kit ASF Virus, Kylt ASF, Virotype ASFV PCR kit, Virotype 

ASFV 2.0 PCR kit, ID GeneTM African Swine Fever Duplex, Real PCR ASFV DNA Test, VetAlert ASF 

PCR Test Kit, INgene q PPA, Adiavet ASFV Fast Time, and ID GeneTM African Swine Fever Triplex 

[118].  

For indirect, serological detection of ASF, three types of enzyme linked immunoadsorbent assays 

(ELISA) are currently commercially available in Germany. INGEZIM PPA COMPAC (Ingenasa) bases 

on the detection of p72. The ID Screen® African Swine Fever Indirect ELISA (IDvet) uses an antigen 

mixture of p72, p62 and p32. In addition, based on the indirect detection of p32, the competitive 

ELISA, ID Screen African Swine Fever Competition (IDVet) has been released. More 

semiquantitative approaches comprise the indirect immunoperoxidase test. The targeted 

protein-encoding genes are depictured in figure 2.   

Besides PBMC-derived cultures, further methods to study ASFV include the establishment of 

primary cultures from pulmonary-, bone marrow- and renal derived macrophages [119, 120]. 
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Primary cultures of porcine aortic endothelial cells and bushpig endothelial cells are also 

susceptible to ASFV [104].  

However, in vitro ASFV-studies approaching porcine explants or organoids are not published yet. 

Recent approaches resulted in the creation of several immortalized macrophage cell lines, such 

as IPAM [121, 122]. According to continuous cell lines, wild suid lung (WSL) cells have been 

established, that can be infected with adapted ASFV isolates for studies within a porcine 

background [119]. Interspatial, ASFV has been adapted to growth in chick embryo, baby hamster 

and monkey kidney cells [123]. Monkey derived cultures further expanded to ASFV growth in 

different established monkey cell lines like Vero, MS and CV [119]. 

Distribution, Significance & Control 

ASF was once regarded an exotic disease restricted to the Kenyan region upon its first description 

in 1921 [124]. Genotype I spread through Central and Western Africa and from there caused the 

first trans-continental introductions of ASFV to Portugal in 1957 and 1960, and subsequently 

spread to other European countries, including the Italian island of Sardinia, and also to the 

Caribbean and Brazil [13]. This epidemic was successfully eradicated, but the disease remains 

endemic in the island of Sardinia until today [125].  

In 2007, ASFV genotype II was introduced to Georgia from South-East Africa. From there, this 

genotype gradually spread to Eastern European countries [126], circulating within the wild boar 

population sporadically causing outbreaks in the domestic pig population [127].   

The actual global disease situation as published by OIE-WAHIS 07/03/2022 is depictured in figure 

5.  
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Figure 5. Global map depicturing reported ASF outbreaks from 2020- 04/03/2022. Red: Present 

Yellow: Suspected Green: Absent in the country Grey: No data available in report White: No 

report available or no outbreak documented in the area for a disease present in a country. 

Source: OIE-WAHIS 07/03/2022 – ASF Situation Report 7 

In 2014, the first occurrence of ASF was reported in the European Union and since then, 

numerous EU countries have been progressively affected and outbreaks were reported in 16 

countries from 2020 to 2022 . Meanwhile, Belgium and the Czech Republic managed to eradicate 

the disease.   

In 2018, the virus reached Asia and since then, 16 countries got infected. Oceana was reported 

to be affected in 2019 and the Americas, in detail the Dominican Republic and Haiti, got involved 

in 2021 after almost 40 years of viral absence (OIE WAHIS 2022, visited 12.03.2022). 

From 2016 – 2020, 32 different African countries all falling under South Africa reported ASFV to 

the OIE [49]. In 2020, the OIE notified the presence of ASFV in five different world regions in 33 

countries, affecting more than 1.000.000 pigs and more than 29.000 wild boar with more than 

1.600.000 animal losses (OIE WAHIS 2022, visited 12.03.2022).  

Indeed, ASFV has a tremendous impact at sanitary and socioeconomic level as the disease is a 

significant global source of animal suffering and losses. With regard to its economic impact, the 

livestock and food industry, trade and tourism are most vulnerable. In case of an affected origin, 

the agriculture is impaired regarding the feed demand, the export of pork and corresponding 

products decreases, new suppliers have to be found affecting the trade and prices, the 

consumer´s demand towards pork products might fall and at last, rural tourism and ecotourism 
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are negatively impacted [128]. Therefore, the worst scenario came true when ASFV affected 

China, the world largest pig producer [129]. 

Due to these transboundary consequences, ASF control and eradication are strictly controlled by 

legislation. Briefly outlined, at EU level this includes special control measures laying down in the 

Regulation EU 2016/429 (Animal Health law) and its Commission Implementing Regulation (EU) 

2021/605 in addition to rules for the prevention and control of certain listed diseases in 

Commission Delegated Regulation (EU) 2020/687. In Annex I to Commission Implementing 

Regulation (EU) 2021/605, member states that are affected by ASF are divided into restricted 

zones I, II, III according to the epidemiological situation. With respect to the evolution of ASF 

latest specific zone measures are based on Commission Implementing Regulation (EU) 2022/205 

(European Commission).

 



Objectives 

 

23 

IV. Objectives  

I. Pathobiological studies on the virulence of ASFV “Belgium 2018/1” in domestic pigs of different 

age classes  

The first case of ASF in wild boar was documented in Belgium in September 2018. The virus strain 

involved in this case, ASFV “Belgium 2018/1”, has shown a high virulence in wild boar. In order 

to further characterize its pathobiology, subadult and weaner pigs were infected experimentally 

and evaluated in terms of clinical courses, replication kinetics, antibody production and 

pathological lesions as well as their corresponding tissue-viral load. 

II. Comparative studies on the suitability of different diagnostic workflows in ASFV detection 

In the absence of available vaccines or treatment options, early and efficient ASFV detection is 

mandatory. A sample set from experimental studies was used comprising EDTA blood, serum and 

different tissues obtained from domestic pigs and/ or wild boar acutely infected with ASFV 

“Estonia 2014”, “Belgium 2018/1”, “CHZT 90/1”, “MFUE 6/1”, “RSA W1/99”, “KAB 6/2” or “SUM 

14/1”. Thus, common diagnostic workflows for both passive and active surveillance were 

compared and evaluated including the designation of best suited matrices and operations. 

III. Pathobiological studies on the importance of male reproductive organs in ASF 

Boars and boar semen represent an important avenue in the wide-spread transmission of several 

infectious diseases. To test the possibility of venereal transmissibility of ASFV, studies were 

carried out on the detectability of the virus in male reproductive organs and accessory sex glands. 

The studies with the ASFV isolates “Germany 2020”, “KAB 6/2” and “SUM 14/11” included 

sexually mature domestic boars and adolescent wild boar. Viral distribution patterns in the male 

genitals were investigated by virological and molecular techniques as well as 

immunohistochemistry and in situ hybridization. Supplementing, transmission electron 

microscopy was employed to depict in vitro ASFV- spermatozoa interactions.
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V. Results 

The publications included into this thesis are grouped according to their topic. The reference 

section of each manuscript is presented in the style of the respective journal and is not included 

at the end of this document. The numeration of figures and tables corresponds to the published 

form of each manuscript.
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VI. Discussion  

African swine fever is one of the most important diseases in swine populations. In recent times, 

it has devastated pork industry – both commercial and backyard- throughout much of the world 

and is endangering rare pig species in South East Asia [130]. However, despite its global spread 

and tremendous impact, ASF has not garnered the widespread attention that has e.g., the SARS-

Cov-2 pandemic. Outside the rather narrow animal health sector, ASF can justifiably be called a 

“forgotten pandemic” [131], and knowledge transfer to relevant stakeholders shows room for 

improvement.  

The presented studies set out to provide competent authorities, veterinary services, veterinary 

practitioners, and other decision makers and stakeholders with science-based background 

knowledge on the pathobiology, diagnosis, and transmission of ASF. 

I. Pathobiological studies on the virulence of ASFV “Belgium 2018/1” in domestic pigs of different 

age classes  

In September 2018, the first case of ASF in wild boar was detected in southern Belgium, more 

than 1000 km west of the nearest foci in the Czech Republic [132]. Explaining the skipping of 1000 

km, it was hypothesized that infected, asymptomatic wild boar could have been imported and 

released illegally. Alternatively, disposal of contaminated meat products or contaminated 

equipment was discussed [133]. Belgium managed to eradicate the disease and the event was 

resolved in March 2020 [134]. Whole-genome sequence analysis of the causative strain ASFV 

“Belgium 2018/1” revealed attribution to the p72 genotype II with 99.98% overall sequence 

identity to ASFV “Georgia 2007/1” at nucleotide level and moreover, similar identities to other 

Georgia 2007-like ASFV strains from other regions while lacking any unique genetic marker [55]. 

Experimentally, it has shown very high virulence in infected European wild boar [95]. For efficient 

early warning, knowledge about the disease phenotype of locally relevant ASFV strains is crucial. 

To further elaborate on the pathobiological characterization of ASFV strain “Belgium 2018/1”, 

the conducted studies included the oronasal or nasal infection of domestic pigs of different age 

classes, i.e., weaners and subadult pigs. Thereby, the focus was laid on the virulence and 

expression of clinical and pathomorphological signs.  

Clinical features observed in weaner pigs were unspecific but severe, resembling a hemorrhagic 

fever with high lethality. These observations were in line with characteristics of highly virulent 
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and well characterized other Georgia 2007-like strains like ASFV “Armenia 08” [135, 136]. More 

precisely, upon 5 dpi, weaner pigs developed high fever, general depression, anorexia and 

respiratory distress. All animals were sacrificed at the humane end point on 9 dpi. In line, 

pathomorphological lesions were indicative for acute ASF, including lymphadenopathy, renal 

petechiae, ascites, pleural effusion, bruises and punctually, gall bladder wall edema, urinary 

bladder mucosal petechiae, cyanosis of the ears, multifocal pulmonary consolidation and alveolar 

edema. Highest viral genome loads were detected in blood, serum and spleen by qPCR.  

In contrast, the clinical features assessed for the subadult pigs were milder than for younger pigs. 

Only half of the inoculated animals had to be sacrificed at the humane endpoint until 18 dpi, the 

predetermined end of study. In detail, upon 4 dpi animals presented fever, general depression, 

anorexia, tremor, reddened skin, cyanosis of ears and snout and respiratory distress. Most severe 

signs were observed on 8 and 9 dpi. However, the clinical score was still moderate. Reaching the 

humane end point, euthanasia of severely diseased pigs was performed between 7 and 14 dpi. 

The remaining pigs started to recover upon 12 dpi. At necropsy, various pathological patterns 

were observed of varying severity comprising generalized hemorrhagic lymphadenopathy, 

congestion of spleen, multiple hemorrhages in several organs, particularly in kidneys. Highest 

viral genome loads were detected by qPCR in blood, serum, and tissues from animals with severe 

clinical signs, whereas those in the blood of survivor animals were low. Identification of 

seroconversion against p72 and p32 succeeded in the survivor pigs upon 10 dpi by ELISA. Given 

the early end point of 18 dpi, the seroconversion and low viral genome loads in blood allow the 

anticipation that the experimental survivors were true survivors.   

The observed age-related attenuation in virulence of ASFV “Belgium 2018/1” was unexpected, 

as before, this observation was described mainly for moderate, but not for highly virulent ASFV 

strains [137]. Survival of older pigs infected with the moderately virulent ASFV “Netherlands ´86” 

was linked to physiological blood parameters while mortality was linked to γδT cells and IL-10 

[137]. Moreover, survivor pigs were rarely reported under experimental settings using highly 

virulent strains attributed to genotype II [138, 139].  

Besides the factor age, varying clinical courses could be related to application dose and route, 

and involvement of host factors such as general health, immune status and genetic background 

[98, 140]. Given the small number in our trials, the outcome could also reflect natural variability 

rather than true attenuation. So far, measurement of virulence was mainly the ability to replicate 

in macrophages and the cause of cytopathic effects [141]. Though recently, also reports that one 
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strain can result in varying clinical courses have been published [109].  

In fact, that the Belgium strain is capable of inducing subacute clinical outcomes in naive pigs is 

of utmost interest, as it may indicate an increased fitness under field conditions. A slightly 

attenuated phenotype could favor disease persistence in endemic areas and present a positive 

selection mechanism [127]. Considering the high identity between pandemic strains, this 

property might be held by further virulent strains of genotype II.   

It has been documented, that over time, ASFV might be evolutionary driven to establish 

prolonged, chronic and inapparent infections in countries outside Africa [142-144]. These 

changes in virulence were based on mutations of the viral genome and emergences of new, less 

virulent mutants has high importance for viral survival [96, 142].  

However, to further explore agents and host factors that influence the disease phenotype and 

severity, additional studies are needed which could also help to understand beneficial host 

reactions that could be triggered by novel vaccine approaches.   

To emphasize molecular determinants for virulence and pathogenicity, it is crucial to understand 

similarities and commonalities between circulating ASFV strains and to characterize host 

responses [145]. In addition to the genomic comparison [55], proteome and transcriptome 

analysis point out functional genomics providing information about differences in gene 

expression programs and host responses to infection. Herein, isolates varying in virulence and 

hosts differing in subspecies, age or immunological status should be involved [145]. Also, studies 

conducted in vitro and in vivo should be compared. For example, studies comprised comparative, 

transcriptional analysis of ASFV “Georgia 2007/1” that highlighted virulence-specific transcripts 

belonging to multigene families, including two MGF 100 genes, I7L and I8L and its macrophage 

response profile [145]. Using RNA-Seq technique, host and viral gene differences between 

acutely infected, dead and cohabiting asymptomatic pigs infected with a virulent strain of 

genotype II from an outbreak in Qingyang City were assessed [146]. Briefly outlined, significant 

differently expressed genes identified in spleen samples were attributable to viral resistance, 

stimulation of macrophage antiviral response, the inflammatory response, inhibition of viral 

replication, cytoskeletal involvement and GTPase activity. These results suggest that after viral 

invasion of the host, it causes significant differential expression of a large number of genes in 

multiple signaling pathways of host genes, and most of these differentially expressed genes are 

related to host resistance to the virus as well as tissue damage repair. It was found that some 

viral genes in cohabiting asymptomatic pigs might integrate into host genes (DP96R, I73R and 
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L83L) or remain in the tissues of these pigs. Thus, mRNA of these genes may be possible markers 

to detect survivor pigs. Differential expression of genes attributable to survivor pigs were e.g. 

upregulation of CD68, GPR82, CD79a, ITGAD, AQP3, DOK3, CXCL13, and JPT2 and downregulation 

of GC, CCL16, HPX, RBP4, C8B, and GSTA1 [146].  

In conclusion, the disease features obtained upon infection with ASFV “Belgium 2018/1” are 

comparable to these in ASFV “Armenia 08” and therefore mainly attributable to highly virulent 

ASFV. Remarkably, attenuated virulence in older pigs was assessed. It is noteworthy, that in all 

animals, the disease resulted in unspecific clinical signs and gross lesions that makes it 

indistinguishable from other ASFV strains or systemic conditions of different causes. Moreover, 

against the background of the existence of mitigated courses that can be easily misinterpreted, 

early and efficient detection is mandatory. For resolving, problems impeding early detection have 

to be counteracted by training farmers and veterinarians accordingly and promoting exclusion 

diagnostics. 

II. Comparative studies on the suitability of different diagnostic workflows in ASFV detection 

Swift and reliable laboratory diagnostic methods are of utmost importance considering the vast 

variance and imprecision of the clinical signs of ASF in Sus scrofa. In consciousness about the 

progressive spread of ASFV within Central Europe and beyond, sample matrices and test systems 

used have to be reconsidered as the best choice which is essential for success and practicability. 

The diagnostic manuals of the OIE and EU recommend diagnostic workflows and provide 

guidance on sample matrices (OIE Terrestrial Manual 2019). These workflows comprise direct 

detection as e.g., hemadsorption tests and qPCR, and several immunological diagnostics 

including ELISAs. Recommended sample matrices to send into the laboratory include 

anticoagulated (EDTA for PCR, heparin or EDTA for virus isolation), serum and tissues, mainly 

spleen, lymph nodes, bone marrow, lung, tonsil and kidney (OIE Terrestrial Manual 2019). 

However, different settings may require flexibility and amendments to the routine sample set.  

To approach this, different animal trials with domestic pigs and wild boar were used to compile 

a set of routine and alternative sample matrices including EDTA blood, serum, different tissues, 

and a set of blood swabs. The trials were performed with ASFV strains of different genotypes and 

virulence, i.e., ASFV “Estonia 2014” (genotype II, moderately virulent), “Belgium 2018/1” 

(genotype II, highly virulent), “CHZT 90/1” (genotype XIX), “MFUE 6/1” (genotype XII), “RSA 

W1/99” (genotype IV), “KAB 6/2” (genotype XI), and “SUM 14/1” (genotype XIII). Using this 

unique sample set, common diagnostic workflows for both passive and active surveillance were 
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compared and evaluated including the designation of best suited matrices and operations.   

In general, detection success of matrices obtained from domestic pigs and wild boar was 

comparable. 

For intra vitam laboratory diagnosis, serum has been discussed as the most robust matrix for use 

in virus isolation, automated extraction and ELISA systems. Serum induces lower PCR inhibition 

than EDTA blood and concomitant detection of genome and antibodies, respectively. 

Comparison of EDTA and serum in suitability in early, intermediate and late infection phases 

revealed, significant lower DNA amounts in serum, especially with limitation before clinical onset. 

When it came to pooling of serum samples, false negative results occurred. Therefore, serum is 

not indicated for the detection of clinically healthy animals in the incubation period as it might 

be the case for screening in restriction zones. Upon clinical onset, serum represents a reliable 

matrix. Serum is suited when it comes to late clinical stages reaching high cq values, but not to a 

reconvalescent stage.  

In blood, the virus is mainly linked to erythrocytes and has shown a slow genome clearance of 

>90 days [147]. Though, the use of EDTA blood should be improved with regards to PCR inhibition 

and use of certain extraction methods, as guanidinium thiocyanate extraction [148]. PCR 

inhibitors may affect amplification by lowering or even blocking the DNA polymerase activity, by 

interacting with the nucleic acids (i.e., DNA template or primers) and by quenching of 

fluorescence, leading to failed detection of amplicons. The main amplification inhibitors in 

human whole blood are hemoglobin, lactoferrin and immunoglobulin G [149, 150]. 

Anticoagulants, as heparin, may also inhibit the PCR reaction [151]. Hemoglobin disturbs DNA 

polymerase activity, as shown by great differences in hemoglobin tolerance between different 

DNA polymerases. The ability to release iron has been suggested to be the reason why 

hemoglobin and blood inhibit the PCR. IgG was suggested to act on single-stranded DNA, 

therefore impeding the annealing step [149, 150]. A methodology called pre-PCR processing has 

been proposed to overcome limitations caused by inhibitors and to achieve optimal detection 

limits by using an appropriate PCR composition. Thus, Taq DNA polymerases have been 

generated by site-directed mutagenesis resulting in greater resistance to inhibitors in blood as 

well as an increased tolerance to high concentrations of DNA-binding dyes. The buffer 

composition can also be altered to improve polymerization in presence of inhibitors, e.g. applying 

an elevated pH [152]. As it cannot be guaranteed that the preparations are free of PCR inhibitors, 

all reactions should be monitored for the presence of inhibitory effects [153]. For monitoring, the 
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simultaneous detection of GFP [115] or ß-Actin [116] are included into the applied ASFV qPCRs. 

In addition, the prior dilution of whole blood is included into diagnostic workflows of the German 

Reference Laboratory.   

Post mortem, in case of tissue samples, all matrices that are recommended by the diagnostic 

manuals of the OIE are suitable and reliable with highest loads in spleen, lung and liver as 

reflected by their composition of ASFV target cells. Tonsils revealed a higher heterogeneity 

especially in the early clinical phase of infection. This is contradictory, as tonsils present primary 

replication sites [99] and could be explained by a misfit of fat and tissue and poor 

homogenization. Moreover, this study failed to apply biological triplicates.   

When it comes to passive surveillance, externally accessible samples are better suited with 

regards to sanitary issues. Therefore, inguinal lymph nodes that can be obtained without opening 

the body cavities, ocular fluid and ear punches were approached. Inguinal lymph nodes revealed 

reliable but showed heterogenous results in the early phase. Ocular fluid and ear punches 

weren’t suitable in genome load and practicability though ear punches are a common used 

matrix to detect bovine viral diarrhea virus [154] and ocular fluid was suitable for the detection 

of e.g. feline herpesvirus 1 [155]. Furthermore, blood swabs PrimeSwab and PrimeStore ® MTM 

were regarded and came out suitable. The advantages of PrimeStore ® MTM comprise the 

inactivation of microbes and covalent conservation and stabilization of DNA and RNA for 

subsequent molecular techniques, such as next generation sequencing and qPCR. During 

transport, no cooling is required (EKF-diagnostic GmbH, Barleben). MTM lyses and inactivates 

biological pathogens and therefore reduces infection risk so that samples can be transported 

with minimal risk in compliance with transport and customs regulations [156].  

In this study, commercial lateral flow devices (“Point of Care” tests) for the detection of antigen 

and antibodies as a tool for resource-limited settings were also assessed. Antigen lateral flow 

assays, here LFD INgezim ASF CROM Ag (11.ASF.K42, Ingenasa, Madrid, Spain), targeting blood 

and serum of clinically diseased pigs (7 dpi) presented almost all samples positive. However, it 

came to limitations when corresponding genome loads were low, e.g., during the incubation 

period and reconvalescent phase. Negative antigen LFD results corresponded to genome loads 

ranging between 6.0 and 5.24 genomic copies per run. The attempt to optimize the outcome for 

EDTA blood samples through freeze-thawing or dilution in distilled water did not yield better 

results. Concluding, sensitivity was low and a negative result would need confirmation if ASF is 

suspected. In line, results targeting blood samples from wild boar carcasses collected under field 
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conditions in Germany were even worse. Here, a sensitivity of roughly 77% in thawed high-quality 

samples, and a drastically reduced sensitivity of 12.5% in blood samples of wild boar carcasses 

was obtained. In contrast, freeze thawing increased the sensitivity to 44%. In contrast, a 

specificity of 100% was perceived. In summary, the antigen LFA should not be regarded as a 

substitute for any OIE listed diagnostic method [157].  

When analyzing antibody lateral flow assays, here LFD INgezim PPA CROM Ab (11.PPA.K.41, 

Ingenasa, Madrid), using EDTA blood and serum, results were positive at 10 dpi and comparable 

to commercially available ELISAs and the indirect immunoperoxidase test. Therefore, antibody 

lateral flow assays show promising results with samples from recovering animals.   

III. Pathobiological studies on the importance of male reproductive organs in ASF 

Boars and boar semen represent a widespread avenue for the transmission of several viruses 

affecting swine, for example of porcine reproductive and respiratory syndrome virus and classical 

swine fever virus [158], and height of viral shedding was implemented during height of viremia. 

In a globalized world, artificial insemination (AI) and international trade of sperm are a widely 

used instrument for distributing elicited superior genes into sow herds while minimizing the 

prevalence of transmissible venereal diseases [159]. Now practiced for over 40 years, more than 

90% of sows have been bred by AI in European countries in the last two decades [160]. Yet, once 

a pathogen passes the high hygiene and precautionary measurements of boar stations, AI 

threatens to introduce novel pathogens into naive pig populations. Historically, relevant animal 

diseases, such as porcine reproductive and respiratory syndrome virus, were transboundary 

transmitted via AI [161]. Thus, transmission of ASF would multiply when undetectably affecting 

boar sperm. As particularly in regulation (EU) 2016/429 of the European parliament and of the 

council regimented, an introduction of ASFV into a boar station would implement vast economic 

burdens on trade of porcine sperm. Against the background that boar sperm represents a 

potential multiplying vehicle for ASF transmission, little is known about the shedding of ASFV into 

boar sperm and subsequent infection of a recipient sow. Initially described, not only the ASFV re-

isolation in sperm of an experimentally infected boar, but also the transmission to a recipient 

female succeeded [94]. In addition, immunohistochemistry of male gonads of subadult wild boar 

experimentally infected with ASFV “Belgium 2018/1” revealed positively labelled cells identified 

as macrophages, endothelial cells, peritubular fibroblasts, in line with inflammatory changes and 

vasculitis/vasculopathy, and viral genome was detected by qPCR [95].  

In order to emphasize implications for venereal transmissibility, at first, detailed knowledge 
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about the distribution pattern of ASFV in the male genitals is crucial. To approach this issue, we 

studied the experimental infection of eight adolescent wild boar with ASFV “Germany 2020” via 

the oronasal, and each three adult domestic boars with ASFV “KAB 6/2” and “SUM 14/11” via the 

intramuscular route. The ASFV strains used reflected the current German field situation and 

diverse African genotypes. At height of viremia, at day 7 and 8 post infection, the trials ended 

and subsequently, animals were investigated virologically (qPCR and RT-qPCR) and 

pathomorphologically (immunohistochemistry and RNAScope ISH). Supplementary, in vitro 

sperm cultures were inoculated with ASFV and underlying interactions were depictured by TEM. 

Irrespective of the ASFV strain used and subspecies infected, similar pathobiological patterns 

were observed: Highest viral genome loads were detected first in testis and second in epididymis, 

with viral genome loads on par with spleen by qPCR. Epididymal sperm showed considerable DNA 

amounts while accessory sex glands showed minor detection rates and heights. Lower genome 

loads were detected in subadult wild boar epididymis, possibly due to differences in response to 

the oronasal inoculation route, or due to yet inactive tissues. ASFV specific RT-qPCR revealed 

successful mRNA detection and implicated virus replication in testis, epididymis and epididymal 

sperm in particular. In line, virus isolation presented that the vast majority of male reproductive 

tissue contained infectious virus. Pathomorphological investigation confirmed that viral antigens 

and mRNA were linked to large mononuclear cells, phenotypically consistent with macrophages. 

Macrophages represent the largest leucocyte populations in testis and epididymis [162, 163] and 

are further recruited via the blood stream in inflammatory conditions [164, 165]. Remarkably, 

IHC and RNAScope identified epididymal Halo cells to be targeted. This cell type has been linked 

to the mononuclear phagocyte system as stained positive for CD68, but their exact function 

remains unsolved. More specifically, Halo cells have an intraepithelial position in the epididymal 

duct and might contribute to the immunological part of blood-epididymis barrier [166, 167]. The 

successful, simultaneous detection of ASFV mRNA in investigated tissues hinted to true 

replication within identified cells rather than passive contamination.  

Viral antigens were not detected by IHC or RNAScope ISH on the testicular or epididymal germ 

cell site. However, virus isolation was positive for epididymal sperm. Moreover, the detection of 

viral mRNA by RT-qPCR indicated the presence of productively infected cells in epididymal sperm. 

In part, this discrepancy might be explained by blood contamination, cell-free virus particles 

and/or few migrating infected cells. The detection of viral antigen in halo cells in line with the 

signs of inflammation/vasculitis indicated that the integrity of the blood-epididymis barrier may 
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have already been compromised. As assessed in other viral systemic conditions, especially in 

presence of systemic inflammation and viremia, the blood-testis/-epididymis/-deferens barriers 

depicted an insufficient compartmentalization, likely granting access to virions and infected cells 

[168, 169]. Boar sperm contains seminal plasma and a small fraction of other cells, including 

blood-derived leucocytes that represent a replication source [170]. As entry sites for white blood 

cells, accessory sex glands, in particular the prostate gland, and the rete testis were suspected 

[171, 172]. Consequently, ASFV shedding into sperm might be linked to spermatozoa-

accompanying cells and fluids. That is in line with our observations from in vitro inoculated sperm 

cultures. TEM images revealed no virus inside mature spermatozoa, but envelope-free virus in 

the matrix and virus in non-sperm cells. Though, this approach represented an artificial model 

excluding spermatogenesis and the role of the envelope with limitation towards extrapolation. 

Therefore, the resulted shedding pattern was in line with this of other viruses, for example, 

porcine reproductive and respiratory syndrome virus. Here round cells were identified as a virus 

source, possibly entering boar sperm via replication in reproductive tissue macrophages that 

became infected upon the viraemia- associated systemic distribution of infected monocyte [173, 

174].  

The detection of ASFV in the male genitals is in line with the observation in human medicine that 

not only classical venereal disease pathogens, but also agents causing severe systemic diseases, 

e.g., Zika or Ebola virus, can be found in the male reproductive tract, including sperm, and can 

cause persistent infections [169]. So far, the putative pathogenesis of these nonclassical viral 

agents seeding into the male reproductive tract is referred to the testis being an immune-

privileged site [168].  

In conjunction with the above-mentioned possibility of the existence of survivor pigs in endemic 

areas, it should also not to be ignored, that male survivors might shed and transmit virus within 

the wild boar population. Such prolonged virus replication after loss of barrier integrity, but also 

via blood derived leucocytes, might be a problem in maintaining infection chains.  

These results implicate for the excretion of ASF into sperm and the possibility of venereal 

transmission. Therefore, this route should be considered e.g., in future risk assessments. 
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VII. Summary 

African swine fever represents a global source of animal suffering and losses occupying 

tremendous socioeconomic burdens. The disease is progressively spreading since its third 

transcontinental introduction into Georgia in 2007. Nowadays, it has even reached pandemic 

proportions and entered Central Europe and Asia. As neither efficient treatment nor vaccine are 

available, early detection in terms of subsequent mitigation of infection chains is of utmost 

importance. The presented studies set out to provide competent authorities, veterinary services, 

veterinary practitioners, and other decision makers and stakeholders with science-based 

background knowledge on the pathobiology, diagnosis, and transmission of ASF.   

Thus, the pathobiological characterization of the European strain ASFV “Belgium 2018/1” 

revealed that clinical and pathomorphological outcome in domestic weaner pigs resembled 

those upon infection with the highly virulent ASFV “Armenia 08”. Remarkably, older pigs showed 

milder clinical outcomes and implications for the existence of survivor pigs were found. 

Consequently, early and efficient detection is mandatory. Clinical, unspecific features need to be 

communicated to farmers and veterinarians accordingly.  

Laboratory diagnostics are mandatory within the diagnosis of ASF. In consciousness about the 

progressive spread of ASFV within Central Europe and beyond, sample matrices and test systems 

used were reconsidered as the best choice is essential for success and practicability. This study 

revealed that the OIE recommended matrices, e.g., blood, serum, spleen, liver and lung in 

combination with qPCR represent the most reliable diagnostic workflow. Though, some 

alternative sample matrices, such as lymph nodes and blood swabs, and test systems, e.g., lateral 

flow assays can be taken into consideration but should be interpreted carefully.  

Last, the pathobiological distribution pattern of different ASFV strains was investigated revealing 

that all parts of the male reproductive tract are affected by ASFV, with highest viral loads in testis 

and epididymis. Remarkably, epididymal halo cells were identified to be targeted, likely 

impacting the blood-epididymis barrier. Therefore, we concluded, that excretion of ASFV into 

boar sperm is possible, especially at height of viremia and might not only play a role in artificial 

insemination, but also in survivor pigs in endemic areas. 
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VIII. Zusammenfassung 

Die Afrikanische Schweinepest ist eine weltweite Ursache für Tierleid und -verluste, die eine 

enorme sozioökonomische Belastung darstellen. Seit ihrer dritten transkontinentalen 

Einschleppung nach Georgien im Jahr 2007 breitet sich die Krankheit progressiv aus. Inzwischen 

hat sie sogar pandemische Ausmaße erreicht und ist in Mitteleuropa und Asien aufgetreten. Da 

weder eine wirksame Behandlung noch ein Impfstoff zur Verfügung stehen, ist eine frühzeitige 

Erkennung im Hinblick auf eine spätere Abschwächung der Infektionsketten von größter 

Bedeutung. Die vorgestellten Studien sollen den zuständigen Behörden, Veterinärdiensten, 

Tierärzten und anderen Entscheidungsträgern und Interessengruppen wissenschaftlich 

fundiertes Hintergrundwissen über die Pathobiologie, Diagnose und Übertragung der ASP 

vermitteln.   

So ergab die pathobiologische Charakterisierung des europäischen ASFV-Stammes „Belgium 

2018/1", dass die klinischen und pathomorphologischen Bilder bei Absatzferkeln denen bei einer 

Infektion mit dem hochvirulenten ASFV „Armenia 08" ähneln. Bemerkenswerterweise zeigten 

ältere Schweine abgeschwächte klinische Verläufe, und es wurden Hinweise auf die Existenz von 

rekonvaleszenten Schweinen gefunden. Folglich ist eine frühzeitige und effiziente Erkennung 

unerlässlich. Klinische, unspezifische Merkmale müssen den Landwirten und Tierärzten 

entsprechend mitgeteilt werden.  

Die Labordiagnostik ist für die Diagnose der ASP unerlässlich. Im Bewusstsein der 

fortschreitenden Ausbreitung der ASPV in Mitteleuropa und darüber hinaus wurden die 

verwendeten Probenmatrizen und Testsysteme überdacht, da die beste Wahl für den Erfolg und 

die Durchführbarkeit entscheidend ist. Diese Studie ergab, dass die vom OIE empfohlenen 

Matrices, z. B. Blut, Serum, Milz, Leber und Lunge, in Kombination mit qPCR den zuverlässigsten 

diagnostischen Arbeitsablauf darstellen. Allerdings können auch alternative Probenmatrizes, wie 

Lymphknoten, und Testsysteme, z. B. Lateral-Flow-Assays, in Betracht gezogen werden, die 

jedoch sorgfältig interpretiert werden sollten.  

Schließlich wurde das pathobiologische Verteilungsmuster der verschiedenen ASFV-Stämme 

untersucht, wobei sich herausstellte, dass alle Teile des männlichen Fortpflanzungstrakts von 

ASFV betroffen sind, wobei die Viruslast in Hoden und Nebenhoden am höchsten ist. 

Bemerkenswerterweise wurde festgestellt, dass die Halo-Zellen betroffen sind und so die Blut-

Nebenhoden-Schranke beeinträchtigen könnten. Schließlich ist eine Ausscheidung von ASPV in 
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Ebersperma möglich, insbesondere auf dem Höhepunkt der Virämie, und würde eine Rolle nicht 

nur bei der künstlichen Besamung, sondern auch bei überlebenden Schweinen in endemischen 

Gebieten spielen. 
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