
  

Characterization of immune responses to virulent African swine fever virus in domestic pigs 

 

by 

 

 

Daniel Madden 

 

 

 

B.S., Kansas State University, 2011 

D.V.M., Kansas State University, 2016 

M.S., Kansas State University, 2021 

 

 

 

AN ABSTRACT OF A DISSERTATION 

 

 

 

submitted in partial fulfillment of the requirements for the degree 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

Department of Diagnostic Medicine/Pathobiology 

College of Veterinary Medicine 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2026 

 

  



  

Abstract 

African swine fever (ASF) has remained a perennial threat to global pork production in 

large part due to the lack of a widely available efficacious vaccine. The disease, caused by 

African swine fever virus (ASFV), is devastating to pig farmers and associated with very high 

pig mortality and significant economic losses. Progress toward ASFV vaccine development has 

been hindered by the complex biology of the virus and an incomplete understanding of the 

mechanisms which govern protective immunity to ASFV. ASFV strains possess considerable 

genetic diversity, and the biological functions of many ASFV proteins and their potential 

contributions to viral virulence are unknown. While it is known that protective immunity to 

ASFV can be induced, the differences between protective, non-protective and pathological 

immune responses to ASFV are unclear. The lack of a comprehensive understanding of these 

topics is a major challenge for rational vaccine design for this disease. 

To better characterize the immune responses which are mounted in response to virulent 

ASFV, we performed three in vivo infection experiments in domestic pigs. For the first study, 

pigs were lethally infected with the Armenia 2007 genotype II ASFV isolate, and innate and 

adaptive post-infection immune responses were assessed throughout the course of the disease 

through multiple techniques including plasma cytokine quantification, flow cytometry, and 

transcriptomic profiling of blood cells. The manifestation of clinical disease coincided with the 

appearance of significant elevations in multiple plasma cytokines, and late disease was 

characterized by elevated proinflammatory cytokine levels, enrichment of genes related to innate 

immunity and antiviral immune responses, depletion of circulating B cells, and an abrupt 

increase in CD203a+ circulating macrophages prior to death. In the second study, we assessed 

whether pigs lacking CD1d, an MHC class I-like protein which was shown to facilitate receptor-



  

mediated uptake of ASFV in vitro, were refractory to infection with the highly virulent genotype 

II ASFV strain MNG19. CD1D knockout piglets created using a CRISPR-Cas9 system showed 

no resistance to ASFV infection and developed fatal disease highly like that observed in age-

matched wildtype control animals. In the third study, we evaluated the role of the viral 

polymerase X (PolX) protein in the virulence of the ASFV isolate Armenia 2007, with the 

overall aim of creating an attenuated virus for use as a modified live virus (MLV) vaccine. We 

were able to demonstrate that PolX alone is not essential for ASFV virulence, and the lack of 

PolX does not promote the accumulation of mutations in the viral genome during replication in 

vivo.  

Taken together, this research provides new insight into: (i) details regarding the specific 

host responses which manifest during fatal ASF in domestic pigs; (ii) the significance of pig 

CD1d for ASFV replication and virulence in vivo; and (iii) the function of the ASFV protein 

PolX in the replication cycle of ASFV. This knowledge can be used to advance the fields of 

ASFV immunology and rational vaccine development for this devastating disease. 
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Chapter 1 - Introduction to African Swine Fever 

 1.1 African Swine Fever Virus 

African swine fever (ASF) is a contagious transboundary disease of domestic and wild 

swine. ASF was first described in Kenya in 1921 as a virulent illness of domestic pigs, clinically 

similar to hog cholera (classical swine fever), and caused by a filterable infectious agent 

(Montgomery 1921), subsequently identified as African swine fever virus (ASFV). 

 1.1.1 Taxonomy 

African swine fever was first described as being caused by a filterable infectious agent in 

the original report describing the disease (Montgomery 1921). The causative agent, African 

swine fever virus (ASFV), is the sole member of the genus Asfivirus and family Asfarviridae 

(Alonso et al 2018). ASFV is the only known mammalian arbovirus which possesses a double-

stranded DNA genome. 

 1.1.2 Genome structure and organization 

ASFV possesses a linear dsDNA genome approximately 170-190 kilobase pairs (kbp) in 

length encoding 150-167 open reading frames (ORFs) on both DNA strands, depending on virus 

strain (Chapman et al 2008; Dixon et al 2013). The genome can be broadly divided into a central 

conserved region and two variable regions located at each genome terminus (Blasco et al 1989). 

The left and right variable regions contain multigene families (MGFs) genes composed of 

paralogous genes derived by gene duplication (Rodriguez et al 1994; Yozawa et al 1994; Yanez 

et al 1995; Dixon et al 2013). A majority of the differences in genome length and number of 

ORFs between ASFV strains are attributable to variations within the MGF genes (Chapman et al 

2008). In addition to structural proteins, the ASFV genome encodes several dozen nonstructural 

proteins involved in a variety of biological processes including nucleotide metabolism, viral 
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DNA synthesis and gene transcription, virion morphogenesis, and modulation of host immune 

responses (Dixon et al 2013).  

 1.1.3 Virion structure and morphology 

ASFV is structurally complex, with extracellular virions containing at least 68 virus-

encoded structural proteins (Alejo et al 2018). Mature extracellular virions can be divided into 

five structural layers: 1) outer envelope, 2) capsid, 3) inner envelope, 4) core shell, and 5) 

nucleoid (Carrascosa et al 1984; Salas and Andrés 2013; Alejo et al 2018). The structure of the 

ASFV virion and location of significant viral proteins is illustrated in Figure 1.1.  

The viral outer envelope, derived from the host cell plasma membrane during virus 

budding, is approximately 260-300nm in diameter and is dispensable for infection (Breese and 

DeBoer 1966; Scholer 1985; Andrés and García-Escudero et al 2001; Wang et al 2019). The 

capsid is composed of approximately 2700 capsomeres arranged in an icosahedral lattice with a 

maximum diameter of 250nm (Carrascosa et al 1984; Wang et al 2019). The major capsid 

protein is p72, while p49 is a minor capsid protein (García-Escudero et al 1998; Epifano et al 

2006; Alejo et al 2018). Below the capsid is the viral inner envelope, which is derived from the 

host cell endoplasmic reticulum (Andrés et al 1998). A variety of membrane-bound viral proteins 

are incorporated into the inner membrane, including p54, p22, p17, and p12 (Alejo et al 2018). 

Below the inner envelope is a thick core shell which surrounds the nucleoid and is primarily 

composed of proteins derived from viral polyprotein precursors pp220 and pp62 (Andrés et al 

1997; Andrés and Alejo et al 2001; Andrés et al 2002; Rubio et al 2003). The innermost 

component of the virion is the nucleoid region, which contains the viral genome as well as an 

array of proteins involved in genome integrity and repair, RNA synthesis and modification, and 

nucleotide metabolism (Alejo et al 2018). 
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1.1.4 Genotypic and phenotypic classification 

ASFV is classified into genotypes based on a 478 base pair (bp) variable region within 

the C-terminus of the B646L gene encoding the viral protein p72 (Bastos et al 2003). Genotyping 

based on the B646L gene is primarily used for epidemiological analyses (Malogolovkin et al 

2015a; Rajko-Nenow and Batten 2022). A total of 24 ASFV genotypes have been identified 

based on the B646L sequence, with the greatest diversity of ASFV genotypes seen in sub-

Saharan Africa, where all 24 genotypes can be found (Quembo et al 2018; Njau et al 2021). 

Historical outbreaks of ASFV outside of Africa in the 20th century were associated with 

genotype I ASFV strains, while the ongoing Eurasian ASFV panzootic began with the 

emergence of a genotype II ASFV in the Caucasus region (Rowlands et al 2008; Costard et al 

2013). Other viral genetic elements have been used to provide enhanced discrimination between 

closely related ASFV strains, including the viral E183L (p54), B602L (p72 chaperone), and 

EP402R (CD2v) genes, as well as the intergenic region between the viral I73R and I329L 

(Gallardo et al 2009; Sanna et al 2017; Gallardo et al 2023). 

Phenotypically, ASFVs are broadly classified as hemadsorbing or non-hemadsorbing 

viruses, based on their ability to cause hemadsorption of erythrocytes in cell culture, which is 

mediated by the viral protein CD2v (Rodriguez et al 1993). While a variety of naturally 

attenuated non-hemadsorbing strains of ASFV have been identified, the ability to induce 

hemadsorption is not an absolute requirement for ASFV virulence in pigs (Borca et al 1998; 

Boinas et al 2004; Chapman et al 2008; Gallardo and Soler et al 2019; Borca and O’Donnell et al 

2020). ASFV can also be classified into serogroups based on hemadsorption inhibition (HAI) 

mediated by antibodies targeting the viral CD2v and C-type lectin proteins (Sereda and Balyshev 
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2011; Malogolovkin et al 2015b; Malogolovkin and Sereda 2022). Multiple serogroups can be 

represented within a p72-based ASFV genotype (Malogolovkin et al 2015a). 

1.1.5 Virus replication 

1.1.5.1 Cellular tropism 

ASFV primarily replicates in cells of the monocyte/macrophage lineage, and this tropism 

plays a significant role in the pathogenesis of ASF (Malmquist and Hay 1960; Perez et al 1994; 

Blome et al 2013; Gomez-Villamandos et al 2013). However, during later stages of infection, 

ASFV can also be detected in additional cell types, including lymphocytes and neutrophils 

(Carrasco and de Lara et al 1996a; Carrasco and Gómez-Villamandos et al 1996). ASFV is also 

capable of replicating in epithelial cells derived from African green monkey kidneys, including 

Vero, COS, and MA104 cell lines (Carrascosa et al 2011; de León et al 2013). The precise 

mechanisms governing ASFV tropism for mononuclear phagocytic cells are not completely 

understood. Cells at later stages of differentiation, such as pulmonary alveolar macrophages and 

other resident tissue macrophages, appear more susceptible to ASFV infection. It was previously 

hypothesized this to be due to expression of the cell surface marker CD163, which is primarily 

expressed on mature tissue macrophages (Sánchez-Torres et al 2003); however, genetically 

modified pigs lacking CD163 show no resistance to virulent ASFV infection, indicating that the 

porcine CD163 protein is not essential for replication in pigs (Popescu et al 2017). 

1.1.5.2 Attachment, entry, and uncoating 

ASFV entry into host cells occurs through multiple mechanisms, including receptor-

mediated and receptor-independent processes. Early research with cell-adapted virus 

demonstrated ASFV binding to Vero cells is saturable, which could be suggestive of a receptor-

mediated interaction; however, no specific cellular receptor mediating ASFV entry has been 
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identified (Alcami et al 1989; Hooper et al 2024). Clathrin-mediated endocytosis (CME) is a 

process which involves the internalization of extracellular cargo into clathrin-coated vesicles 

after cargo binding to the cell membrane, and is a common receptor-mediated cell entry 

mechanism for viruses (Mercer et al 2010; Kaksonen and Roux 2018). Multiple studies have 

demonstrated ASFV entry into susceptible cells via CME (Alcami et al 1990; Hernaez and 

Alonso 2010; Galindo et al 2015; Hernaez et al 2016). Nonselective cellular uptake of ASFV 

virions by macropinocytosis has also been demonstrated, with inhibitors of this process 

significantly decreasing ASFV infection of cells; macrophages routinely undergo this process as 

part of their function as antigen-presenting cells (Sánchez et al 2012; Hernaez et al 2016). 

Accelerated disease and mortality has been observed in ASFV vaccination-challenge studies, and 

antibody-mediated enhancement of disease has been hypothesized as the cause of this 

phenomenon (Argilaguet et al 2011; Sunwoo et al 2019; Chen et al 2025; Zhai et al 2025). Fc-

receptor-mediated uptake of ASFV virions bound to non-neutralizing antibodies by 

macrophages, i.e. antibody-dependent enhancement (ADE), is one potential mechanism for this 

observation; however, a previous study in primary macrophages treated with antibody to saturate 

Fc receptors showed no inhibition of early viral protein synthesis and viral DNA replication 

following incubation with ASFV-antibody complexes; therefore,  additional work is needed to 

evaluate the ADE hypothesis (Alcamí and Viñuela 1991; Hooper et al 2024). Apoptotic mimicry, 

whereby virions are disguised as cellular debris through the display of phosphatidylserine on the 

virion surface to promote uptake by phagocytic cells, has also been shown to facilitate ASFV 

entry into macrophages (Chen and Zheng et al 2023a). Additionally, the presence of ASFV 

within apoptotic bodies derived from infected cells can promote infection of macrophages that 

engulf cellular debris (Gao and Zhou et al 2023). Following internalization, virions within early 
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endosomes or macropinosomes are trafficked through the cellular endosomal system and into 

late endosomes. Endosomal acidification leads to virus uncoating and release of the viral core 

into the cytosol of the cell (Hernaez et al 2016).  

 A variety of ASFV proteins have been identified as having a role in viral attachment and 

internalization by host cells. Purified viral p12 and baculovirus-expressed recombinant p12 bind 

to ASFV-susceptible Vero cells, and this binding can be blocked by addition of ASFV virions to 

Vero cell cultures. Additionally, purified recombinant p12 can block ASFV virion binding and 

infection in cell culture, indicating an important role for p12 in ASFV binding to cells 

(Carrascosa et al 1991; Angulo et al 1993). The viral capsid protein p72 and inner envelope 

protein p54 are also involved in ASFV binding to cells. Antiserum targeting either of these 

proteins can inhibit virus attachment to Vero cells and porcine macrophages by nearly 60%, and 

treatment with recombinant p54 can block the binding of ASFV particles to macrophages 

(Gómez-Puertas et al 1996; Gómez-Puertas et al 1998). Similar experiments also demonstrated a 

role for the p30 protein in virus internalization (Gómez-Puertas et al 1996; Gómez-Puertas et al 

1998). The inner envelope proteins pE199L and pE248R are both involved in membrane fusion 

and release of the viral core into the cytoplasm as demonstrated by recombinant ASFVs which 

can be induced to express the viral E199L or E248R proteins (Rodríguez et al 2009; Matamoros 

et al 2020). As a significant portion of ASFV-encoded proteins have not been characterized yet, 

it is likely there are additional ASFV proteins mediating ASFV attachment and entry.  

1.1.5.3 Genome replication and virion assembly 

ASFV replication occurs primarily in the cytoplasm of infected cells (Rojo et al 1999; 

Dixon et al 2013). Like poxviruses, ASFV gene expression follows a temporal pattern with early, 

intermediate, and late gene products, and the viral genome encodes an array of proteins involved 
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in DNA replication and transcription, including viral DNA and RNA polymerases, thymidine 

kinase, DNA primase, and DNA ligase (Dixon et al 2013; Gaudreault et al 2020). Genes required 

for virus replication are expressed early in the replication cycle, while intermediate and late 

genes include structural proteins and elements packaged into mature virions (Dixon et al 2013; 

Muñoz-Moreno et al 2015). Viral DNA replication and virion assembly occur in perinuclear viral 

factories located in the cytoplasm, although short fragments of viral DNA can be detected in cell 

nuclei at early times post-infection (Tabares and Botija 1979; García-Beato et al 1992; Brookes 

et al 1996; Rojo et al 1999; Heath et al 2001; Salas and Andrés 2013; Muñoz-Moreno et al 

2015). The formation of virus factories, virion assembly, and viral particle egress all involve 

significant host cell cytoskeletal and organelle rearrangement (Netherton and Wileman 2013; 

Muñoz-Moreno et al 2015). The ASFV infectious cycle takes between 18-24 hours to complete 

(Muñoz-Moreno et al 2015).  

1.2 Epidemiology of ASF 

1.2.1 Species susceptibility 

ASFV is capable of infecting domestic and feral pigs and multiple wild suid species. 

However, there is significant variability in clinical outcomes associated with ASFV infection 

between different swine species. Domestic pigs (Sus domesticus or Sus scrofa domesticus) are 

highly susceptible to ASFV, with clinical manifestations ranging from inapparent or subclinical 

disease to peracute death depending on viral strain virulence (Blome et al 2013). The existence 

of breeds of domestic pigs which display increased resistance to ASF has been concluded from 

serological studies in endemic areas of Africa; however, a study involving the breeding of 

seropositive pigs obtained from an endemic area of Mozambique showed no resistance to ASFV 

challenge in the offspring of these animals, indicating ASF resistance was either not heritable or 
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not present under experimental conditions (Penrith et al 2004). Eurasian wild boar (Sus scrofa), 

the closest wild relative of domestic pigs, are also highly susceptible to ASFV, and significant 

mortality is observed in these animals after infection with ASFV (Gabriel et al 2011; Blome et al 

2012; Blome et al 2013). Wild boars are abundant and widespread throughout much of Europe 

and Asia, making them an important reservoir for ASFV maintenance and spread (Costard et al 

2013; Sauter-Louis and Conraths et al 2021). 

In contrast to domestic pigs and wild boar, wild African suids (e.g., warthogs, bushpigs), 

although permissive for ASFV infection, are refractory to clinical disease. Warthogs 

(Phacochoerus africanus) are an important reservoir species for ASFV in Southern and Eastern 

Africa, where they maintain ASFV in the environment as part of a sylvatic transmission cycle 

involving Ornithodoros soft ticks (Detray 1957a; Jori and Bastos 2009; Costard et al 2013; Jori 

et al 2013). Despite this, warthogs do not develop clinical signs of ASF after infection, even 

when infected with ASFV isolates known to be highly virulent in domestic swine (Thomson et al 

1980). Similarly, bushpigs (Potamochoerus larvatus) are capable of being infected with ASFV 

but do not develop clinical disease following infection (Anderson et al 1998). A single report of 

ASFV being isolated from a giant forest hog (Hylochoerus meinertzhangeni) was published in 

1965 (Heuschele and Coggins 1965); however, infection in this species is unlikely to have a 

significant role in ASFV maintenance and transmission (Jori and Bastos 2009). 

A variety of soft ticks belonging to the genus Ornithodoros are permissive for ASFV 

infection, and O. porcinus porcinus and O. moubata soft ticks are known to be competent 

biological vectors for ASFV transmission in nature. The specific details of ASFV infection in 

Ornithodoros ticks are discussed in section 1.2.2. 
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 1.2.2 Transmission 

ASFV is the only known mammalian DNA arbovirus. ASFV can be maintained in the 

environment and spread through multiple distinct transmission cycles (Gaudreault et al 2020), as 

illustrated in Figure 1.2. The relevance of different transmission routes for ASF epizootics is 

influenced by a variety of factors including geography, wildlife susceptibility, the presence of 

competent soft tick vectors, local biosecurity practices, and international trade. 

ASFV is readily transmissible between susceptible swine species via direct and indirect 

contact (Guinat and Gogin et al 2016; Guinat and Gubbins et al 2016). Virus in the blood, 

tissues, feces, and body secretions of infected animals are a source of direct transmission to naïve 

animals (Guinat and Gogin et al 2016). Transmission efficiency is reported to be higher for 

virulent ASFV strains compared to low virulence isolates (Boinas et al 2004). Pigs infected with 

low virulence strains can develop chronic disease, and these animals can infect naïve animals for 

extended periods experimentally, though the significance of a chronic carrier status in natural 

ASFV transmission is unclear (Gallardo and Soler et al 2015; Petrov et al 2018; Eblé et al 2019). 

Contact between domestic pigs and wild boar is an important source of infection for both species 

in Europe and Asia. This is especially significant in small scale pig farms with poor biosecurity 

practices (Gogin et al 2013). Indirect transmission is also a substantial risk with ASFV. The virus 

is stable in animal feed components derived from pigs, and the feeding of contaminated swill and 

pork products to swine is an important source of ASFV outbreaks (Costard et al 2013; Gogin et 

al 2013; Dee et al 2018; Stoian et al 2019). Additionally, the environmental stability of ASFV 

makes contaminated fomites and premises a significant risk factor for ASFV transmission 

(Costard et al 2013). Aerosol transmission of ASFV has been reported under experimental 

conditions (Olesen et al 2017) 
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In Southern and Eastern Africa, where the greatest genotypic diversity of ASFV is seen, 

the virus is maintained in the environment via a sylvatic transmission cycle involving 

Ornithodoros porcinus porcinus (also referred to as O. moubata) soft ticks and warthogs (Jori 

and Bastos 2009; Costard et al 2013; Jori et al 2013). While the existence of warthogs in the 

vicinity of affected pig farms was noted in the original description of the disease by Montgomery 

in 1921, it was nearly 50 years before ASFV was first isolated from O. moubata ticks obtained 

from warthog burrows in Tanzania (Plowright et al 1969). Subsequent studies have shown that 

O. moubata soft ticks are infected with ASFV after feeding on blood from animals with 

sufficiently high viremia levels. The virus is transmitted sexually, transovarially, and 

transstadially in this species, and tick-to-pig transmission is associated with high virus titers in 

the tick salivary and coxal gland tissues and secretions (Plowright et al 1970a; Plowright et al 

1970b; Plowright et al 1974; Kleiboeker et al 1998; Kleiboeker and Scoles 2001; Rennie et al 

2001). ASFV has also been detected by qPCR in other South African Ornithodoros species, 

including O. waterbergensis, O. phacochoerus, and O. compactus (Craig et al 2022). In the 

sylvatic cycle, ASFV transmission occurs when infected soft ticks feed on uninfected juvenile 

warthogs, or when uninfected ticks obtain a bloodmeal from infected juvenile warthogs. 

Warthogs remain asymptomatic following ASFV infection, and adult warthogs do not develop 

high enough viremia to transmit ASFV to uninfected soft ticks or other swine (Heuschele and 

Coggins 1969; Thomson et al 1980; Thomson 1985; Jori and Bastos 2009). Spillover from the 

sylvatic cycle into domestic pigs can occur when warthogs carry infected ticks to areas 

frequented by domestic pigs (Jori and Bastos 2009). Bushpigs are also permissive for ASFV and 

carry the virus asymptomatically, though prevalence in this species is significantly lower than in 

warthogs (Oura et al 1998a; Jori and Bastos 2009). While experimental transmission of ASFV 
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from bushpigs to both domestic pigs and Ornithodoros soft ticks has been demonstrated, their 

behavior and geographical distribution precludes significant interaction with ticks and livestock 

in the wild; therefore, they are not considered a significant risk for ASFV transmission 

(Anderson et al 1998; Jori and Bastos 2009; Costard et al 2013). 

Ornithodoros moubata and O. erraticus ticks can maintain and transmit ASFV for years 

after initial infection, making them an important reservoir for ASFV persistence in the 

environment (Plowright et al 1969; Pérez-Sánchez et al 1994; Kleiboeker et al 1998; Kleiboeker 

and Scoles 2001; Costard et al 2013; Jori et al 2013). Additionally, other species of Ornithodoros 

soft ticks outside Africa are capable of being infected with ASFV and transmit the virus to 

domestic pigs. In particular, O. erraticus ticks, which are endemic in Spain and Portugal, were 

the first arthropod species from which ASFV was isolated (Sánchez Botija 1963; Hess et al 

1987; Kleiboeker and Scoles 2001). Consequently, potential tick-pig transmission cycles are a 

major concern in areas with these arthropod species. Domestic swine are readily infected when 

fed upon by Ornithodoros soft ticks carrying ASFV, and bi-directional virus transmission 

between ticks and pigs has been extensively described for ASF outbreaks in Africa and the Iberia 

peninsula (Haresnape et al 1988; Haresnape et al 1989; Pérez-Sánchez  et al 1994; Boinas et al 

2004; Ravaomanana et al 2010; Boinas et al 2011; Costard et al 2013; Boinas et al 2014). 

Because Ornithodoros species can survive for decades and are capable of maintaining ASFV 

infection for years, the presence of tick-pig transmission greatly complicates efforts aimed at 

local ASF eradication – sporadic outbreaks of ASF associated with infected O. erraticus ticks 

occurred in the Iberian Peninsula into the 1990s (Pérez-Sánchez et al., 1994; Basto et al 2006; 

Boinas et al 2011; Boinas et al 2014). Current knowledge of the distribution of Ornithodoros 

spp. vectors and serological surveillance of wild boar for antibodies against Ornithodoros ticks 
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does not support a role for Ornithodoros ticks in ASFV transmission and maintenance in Eastern 

Europe and the Caucasus (Pietschmann et al 2016; Frant et al 2017).   

1.2.3 Geographic distribution 

Since its initial discovery, ASFV has spread far beyond its original range, and it is now 

one of the most significant transboundary pathogens of agricultural animals. In the period from 

January 2022 to October 2025, ASF was reported as present in 69 countries in Africa, Europe, 

Asia, and the Americas (World Organization for Animal Health 2025). The ongoing panzootic in 

Europe and Asia has resulted in millions of animal deaths and billions of dollars in economic 

losses (Gaudreault et al 2020). 

ASF was first described in Kenya in 1921 (Montgomery 1921). The virus is endemic in 

most of sub-Saharan Africa and Madagascar, with 33 African nations reporting ASF outbreaks 

between 1989 and 2017 (Penrith et al 2019). All 24 ASFV genotypes are represented in Africa, 

with the greatest genotypic diversity present in the southeast portion of the continent where the 

sylvatic transmission cycle between warthogs and Ornithodoros porcinus porcinus soft ticks 

exists, while genotype I ASFVs predominate in nations bordering the Gulf of Guinea in West 

Africa (Njau et al 2021). While the sylvatic cycle is known to contribute to endemicity in the 

Southern African nations where it exists, in other African countries ASFV is maintained through 

transmission between susceptible swine, primarily domestic pigs. Importantly, 88.5% of reported 

outbreaks between 1989 and 2017 which had an identifiable source originated in domestic swine 

(Penrith et al 2019). A variety of factors have contributed to the spread of ASF in Africa, 

including a rapidly expanding livestock population, movement of infected pigs, feeding of 

contaminated swill, inadequate farm biosecurity, and free-range husbandry practices (Penrith et 

al 2013; Penrith et al 2019). 
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The first outbreak of ASF outside Africa occurred in Portugal in 1957, likely because of 

contaminated food waste being fed to domestic pigs, and from there it spread throughout much 

of southern and western Europe, eventually being detected as far east as the Soviet Union in 

1977. By the end of the 1970s, ASF was also reported as far west as the Latin American nations 

of Cuba, Haiti, the Dominican Republic, and Brazil (Sánchez-Vizcaíno et al 2013; Cwynar et al 

2019; Danzetta et al 2020). Aggressive control efforts, including restrictions on the movement of 

domestic pigs and pork products, mandatory quarantines, and culling, were successful in 

eradicating ASFV from Latin America and most of Europe and ending this first ASFV 

panzootic, though ASF remained endemic on the island of Sardinia until 2024. Eradication was 

slowest in the Iberian Peninsula due to the presence of infected Ornithodoros erraticus soft ticks 

which acted as an environmental reservoir for the virus (Boinas et al 2011). The last outbreaks of 

ASF in mainland Europe prior to 2007 occurred in the Iberian Peninsula in the late 1990s 

(Cwynar et al 2019; Danzetta et al 2020).  

The second major emergence of ASF outside Africa is the ongoing panzootic affecting 

Europe, Asia, and the Caribbean, which began in 2007 when a genotype II ASFV strain was 

identified in domestic pigs in the nation of Georgia (Rowlands et al 2008). Subsequently, the 

disease spread rapidly throughout the Caucasus region, Eastern Europe, and the Russian 

Federation, facilitated by a variety of anthropogenic factors and the abundance of Eurasian wild 

boar, which are highly susceptible to the virus (Sánchez-Vizcaíno et al 2013; Gogin et al 2013; 

Cwynar et al 2019). To date, ASF is present in most Eastern European nations, with outbreaks 

occurring as far west as Germany, Italy, and Belgium (Linden et al 2019; Sauter-Louis and Forth 

et al 2021; Iscaro et al 2022; World Organization for Animal Health 2025). In 2018, ASF was 

detected for the first time in China, the world’s largest pork producing country (Zhou et al 2018). 
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The disease has subsequently spread throughout much of eastern and southern Asia, causing 

millions of animal deaths and significant economic losses to producers (Gaudreault et al 2020). 

The 2021 emergence of ASF on the island of Hispaniola in the Caribbean represents the 

westernmost extent of the ongoing ASFV panzootic (Gonzales et al 2021). The rapid spread and 

acute devastation associated with ASF presently makes it one of the most significant pathogens 

of livestock globally and a transboundary foreign animal disease of significant concern to the 

United States.  

1.3 Pathogenesis of ASF 

1.3.1 Clinical manifestations of ASF 

ASFV infection can result in a variety of clinical presentations depending on viral strain 

virulence and species susceptibility, ranging from asymptomatic infection to peracute disease, 

the latter with extremely high mortality rates. As discussed previously, while wild African suid 

species do not display clinical signs after infection, domestic pigs (Sus domesticus) and Eurasian 

wild boar (Sus scrofa) are highly susceptible to the virus and readily develop symptomatic 

disease. In susceptible swine, clinical ASF is classified as peracute, acute, subacute, or chronic, 

depending on clinical signs and their severity as well as temporal disease progression (Sánchez-

Vizcaíno et al 2015; Salguero 2020). Peracute and acute ASF result from infection with highly 

virulent virus strains and are characterized by severe and rapidly progressing illness with 

mortality rates approaching 100%. Clinical signs include high fever, inappetence, lethargy, rapid 

breathing, and erythema progressing to cyanosis, and affected animals often show digestive tract 

disturbances, uncontrolled bleeding, and neurological symptoms; animals with peracute disease 

can die as soon as 24 hours after the onset of clinical signs, while acute disease usually results in 

death within 7 days of symptom onset (Blome et al 2013; Gómez-Villamandos et al 2013; 
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Sánchez-Vizcaíno et al 2015; Salguero 2020). Symptoms of subacute ASF resulting from 

infection with moderately virulent viruses overlap with those of acute disease but are generally 

less severe, with 30-70% of animal dying and surviving pigs recovering by 3-4 weeks post-onset 

(Gómez-Villamandos et al 2013; Sánchez-Vizcaíno et al 2015; Salguero 2020). In contrast, 

chronic ASF, which results from infection with low virulence strains, is characterized by 

nonspecific clinical signs including failure to thrive, arthritis and joint swelling, and necrotic 

areas of skin, with some animals developing a long-term carrier state which can be a persistent 

source of infection for other swine (Leitão et al 2001; Sánchez-Vizcaíno et al 2015; Salguero 

2020). 

1.3.2 Gross and histological lesions 

Pathologic lesions associated with moderately or highly virulent ASFV infection result 

from depletion of lymphocytes and disruption of lymphoid tissues and organs with significant 

resident macrophage populations, along with disruption of hemostasis and coagulopathy. 

Peracute ASF generally produces death before significant gross pathologic lesions develop 

(Sánchez-Vizcaíno et al 2015; Salguero 2020). In acute ASF, widespread hemorrhagic 

lymphadenopathy and severe hemorrhagic splenomegaly are considered characteristic findings, 

and petechial hemorrhages on the renal cortical surface and the mucosa and serosa of the heart 

and abdominal organs are frequently observed. Severe pulmonary edema is generally observed in 

affected animals (Blome et al 2013; Gómez-Villamandos et al 2013; Sánchez-Vizcaíno et al 

2015; Salguero 2020). Gross lesions found with subacute ASF somewhat overlap with those 

found in the acute form of the disease. However, splenomegaly tends to be partial or less 

pronounced in subacute ASF, and lesions associated with vascular disruption such as 

hemorrhage, edema, and fluid accumulation can be more significant, with animals often having 
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ascites, hydropericardium, and edema of the gall bladder wall (Gómez-Villamandos et al 2013; 

Sánchez-Vizcaíno et al 2015; Salguero 2020). Histopathological lesions generally include 

hemorrhage and apoptosis with variable necrosis within the spleen and lymph nodes, pulmonary 

edema along with interstitial pneumonia, and hemorrhage in sections of the liver, lung, heart, GI 

tract, and kidney, especially on serosal or mucosal surfaces (Izzati et al 2021; Salguero 2020). 

Chronic ASF does not produce lesions associated with vascular disruption. Instead, lesions are 

often associated with secondary bacterial infection due to ASFV-mediated immunosuppression, 

and can include fibrinous pleuritis and pleural adhesions, fibrinous pericarditis, fibrinous 

arthritis, pneumonia, and necrosis of the skin, tonsil, and tongue (Sánchez-Vizcaíno et al 2015) 

1.3.3 Pathogenic mechanisms of ASFV 

The pathogenesis of ASFV is directly related to its cellular tropism and is based on 

activation and destruction of porcine monocytes and macrophages, with lesions being most 

severe in lymphoid tissues and organs with significant resident macrophage populations (Blome 

et al 2013; Gómez-Villamandos et al 2013). Infection of these cells produces cytopathic effects 

progressing to cell necrosis or apoptosis, with highly virulent ASFV strains showing a greater 

capacity to inhibit progression of apoptosis in vitro compared to low virulence isolates 

(Malmquist and Hay 1960; Portugal et al 2009). Additionally, ASFV infection stimulates the 

secretion of pro-inflammatory cytokines including IL-1α, IL-1β, IL-6, and TNF-α by both 

infected and uninfected monocytes and macrophages, either directly or indirectly (Gómez del 

Moral et al 1999; Carrasco et al 2002; Salguero et al 2002). The increased production of pro-

inflammatory cytokines by these cells coincides with the onset of clinical disease and lymphoid 

destruction in domestic pigs, and virus strains with different levels of virulence induce different 
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levels of these cytokines, strongly implying pro-inflammatory  cytokines are important mediators 

of disease progression and severity (Salguero et al 2002; Gil et al 2008).  

Depletion and destruction of lymphoid tissues is one of the main pathological lesions 

associated with virulent ASFV infection, both grossly and histologically (Blome et al 2013; 

Gómez-Villamandos et al 2013; Salguero 2020). While mature ASFV virions have been 

observed in lymphocytes, and ASFV genome fragments have been detected in lymphocytes from 

infected animals, these findings are only present during late-stage infections, and there is 

minimal evidence to support active ASFV replication within lymphocytes as the cause of 

lymphoid lesions in ASF (Gómez-Villamandos et al 1995; Carrasco and de Lara et al 1996a; 

Carrasco and de Lara et al 1996b; Ballester et al 2010). Instead, lymphoid lesions are most likely 

caused by the massive release of pro-inflammatory cytokines from mononuclear phagocytic 

cells, which triggers widespread lymphocyte apoptosis (Gómez-Villamandos et al 1995; 

Salguero et al 2005). Cytokine-mediated lymphocyte apoptosis contributes to adaptive immune 

system impairment seen with virulent ASFV, as discussed in section 1.5. Immunosuppression 

contributes to the development of secondary infections and bacteria-associated lesions 

characteristic of chronic ASF (Salguero et al 2020).  

Hemorrhagic disease, coagulopathy, and vascular lesions are common findings associated 

with ASFV infection, especially in acute and subacute ASF, and these pathologies are also 

mediated by the release of pro-inflammatory cytokines from monocytes and macrophages. ASFV 

infection produces abnormal coagulation profiles which can include prolonged prothrombin time 

(PT), activated partial thromboplastin time (APTT), and thrombin clotting time (TCT), findings 

which are indicative of consumption coagulopathy and disseminated intravascular coagulation 

(DIC); these abnormalities are more pronounced with highly and moderately virulent virus 
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strains compared to low virulence ASFV isolates (Edwards et al 1984; Villeda et al 1993a; 

Villeda et al 1993b; Blome et al 2013). In lungs from ASFV-infected pigs, the appearance of 

microthrombi coincides with increased numbers of pulmonary interstitial macrophages (PIMs) 

expressing IL-1α and TNF-α, cytokines which promote procoagulant activity and endothelial cell 

activation (Carrasco et al 2002). Endothelial cell activation promotes increased pulmonary 

vascular permeability, leading to the development of pulmonary edema, another prominent 

lesion associated with acute and subacute ASF; the appearance of pulmonary edema on 

histopathology slides also coincides with increases in PIMs expressing proinflammatory 

cytokines (Carrasco et al 2002; Gómez-Villamandos et al 2013). ASFV is also capable of 

infecting endothelial cells during late-stage infection, and this induces expression of factor III, an 

essential initiator of the extrinsic coagulation pathway (Vallée et al 2001). ASFV can stimulate 

vacuolation and apoptosis in infected endothelial cells; however, hemorrhagic lesions appear 

before the virus is detectable in these cells, suggesting a direct destruction of endothelium by 

ASFV infection is not the initiating factor for hemorrhagic disease in vivo (Vallée et al 2001; 

Gómez-Villamandos et al 2013). Thrombocytopenia is also a characteristic finding with acute 

and subacute ASF which can affect hemostasis in vivo (Blome et al 2013; Gómez-Villamandos et 

al 2013). ASFV strains of moderate and high virulence produce lesions in bone marrow, and they 

can infect megakaryocytes, stimulating apoptosis (Gómez-Villamandos et al 1997; Gómez-

Villamandos et al 1998). However, the proportion of megakaryocytes which become infected 

following in vivo ASFV challenge is rather low, and virulent ASFV Malawi 83 does not impact 

thrombocyte proliferation via hematopoiesis, which suggests increased peripheral consumption 

rather than decreased production is the primary mediator of thrombocytopenia in infected pigs 

(Perez et al 1997; Carrasco and Gómez-Villamandos et al 1996). Instead, thrombocytopenia 
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appears to be caused by increased peripheral consumption mediated by activation of 

mononuclear phagocytic cells. In addition to platelet accumulation around fibrin deposits, 

infection of monocytes and macrophages results in activation and degranulation of thrombocytes, 

leading to the formation of thrombi (Gómez-Villamandos et al 1996). In summary, the induction 

of proinflammatory cytokine cascades by virus-infected monocytes and macrophages is the 

primary mediator of vascular disruption and hemorrhagic disease in acute and subacute ASF. 

1.4 Host immune responses to ASFV 

Host immune responses to ASFV infection are critical mediators of ASF pathogenesis 

and differ significantly between attenuated and highly virulent virus strains. Significant effort 

has been directed at identifying specific immune responses which are critical for protection 

against ASF and characterizing the differences between animals that survive ASFV infection and 

those that succumb to the disease. While our understanding of the immune landscape 

surrounding ASFV infection and protection remains incomplete, several broad themes relating to 

ASFV immunology and infection outcomes can be gleaned from published literature. 

1.4.1 Innate immune responses 

ASFV infects cells belonging to the monocyte/macrophage lineage, leading to their 

secretory activation and the release of large quantities of pro-inflammatory cytokines known to 

lead to ASF clinical signs (Malmquist and Hay 1960; Perez et al 1994; Gómez del Moral et al 

1999; Carrasco et al 2002; Salguero et al 2002; Blome et al 2013; Gomez-Villamandos et al 

2013). Cytokine responses differ qualitatively and quantitatively between virulent and attenuated 

ASFV strains (Franzoni et al 2023). Type I interferons (IFNs) are important mediators of 

antiviral innate immune responses, and virulent ASFV strains OURT88/1, Benin 97/1, and 

Georgia 2007 stimulate a rise in serum concentrations of these cytokines during infection 
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(Karalyan et al 2012; Golding et al 2016; Sánchez-Cordón et al 2020; Wang et al 2020). In 

contrast, moderately virulent and attenuated ASFVs including Netherlands 86 and OURT88/3 

strains do not induce increases in serum type I IFNs, suggesting increases in type I IFNs 

correlate with virus strain virulence (Carlson et al 2016; Post et al 2017; Reis et al 2020; 

Franzoni et al 2023). Similar changes are generally seen with the pro-inflammatory cytokines IL-

1α, IL-1β, and TNF-α, with virulent ASFV strains producing increases in serum concentrations 

which are not present with attenuated ASFVs (Salguero et al 2002; Salguero et al 2005; 

Zakaryan et al 2015; Carlson et al 2016; O’Donnell et al 2017; Sánchez-Cordón and Pedro et al 

2018; Wang et al 2020; Fan et al 2022). Elevations in the number of macrophages secreting IL-

1α and TNF-α coincide with lesion formation in lung and lymphoid tissues (Gómez-Villamandos 

et al 1995; Carrasco et al 2002; Salguero et al 2005; Gómez-Villamandos et al 2013). 

Experimental data is less consistent for IL-12, a heterodimeric pro-inflammatory cytokine 

produced by APCs which promotes development of cell-mediated responses by stimulating Th1 

development and IFN-γ production (Vignali and Kuchroo 2012). Previous reports have shown no 

significant elevations in serum IL-12 following infection with moderately virulent Netherland’86 

as well as lab-attenuated strains ASFV-G∆9GL/∆UK, Pret4∆9GL, HLJ/18-7GD, SY18∆L7-11 

(Carlson et al 2016; O’Donnell et al 2017; Post et al 2017; Fan et al 2022). Virulent genotype II 

SY18 is reported to produce serum IL-12 elevations between 3-5 days after infection which 

largely persist throughout the course of the disease; however, a separate study using the closely 

related genotype II HLJ/18 virus showed a significant decrease in IL-12 from baseline at 7 days 

post-challenge (Wang et al 2020; Fan et al 2022). IL-2 is similarly critical for stimulating nascent 

cell-mediated immune responses through its ability to enhance NK cell activity and promote T 

cell proliferation and differentiation, and data on the impact of virulent ASFV infection on serum 
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levels of this cytokine is also contradictory (Liao et al 2011; Zhang and Zhang et al 2021; Fan et 

al 2022). Interestingly, a study investigating ASFV infection in farm-raised vs specific pathogen 

free (SPF) pigs demonstrated the hygienic status of experimental animals can have a significant 

impact on ASFV-induced cytokine responses with moderately virulent ASFV Estonia 2014, with 

farm-raised pigs showing higher levels of pro-inflammatory cytokines at earlier times post-

infection; while this early increase in pro-inflammatory cytokines coincided with a 1 day delay in 

peak viremia which could reflect greater control of early virus replication, mortality rates for 

farm-raised pigs were significantly greater than SPF pigs, highlighting the complex  nature of 

virus-host interactions during ASFV infection (Radulovic et al 2022). Comparatively fewer 

studies have been performed evaluating the impact of ASFV infection on circulating chemokines 

which mediate migration of immune cells into tissues. However, research into chemokine levels 

shows a similar pattern as seen with pro-inflammatory cytokines, with minimal changes 

occurring subsequent to inoculation with attenuated ASFV strains and elevations following 

virulent ASFV challenge (Fishbourne et al 2013; Zakaryan et al 2015; Carlson et al 2016; 

O’Donnell et al 2017; Wang et al 2020; Zhang and Zhang et al 2021; Franzoni et al 2023). 

Because ASFV pathogenesis is related to host inflammatory responses, several studies 

have attempted to evaluate the role of immunoregulatory and anti-inflammatory cytokines in 

ASFV infection and disease progression. IL-1Ra is an IL-1 receptor antagonist which 

competitively inhibits the biological activity of IL-1α and IL-1β, and deficiency in this protein is 

associated with excessive inflammation and autoinflammation (Gabay et al 2010). IL-1Ra has 

been shown to dampen excessive proinflammatory innate immune responses induced by multiple 

viral pathogens including influenza A and Ebola viruses, and IL-1Ra deficiency can exacerbate 

pathology and mortality in viral disease (Hill-Batorski et al 2015; Griffith et al 2023; Schworer 
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et al 2023). Few studies have investigated IL-1Ra responses during ASFV infection, but 

moderately virulent Estonia 2014 and highly virulent Armenia 2008 and SY18 ASFVs have all 

been shown to stimulate increases in serum IL-1Ra during infection (Zhang and Zhang et al 

2021; Radulovic et al 2022). SPF pigs develop significantly higher levels of IL-1Ra than farm-

raised pigs early after infection with Estonia 2014, and this increase is associated with decreased 

levels of pro-inflammatory cytokines and increased survival relative to farm pigs, suggesting IL-

1Ra may be important in controlling virulence during ASF infections (Radulovic et al 2022). 

Much more attention has bene focused on IL-10, a prototypical anti-inflammatory cytokine 

produced by T cell subsets, especially Treg and Th2 cells, as well as APCs and innate immune 

cells (Saraiva and O’Garra 2010). IL-10 acts on dendritic cells, monocytes, and macrophages to 

inhibit antigen presentation and MHC class II expression, cell maturation and differentiation, and 

the production of inflammatory cytokines and chemokines including IL-1, IL-6, IL-12, and TNF 

(Mosser and Zhang 2008). Increases in serum IL-10 have been reported after  infection with 

ASFV isolates Netherlands 86, HLJ/18, Benin 97/1, and Estonia 2014 (Post et al 2017; Sánchez-

Cordón et al 2017; Sánchez-Cordón and Pedro et al 2018; Fan et al 2022; Radulovic 2022), 

while multiple attenuated ASFV strains including Benin∆MGF, Benin∆DP148R, OURT88/3, 

OURT88/3D329L, and HLJ/18-7GD have not been shown to induce significant IL-10 changes 

(Reis et al 2016; Reis et al 2017; Sánchez-Cordón et al 2017; Sánchez-Cordón and Pedro et al 

2018; Reis et al 2020; Fan et al Viruses 2022). Unfortunately, conclusions from these studies 

regarding the role of IL-10 in progression of ASF are somewhat contradictory. Increased serum 

IL-10 was positively correlated with survival following challenge with ASFV Netherlands 86 

(Post et al 2017). However, in vaccination-challenge studies with OURT88/1 and Benin 97/1, 

vaccinated pigs which were not protected from lethal ASFV challenge possessed significantly 
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higher levels of serum IL-10 post-challenge than animals which were protected (Sánchez-Cordón 

et al 2017; Sánchez-Cordón and Pedro et al 2018; Reis et al 2020). Additionally, the absence of 

long-term protection against virulent Benin 97/1 at 130 days post-vaccination with OURT88/3 or 

BeninΔMGF was associated with increased IL-10 and Treg cells (Sánchez-Cordón et al 2020). 

These results suggest that IL-10-mediated immunoregulatory responses may suppress the 

development of effective antiviral immune responses, and that survival following virulent ASFV 

challenge involves a precise balance of pro- and anti-inflammatory factors (Franzoni et al 2023). 

Virulent ASFV infection significantly impacts immune cell populations and is generally 

associated with lymphopenia and thrombocytopenia (Blome et al 2013). Leukopenia, or 

decreased total white blood cell counts, can be variably present depending on the degree of 

lymphopenia (Detray and Scott 1957; Wardley and Wilkinson 1977; Gómez-Villamandos et al 

1997). Lymphopenia is most likely mediated by the secretion of cytokines from monocytes and 

macrophages as described in 1.3.3. Conflicting conclusions have been made regarding whether 

lymphopenia is primarily mediated by depletion of B or T cell populations, but cytotoxic CD8+ 

T cells are reported to increase during infection with attenuated strains (Sanchez-Vizcaino et al 

1981; Ramiro-Ibanez et al 1997). Significant cellular depletion within lymphoid tissues such as 

the spleen is a characteristic finding with virulent ASFV (Blome et al 2013). Circulating natural 

killer (NK) cells, another lymphoid cell population with innate antiviral effector functions, 

decline during Armenia 2008 and Estonia 2014 infection but can recover to baseline prior to 

death (Radulovic et al 2022). ASFV infection can inhibit NK cell activity in vitro, and NK cell 

activity may be correlated with resistance to ASFV infection (Mendoza et al 1991; Leitão et al 

2001). Elevations in neutrophil counts, especially juvenile or immature neutrophils, are 

commonly present and overlap with the appearance of lymphopenia; other granulocyte 
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populations appear largely unaffected (Detray and Scott 1957; Wardley and Wilkinson 1977; 

Gómez-Villamandos et al 1997). The moderately virulent ASFV strain DR-II is reported to 

induce smaller changes in lymphocyte and neutrophil populations than highly virulent strains, 

suggesting these changes are related to viral virulence (Genovesi et al 1988). During peak 

infection, up to 31% of circulating monocytes and macrophages can be infected with ASFV, and 

higher expression of maturation-associated markers including CD163 is associated with greater 

cell susceptibility to ASFV infection in vitro (Ramiro-Ibanez et al 1995; Sanchez-Torres et al 

2003). Reports on peripheral blood monocyte and macrophage counts generally show no 

significant changes or transient decreases in these cell populations after infection (Detray and 

Scott 1957; Gómez-Villamandos et al 1997; Ramiro-Ibanez 1997). Thrombocytopenia primarily 

results from peripheral consumption due to altered hemostasis rather than decreased thrombocyte 

production (Perez et al 1997; Carrasco and Gómez-Villamandos et al 1996). Cellular changes are 

generally less severe with moderately virulent ASFV strains compared to highly virulent isolates 

(Genovesi et al 1988; Blome et al 2013; Sargsyan et al 2018; Avagyan et al 2024). Immune cell 

responses during chronic ASF are less well characterized. Hematologic changes are minimal or 

absent in chronic ASF, and in contrast to acute ASF, lymphoid tissues often show marked 

hyperplasia (Moulton and Coggins 1968). Secondary bacterial infections including fibrinous 

polyserositis and chronic pneumonia, are commonly associated with chronic ASFV and likely 

relate to residual or ongoing immunosuppression associated with ASFV infection (Moulton and 

Coggins 1968; Salguero 2020). 

1.4.2 Adaptive immune responses 

In many immunologically naïve animals, adaptive immune responses to virulent ASFVs 

are minimal or absent due to the rapid mortality and severe lymphoid depletion characteristic of 
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infection with this virus. However, animals which survive infection with moderately or highly 

virulent strains or animals which are inoculated with low virulence isolates such as OURT88/3 

and NH/P68 can be protected against infection with closely related homologous virulent strains; 

these observations are indicative of ASFV-specific adaptive immune responses and 

immunological memory (Leitão et al 2001; Boinas et al 2004; King et al 2011). The existence of 

ASFV-specific humoral and cell-mediated immune responses in infected animals is well 

established (Leitão et al 2001; Boinas et al 2004; King et al 2011). Research has identified a 

range of ASFV proteins which are known to be antigenic in vivo, including both B cell and T cell 

antigens (Gaudreault and Richt 2019; Netherton et al 2019; Xu et al 2023). Identification of 

proteins/epitopes which are critical mediators of ASFV immunity is an area of active research. 

ASFV-specific antibody responses first become detectable at approximately 7 days post-

infection, despite virulent genotype II ASFV infection causing significant declines in circulating 

B cells (Cubillos et al 2013; Gallardo and Fernández-Pinero et al 2019; Hühr et al 2020). 

Multiple ASFV structural and nonstructural proteins are the target of robust antibody responses, 

including p30, p54, p72, and pp62 (Cubillos et al 2013; Gallardo and Fernández-Pinero et al 

2019). Serum from convalescent animals is capable of partially neutralizing ASFV in vitro, and 

antibodies targeting epitopes within p30, p54, and p72 are the best described mediators of ASFV 

neutralization (Ruiz Gonzalvo and Caballero et al 1986; Ruiz Gonzalvo and Carnero et al 1986; 

Zsak et al 1993; Borca et al 1994; Gómez-Puertas et al 1996; Gómez-Puertas et al 1998). 

Importantly, in vitro neutralization is incomplete, with a persistent fraction of virus remaining 

non-neutralized (Ruiz Gonzalvo and Caballero et al 1986; Zsak et al 1993; Gómez-Puertas et al 

1996; Escribano et al 2013). Antibody responses to viral protein CD2v and C-type lectin proteins 

form the basis of ASFV serogrouping and are important mediators of homologous protection 
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(Malogolovkin et al 2015b; Burmakina et al 2016). The role of specific antibodies in protection 

from ASFV is discussed in 1.4.3. 

Lymphopenia is a common hematological change associated with ASFV infection; 

however, specific T cell responses do occur subsequent to infection with both attenuated and 

virulent ASFV strains (Canals et al 1992; Leitão et al 2001; King et al 2011; Hühr et al 2020; 

Sun et al 2021). Virus-specific cytotoxic and memory T cell responses are mounted during 

ASFV infection (Norley and Wardley 1984; Martins et al 1993). Proportions of CD8+ T cells, 

especially CD4+CD8+ double positive T cells, can increase in peripheral blood and lymphoid 

tissue during ASFV infection (Ramiro-Ibanez et al 1997; Hühr et al 2020; Schäfer et al 2021). 

Virus-specific T cell responses appear to correlate with survival. Animals inoculated with 

attenuated ASFVs OURT88/3 and NH/P68 develop virus specific T cell responses in ELISpot 

and lymphoproliferative assays, and this is associated with protection from subsequent virulent 

ASFV challenge (Leitão et al 2001; King et al 2011). Domestic pigs which survive virulent 

SY18 infection also show significant elevations in ASFV-specific lymphocytes, with p72-

specific PBMCs showing the greatest increase, and the ASFV-specific cytotoxic T cell response 

progressively enhanced over the course of infection (Sun et al 2021). Fatal infection with 

virulent ASFV is associated with impaired cell-mediated immune responses including minimal 

CD4-CD8+ cytotoxic T cell proliferation and altered perforin expression; altered perforin 

expression can also be seen in tissues from animals surviving moderately virulent Estonia 2014 

challenge (Hühr et al 2020; Schäfer et al 2021). This observation is consistent with experimental 

data demonstrating depletion of CD8+ lymphocytes abolishes protection against virulent 

OURT88/1 challenge in pigs (Oura et al 2005). Screening of peptide pools and mass 

spectrometry-based immunopeptidomic analysis of infected PAMs have identified several dozen 
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ASFV proteins with putative T cell epitopes, though it is likely that only a fraction of these are 

immunologically relevant in vivo (Netherton et al 2019; Bosch-Camós et al 2021a; Bosch-Camós 

et al 2021b). Thus, while it is known that T cell responses are critical for resolution of ASFV 

infection, knowledge of which ASFV antigens are essential targets for protective T cell 

responses remains incomplete.  

1.4.3 Protective immune responses against ASFV 

While it is well established that protective immunity against ASFV can be induced in 

vivo, the specific immunologic correlates of protection remain poorly understood (Gaudreault 

and Richt 2019). The precise antigens which mediate protective immunity are not firmly 

established, which severely hinders rational subunit vaccine development for ASFV. 

Additionally, there is conflicting experimental evidence regarding the relative importance of 

antibody responses in ASFV immunity, and a lack of clarity regarding the role of specific CD8+ 

lymphocyte subsets in protection against ASFV. Further research in these areas is needed to 

facilitate progress toward development of broadly effective ASFV vaccines. A detailed 

discussion of previous efforts toward ASFV vaccine development is provided in section 1.8. 

1.4.3.1 The role of antibody responses in ASFV immunity 

 The relevance of antibody responses in general, and neutralizing antibodies in particular, 

to ASFV immunity has been the topic of significant debate for several decades (Escribano et al 

2013). Several important early experiments demonstrated that antibodies from convalescent pigs 

could protect naïve animals against virulent ASFV challenge. The first studies to demonstrate 

protection by passive transfer of ASFV-specific antibodies involved neonatal piglets which were 

fed colostrum from sows which recovered from ASFV infection or were administered antiserum 

obtained from pigs hyperimmunized with ASFV. All piglets delivered and reared by a sow 
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which was inoculated with genotype I ASFV from the Dominican Republic 529 days prior to 

farrowing were protected from homologous virus challenge at 7 weeks of age and showed 

reductions in clinical signs, peak viremia, and duration of viremia following challenge, which 

was attributed to colostrum-derived antibodies; unfortunately, this study did not include a control 

group of piglets from an immunologically naïve sow for comparison of infection outcomes 

(Schlafer and McVicar et al 1984). A second study by the same group used caesarian-delivered 

neonatal piglets given colostrum from an ASF-recovered sow or ASFV antiserum followed by 

homologous oronasal challenge; this study included control groups that were either colostrum-

deprived or given normal colostrum. Groups which received colostrum from an ASF-recovered 

sow showed a degree of protection, with delayed clinical signs, a 3 log10 reduction in peak 

viremia and only 20% mortality by 81 DPC compared to 100% mortality for control groups. Pigs 

which received antiserum from the convalescent sow were also partially protected and showed 

delayed mortality (Schlafer and Mebus et al 1984). An additional experiment involving 

administration of immunoglobulin precipitated from ASF antiserum showed reduced protection 

compared to the previous passive immunization experiment which used unmodified antiserum, 

with only 25% of passively immunized animals surviving lethal challenge; however, these 

studies confirmed that partial protection induced by ASF antiserum is mediated by ASFV-

specific antibodies (Schlafer and Mebus et al 1984). Later research using a different genotype I 

ASFV challenge model which involved passive transfer of precipitated immunoglobulin from the 

serum of pigs recovered from infection with moderately attenuated ASFV strain E75-CV1 

infection also showed antibody-mediated protection, with 85% of animals receiving antibody 

treatment surviving lethal challenge with ASFV E75-L7 while 100% of control animals 

succumbed to the disease (Onisk et al 1994). Protected animals showed delayed transient fever 
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and minimal clinical signs compared to controls, as well as delayed onset of viremia with peak 

titers reduced by 4 orders of magnitude (Onisk et al 1994). Previous in vitro evaluation of serum 

from animals which recovered from E75 infection showed a neutralization capacity of greater 

than 85% for E75 and multiple closely related ASFV strains, suggesting virus neutralization is 

likely an important mechanism mediating protection observed in passive transfer studies (Zsak et 

al 1993).  

 Despite these promising early results, subsequent studies largely support the conclusion 

that in vitro neutralizing antibodies alone are likely insufficient for protection against ASF, and 

that the role of virus-specific antibodies in ASFV immunity is much more nuanced. 

Immunization with recombinant ASFV antigens such as p30, p54, p72, and CD2v can stimulate 

robust humoral immune responses and serum antibodies with over 90% ASFV neutralization 

capacity in vitro but does not reliably induce protection from ASFV challenge in vivo (Gómez-

Puertas et al 1996; Ruiz-Gonzalvo et al 1996; Gómez-Puertas et al 1998; Barderas et al 2001; 

Neilan et al 2004; Hua et al 2023). Most significantly, while immunization with attenuated 

ASFV strain OURT88/3 stimulates ASFV-specific antibody responses and provides protection 

against challenge with the closely related virulent OURT88/1 isolate, in vivo depletion of CD8+ 

lymphocytes in OURT88/3-vaccinated pigs can abolish this protection (Oura et al 2005; 

Sánchez-Cordón et al 2017). Subunit vaccine studies have even demonstrated the potential for an 

exacerbated clinical disease course following challenge which is suggestive of antibody-

mediated enhancement of disease (Blome et al 2014; Lokhandwala et al 2019; Sunwoo et al 

2019). 

 It is important to note, the conclusion that neutralizing antibodies alone are insufficient 

for ASFV protection does not mean ASFV-specific antibodies are not important for immunity to 
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ASFV. Antibodies have multiple immune functions besides neutralization, including 

opsonization, complement activation, and antibody-dependent cellular cytotoxicity (Forthal 

2014). Thus, ASFV-specific antibodies may have functional significance outside their capacity 

to neutralize virus. ASFV serotyping is mediated by antibodies to viral CD2v and C-type lectin, 

and there is some evidence to suggest that cross-protection between ASFV strains is serotype 

specific, suggesting antibodies against these proteins can play a role in protective immunity to 

ASFV (Burmakina et al 2016). Finally, the significant degree of biological variability between 

ASFV strains may mean that antibody responses that are relevant to protection against a given 

ASFV isolate may not be relevant for other strains.  

1.4.3.2 T cell responses and cell mediated immunity 

The significance of CD8+ T cells in ASFV immunity was highlighted by Oura et al who 

demonstrated that in vivo depletion of these cells abolishes protection induced by vaccination 

with attenuated OURT88/3 against virulent OURT88/1 challenge (Oura et al 2005). Cytotoxic T 

cells are traditionally defined as being CD4-CD8+ αβ T cells, and in this study, in vivo depletion 

of CD8+ cells was accomplished through administration of two monoclonal antibodies targeting 

porcine CD8α with the specific goal of depleting cytotoxic T cells. Importantly, multiple other 

porcine immune cells express CD8α, including NK cells, NK T cells, double positive 

(CD4+CD8+) αβ T cells, and CD8+ γδ T cells, and these porcine cell populations would have 

been depleted alongside CD4-CD8+ cytotoxic T cells (Piriou-Guzylack and Salmon, 2008). 

While Oura et al argue the observed loss of protection was most likely due to the specific 

depletion of CD4-CD8+ cytotoxic T cells, the available experimental data cannot conclusively 

rule out a role for other CD8α+ immune cells in mediating this protective capacity, and the 

known biological functions of other CD8α+ cells suggest they may be important in ASFV 
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immunity (Oura et al 2005). NK cells are cytolytic innate lymphoid cells that are important 

effector cells for immunity against a range of viral pathogens, and they are suggested to exert 

protective immune responses against ASFV in swine (Leitão et al 2001; Mujal et al 2021; 

Schäfer et al 2022). NK T cells are innate-like T cells which recognize glycolipid antigens 

presented by APCs in the context of the MHC class I-like CD1d protein, and their ability to 

rapidly secrete an array of cytokines in response to antigenic stimuli makes them an important 

immune cell for antiviral immunity to several porcine viral pathogens, including influenza A 

virus (Artiaga et al 2016; Yang et al 2017; Wu et al 2022). Limited research has been performed 

on NKT cell dynamics during ASF infection, but highly virulent ASFV strains have been shown 

to stimulate an increase NKT cell frequency in peripheral blood, lung, liver, and lymph node 

tissue (Schäfer et al 2019). Double positive αβ T cells can form a significant proportion of total T 

lymphocytes in swine depending on age and can be as high as 30-55% of circulating T cells by 3 

years of age (Zuckermann and Husmann 1996). These cells possess memory/effector function, 

and it is plausible that disruption of this population would negatively impact recall antigen T cell 

responses in vaccinated animals (Zuckermann and Husmann 1996). γδ CD8+ T cells represent a 

large proportion of total lymphocytes in swine (Holderness et al 2013). These cells have both 

innate and adaptive immune functions and are characterized by a TCR capable of recognizing a 

wider range of antigenic stimuli, including antigen outside the context of MHC, and a “pre-

activated” phenotype which facilitates rapid effector responses without the requirement for co-

stimulation or maturation (Hu et al 2023). γδ T cell responses to ASFV are more pronounced in 

wild boar than domestic pigs, and this may be associated with worse clinical outcomes after wild 

boar infection with moderately virulent isolates, though other factors are likely involved (Sehl et 
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al 2020). Additional research into the complex biology of T cell responses to ASFV infection is 

needed to facilitate rational vaccine development (Schäfer et al 2022).  

Despite the knowledge that CD8+ T cell responses are critical for effective immune 

responses against ASFV, no specific parameter measuring T cell immunity has been identified 

which consistently correlates with protection. ELISpot to quantify IFNγ secreting cells in 

response to virus-specific antigenic stimuli is the most commonly used assay for evaluating 

cellular immune responses in ASFV vaccine studies, but multiple studies with different ASFV 

strains have demonstrated this does not reliably predict or differentiate protected versus 

susceptible animals (Carlson et al 2016; Reis et al 2016; O’Donnell et al 2017; Sánchez-Cordón 

et al 2020). Overlapping peptide pools, mass spectrometric evaluation of SLA-peptide 

interactions, and in silico modeling have identified T cell epitopes within multiple ASFV 

proteins, but none of these have been demonstrated to be protective in vivo (Burmakina et al 

2019; Netherton et al 2019; Bosch-Camós et al 2021a; Bosch-Camós et al 2021b; Schäfer et al 

2022). Additional research to identify the specific ASFV proteins/peptides which induce the 

strongest T cell recall responses in animals protected from ASFV challenge would facilitate the 

development of more targeted approaches to develop ASFV vaccines.  

1.5 Immune response modulation and evasion by ASFV 

Large DNA viruses such as those belonging to the Poxviridae family are capable of 

attenuating or undermining host antiviral immune responses through a variety of mechanisms, 

and this capacity is often critical for virus replication and pathogenesis (Alcami and Koszinowski 

2000; Beachboard and Horner 2016; Hernaez and Alcami 2024). The capacity for ASFV to 

evade and suppress host immune responses is well known, and viral genes which mediate these 

effects are frequently disrupted as part of rationally designed modified live vaccine (MLV) 
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development for ASF (Correia et al 2013; Niu et al 2023). The strategies employed by ASFV to 

modulate immune responses can be broadly classified into five groups: 1) suppression of type I 

interferon responses, 2) suppression of NF-κB activity and pro-inflammatory cytokines, 3) 

regulation of apoptosis, 4) inhibition and modulation of antigen presentation by cells, and 5) 

impairment of adaptive immune responses. 

1.5.1 Suppression of type I interferon responses 

Type I interferons (IFNs) are critical mediators of innate immunity to intracellular 

pathogens, including viruses. In pigs, type I IFNs consist of several different families, the most 

important of which are IFN-α, which consists of 17 different subtypes and is produced primarily 

by hematopoietic antigen presenting cells, and IFN-β, which consists of only one subtype and is 

produced by fibroblasts and epithelial cells (Ivashkiv and Donlin 2014; Razzuoli et al 2022). 

Production of type I IFNs is stimulated via recognition of foreign nucleic acids, self-DNA, and 

other pathogen-associated molecular patterns (PAMPs) within the cytosol or endosomes by 

various cellular pattern recognition receptors (PRRs), leading to activation of signaling cascades 

which induce expression of type I IFN genes (McNab et al 2015). Type I IFNs exert their activity 

by binding cellular receptors IFNAR1 and IFNAR2, which induces the expression of an array of 

interferon-stimulated genes (ISGs) via activation of JAK-STAT, MAPK, and PI3K signaling 

pathways (McNab et al 2015). These ISGs exert their antiviral activity through multiple 

mechanisms including inhibition of viral gene transcription and genome replication, suppression 

of cellular translation, regulation of cellular cargo trafficking, enhancement of MHC I 

expression, induction of apoptosis in infected cells, and stimulation of various immune cell 

populations (Hervas-Stubbs et al 2011; Swiecki and Colonna 2011; Schoggins 2019). 
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The significance of type I IFN responses during ASFV infection has long been a focus of 

ASF research. Pretreatment of primary macrophage culture with IFNα can reduce replication of 

virulent isolate CC83, and attenuated BA71V and Pr4Δ35, but not virulent Pr4, while 

pretreatment of cells with polyI:C to induce type I IFN production has no effect on replication of 

virulent Kirawira or attenuated Uganda ASFV isolates (Wardley et al 1979; Esparza et al 1988; 

Paez et al 1990; Golding et al 2016). While infection of primary macrophage cultures with some 

attenuated ASFV strains, including NH/P68 and Pr4Δ35, stimulates expression of type I IFNs, 

this response is reduced or abolished in infection with virulent L60 and Pr4, suggesting virulent 

ASFV isolates can block type I IFN induction (Afonso et al 2004; Gil et al 2008). However, in 

vivo studies have generally demonstrated that infection with highly virulent genotype I and II 

ASFV isolates causes increases in serum type I IFN levels, though the magnitude and kinetics of 

changes in these cytokines is variable, and circulating levels of type I IFNs during in vivo 

infection broadly correlate with viral strain virulence (Karalyan et al 2012; Golding et al 2016; 

Wang et al 2020; Radulovic et al 2022; Franzoni et al 2023). Deletion of ASFV genes which 

suppress type I IFN responses has been a commonly utilized strategy for experimental 

development of ASFV MLVs, as discussed in section 1.8 (O’Donnell et al 2015; Reis et al 2016; 

Deutschmann and Carrau et al 2022; Ding et al 2022a; Ding et al 2022b; Li and Ren et al 2023; 

Pérez-Núñez et al 2024; Sunwoo et al 2024). 

Investigations into the specific mechanisms by which ASFV manipulates type I IFN 

responses have shown the virus encodes multiple proteins which directly interfere with induction 

of type I IFN production or type I IFN signaling pathways. To date, over 3 dozen ASFV gene 

products have been demonstrated to antagonize type I IFN induction and signaling in vitro. 

Many of these genes, especially within the ASFV MGFs, have overlapping or duplicative 
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functions. ASFV proteins which interfere with type I IFN induction and signaling, along with 

their host cell protein targets, are diagramed in Figure 1.3 and listed in Tables 1.1 and 1.2. 

Infection studies in domestic pigs have revealed several of these genes are critical mediators of 

ASFV virulence in vivo, with targeted deletions of some genes producing partial or complete 

attenuation in swine compared to virulent parental isolates. The specific type I IFN pathways 

targeted by ASFV and the mechanisms by which they are suppressed are discussed below. 

ASFV is known to be capable of antagonizing the cGAS-STING signaling pathway, and 

this is the most commonly utilized mechanism by which ASFV gene products suppress induction 

of type I IFNs. In normal healthy cells, dsDNA is confined to the nucleus and mitochondria, and 

the presence of dsDNA in the cytosol is indicative of cellular stress or the presence of an 

infectious agent containing foreign dsDNA. Intracellular dsDNA administration can induce type 

I IFN production in a TLR-independent manner mediated by the production of cyclic guanosine 

monophosphate-adenosine monophosphate (cGAMP), which then binds to and activates the 

transmembrane protein stimulator of interferon genes (STING) (Ishii et al 2006; Stetson and 

Medzhitov 2006; Burdette et al 2011; Wu et al 2013). The specific cellular sensor for cytosolic 

DNA has been demonstrated to be a cellular cGAMP synthase (cGAS), which binds cytosolic 

DNA and is subsequently activated to produce cGAMP, which then activates STING (Ablasser 

et al 2013; Civril et al 2013; Sun et al 2013). Activation of STING results in induction of the 

TBK1/IRF3 signaling cascade for production of type I interferon (Ishikawa and Barber 2008; 

Ishikawa et al 2009). Activation of STING also results in induction of NF-κB-mediated pro-

inflammatory cytokine responses via its interaction with IκB kinase (IKK) (Balka et al 2020). 

The cGAS-STING pathway is now known to play an important role in a variety of inflammatory 

conditions, including viral infections and autoimmune disease (Chen et al 2016). Multiple genes 
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targeting this signaling cascade have been demonstrated to be important mediators of virulence 

for ASFV. Partial in vivo attenuation of highly virulent genotype II ASFV isolates is observed 

with disruption of MGF505-7R, B318R, or EP402R (CD2v) viral genes (Li and Song et al 2021; 

Li and Yang et al 2021; Huang and Chen et al 2023; Liu et al 2024), while complete attenuation 

can be produced with disruption of MGF505-2R, A173R, or E184L (Sun et al 2022; Zhu et al 

2023; Sunwoo et al 2024). Other mechanisms by which ASFV suppresses type I IFN production 

include targeted interference with RIG-I, TLR3, and NF-κB signaling cascades (de Oliveira et al 

2011; Liu and Ao et al 2021; Ran et al 2022; Dupré et al 2024; Xu et al 2024). Disruption of the 

I267L gene from the highly virulent C/GS/2018 ASFV partially attenuates the virus in vivo (Ran 

et al 2022).  

In addition to suppressing the production of type I IFNs, ASFV can block or dampen 

cellular responses to type I IFN receptor binding. At the receptor level, ASFV proteins such as 

CD2v and pK205R can directly and indirectly interact with type I IFN receptors IFNAR1 and 

IFNAR2 to block activation of the JAK-STAT signaling cascade induced by receptor-ligand 

binding (Huang and Chen et al 2023; Huang and Kong et al 2024; Ye et al 2024). Other viral 

proteins target JAK-STAT directly, either by stimulating the degradation of JAK and STAT 

proteins through cellular pathways, suppressing their phosphorylation and activation, or 

inhibiting the nuclear translocation of STAT molecules to block the subsequent induction of 

ISGs (Zhang et al 2022; Chen and Li et al 2023a; Chen and Li et al 2023b; Li D. and Peng et al 

2023; Huang and Mai et al 2024; Ye et al 2024). For example, MGF360-9L interacts with 

STAT1 and STAT2 to stimulate their degradation via apoptosis and ubiquitin-proteasome 

pathways, and deletion of this gene from ASFV strain CN/GS/2018 results in partial attenuation 

of the virus in vivo (Zhang et al 2022). 
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1.5.2 Suppression of NF-κB activity and pro-inflammatory cytokines 

At the cellular level, pro-inflammatory cytokines are important mediators of immune 

processes which can be critical to antiviral immunity. However, it is well established that a 

massive release of pro-inflammatory cytokines from infected macrophages is a major pathogenic 

mechanism for ASF (Blome et al 2013). Research has shown that in vivo cytokine expression 

profiles are different during infection with virulent and attenuated ASFVs, and infection with 

virulent ASFV strains induces significant increases in multiple pro-inflammatory cytokines and 

chemokines which are inconsistently present or absent with attenuated ASFV infections 

(Franzoni et al 2023). Multiple ASFV proteins have been identified which function to modulate 

or subvert host inflammatory processes by suppressing the activity of pro-inflammatory 

cytokines or the signaling cascades which induce their production. While some of these proteins 

are nonessential for ASFV growth or development of disease, others have significant functions in 

promoting ASFV replication and in vivo virulence. 

Nuclear factor-κB (NF-κB) is a family of transcription factors which play a critical role in 

innate and adaptive immune responses through their ability to induce expression of a variety of 

genes encoding pro-inflammatory molecules, including chemokines and cytokines, as well as 

genes involved in regulation of the cell cycle, apoptosis, and T cell activation and differentiation 

(Liu et al 2017). NF-κB is a heterodimer of Rel proteins, and NF-κB is normally sequestered in 

the cytosol by IκB (inhibitor of NF-κB) and inactive. Canonical activation NF-κB is mediated by 

phosphorylation of IκBs by the IκB kinase (IKK) complex in response to activation of pattern 

recognition receptors (PRRs), pro-inflammatory cytokine receptors such as TNFR1 and IL-1RI, 

or B and T cell receptors (BCR and TCR), which leads to release of NF-κB from IκB and its 

translocation to the nucleus; non-canonical activation involves proteolytic processing of 
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RelB/p100 heterodimers into RelB/p52 dimers capable of nuclear translocation, and occurs in 

response to a more limited set of stimuli including ligand binding to specific TNFR superfamily 

members or formation of complement membrane activation complex (MAC) endosomes (Liu et 

al 2017; Yu et al 2020). Viral infections are well known to induce NF-κB activation through a 

variety of mechanisms, and NF-κB signaling is a common target of viral immunomodulatory 

proteins (Santoro et al 2003).  

ASFV can suppress NF-κB through the activity of multiple different viral proteins. ASFV 

genes F317L and D345L both encode proteins which interact with cellular IKKβ to block its 

phosphorylation of IkBα, thereby preventing canonical NF-κB activation, and exogenous 

expression of these proteins in cells can suppress NF-κB-mediated mRNA production for multiple 

pro-inflammatory cytokines such as IL-1α and IL-1β, IL-6, IL-8, and TNF-α, with suppression of 

F317L expression via siRNA decreasing ASFV replication in MA104 cells (Yang and Li et al 

2021; Chen and Wang et al 2022). ASFV proteins capable of antagonizing TLR-mediated 

activation of NF-kB include viral pA137R, which suppresses MyD88-mediated activation of 

MAPK and thereby inhibits NF-kB signaling induced via MyD88-dependent TLR pathway 

activation, as well as MGF505-7R, which blocks TLR8-mediated signaling by targeting NF-kB 

subunit p65 activation and nuclear translocation (Liu and Ao et al 2021; Xu et al 2024). In addition 

to inhibiting IRF3 activation, pI226R promotes degradation of NF-kB essential modulator 

(NEMO), blocking both type I IFN induction and expression of pro-inflammatory cytokines 

regulated by NF-kB; the viral H240R protein targets NF-kB signaling via a similar mechanism 

(Hong et al 2022; Zhou et al 2022). The viral pA238L is a homolog of IκB which inhibits NF-kB 

binding to cellular DNA; while it is not essential for in vitro replication or in vivo virulence of 

Malawi Lil-20/1 and E70, pigs infected with an E70 deletion mutant lacking pA238L possessed 
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PBMCs with significantly higher levels of TNF-α mRNA compared to pigs infected with the 

parental wild-type virus (Powell et al 1996; Neilan et al 1997; Salguero et al 2008). Interestingly, 

infection of PAMs with the highly virulent genotype II ASFV GZ201801 is reported to up-regulate 

NF- kB mediated expression of IL-1β and IL-8, and treatment of cells with the NF-kB signaling 

pathway inhibitor BAY11-7082 significantly decreased GZ201801 replication at 12 hours post-

infection compared to untreated cells (Gao et al 2022). Overall, prior research indicates ASFV 

activates NF-kB signaling through multiple mechanisms, and the interplay between ASFV 

immunomodulatory proteins and NF-kB signaling pathways is highly complex. 

In addition to modulation of NF-kB activation and signaling, ASFV proteins can target the 

pro-inflammatory cytokine IL-1β post-translationally. Both MGF505-7R and H240R have been 

demonstrated to inhibit NLRP3 inflammasome formation and activation, thereby blocking the 

proteolytic cleavage of pro-IL-1β into active, mature IL-1β (Li and Song et al 2021; Zhou et al 

2022). Additionally, L83L protein can specifically interact with IL-1β; however, this gene was not 

essential for the in vivo virulence of the ASFV Georgia isolate used in the study, and the precise 

mechanism and biological relevance of the interaction of L83L and IL-1β was not elucidated 

(Borca et al 2018).  

ASFV strains of different virulence have been shown to have different effects on 

chemokine production and chemotactic responses in infected cells in vitro. Macrophages infected 

with low virulence OURT88/3 produce higher levels of mRNAs encoding CCL4, CXCL8, and 

CXCL10 compared to cells infected with highly virulent Benin 97/1, and treatment of donor cells 

with supernatant from Benin 97/1 cultures produced a decrease in chemotactic responses compared 

to supernatant from OURT88/3 cultures (Fishbourne et al 2013). The precise biological 

mechanism governing different chemokine responses for different ASFV strains has not been 
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specifically described; however, chemokine production can be induced via the same pro-

inflammatory pathways ASFV is known to activate and modulate, suggesting similar mechanisms 

likely influence differential chemokine responses seen between ASFV strains.  

1.5.3 Regulation of apoptosis 

Apoptosis is a broadly conserved mechanism of programmed cell death involving the 

controlled fragmentation of cells and their contents into membrane-bound apoptotic bodies 

which are subsequently phagocytosed by surrounding cells, a process which produces minimal 

inflammatory reaction and is involved in a variety of essential physiological functions in 

animals, including immune responses (Elmore 2007; Bertheloot et al 2021). Apoptosis is an 

important mechanism in innate antiviral immunity, facilitating the orderly clearance of-infected 

cells, and the induction of apoptosis by viruses has been an area of extensive research for 

decades (Zhou et al 2017). Many viruses suppress apoptosis through the activity of specific viral 

gene products, and some utilize apoptosis to facilitate the spread of progeny virions to uninfected 

cells (Zhou et al 2017). 

Infection with ASFV stimulates apoptosis in monocytes and macrophages both in vitro 

and in vivo (Ramiro-Ibáñez et al 1996; Dixon et al 2017). The induction of apoptosis in ASFV-

infected cells can promote the spread of the virus to uninfected cells. Early activation of caspase 

3 is needed for efficient release of ASFV from infected Vero cells, and treatment of cells with a 

caspase 3 activation inhibitor prior to infection significantly reduces the percentage of virus that 

is extracellular in cell culture (Galindo et al 2012). Additionally, the formation of apoptotic 

bodies derived from PAMs during late-stage infection facilitates spread of the virus to 

neighboring uninfected cells which phagocytose the apoptotic debris; this mechanism has the 

added advantage of evading anti-ASFV antibodies, since virions are enclosed in cell membrane 
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fragments (Gao and Zhou et al 2023). These studies highlight the ability of ASFV to subvert an 

innate immunological response to facilitate infection. 

However, while ASFV can utilize cellular apoptosis to promote virus dissemination, 

induction of apoptosis too early in the infection cycle, before mature progeny virions are formed, 

could be detrimental to virus replication. To counteract this, ASFV encodes multiple proteins 

which suppress or delay apoptosis in infected cells. Viral DP71L has been demonstrated to 

promote dephosphorylation of translation initiation factor eIF2-α, thereby reducing induction of 

the pro-apoptotic transcription factor CHOP, and deletion of this protein is capable of reducing 

the virulence of ASFV strain E70 in vivo; however, this gene is not required for ASFV-mediated 

dephosphorylation of eIF2-α in vitro, and its deletion does not affect virus replication in cell 

culture or impact the in vivo virulence of ASFV Malawi Lil-20/1 and Pr4 (Zsak et al 1996; 

Rivera et al 2007; Zhang et al 2010). ASFV gene A224L encodes a protein homologous to 

cellular inhibitor of apoptosis protein (IAP) family members which is well conserved among 

different ASFV isolates and interacts with the effector subunit of cellular caspase-3. Vero cells 

infected with a BA71V deletion mutant lacking A224L showed a significantly greater proportion 

of cell death at 24 hours post-infection compared to cells infected with wild-type BA71V, 

indicating an important role for this protein in infected cell survival in vitro (Nogal et al 2001; 

Dixon et al 2017). Similar findings were seen in Vero and COS cells infected with a BA71V 

deletion mutant lacking the EP153R gene encoding viral c-type lectin (Hurtado et al 2004). Most 

significantly, the anti-apoptotic viral protein A179L has been demonstrated to be essential for the 

virulence of ASFV isolate Benin 97/1 in vivo, with deletion of this gene resulting in complete 

attenuation of the virus in domestic pigs (Reis et al 2023). This protein directly binds pro-

apoptotic B-cell lymphoma-2 (Bcl-2) proteins, and its expression inhibits apoptosis in cells 
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infected with ASFV as well as cells infected with a recombinant vaccinia virus encoding p68 

kinase that rapidly induces cell death under normal conditions (Brun et al 1996; Revilla et al 

1997, Banjara et al 2017; Shi et al 2021). Interestingly, ASFV protein CD2v has been described 

as possessing both pro- and anti-apoptotic activity in different studies. Treatment of porcine 

PBMCs and macrophages with mammalian-expressed recombinant CD2v derived from genotype 

I ASFV Congo K-49 induced apoptosis of cells, possibly through its interaction with cellular 

CD58 (Chaulagain et al 2021). In contrast, knockout of the CD2v gene from genotype II ASFV 

GZ201801 produces a deletion mutant strain which induces higher levels of apoptosis in infected 

alveolar macrophages at 48 hours post-infection compared to wild-type virus, though no 

significant difference in viral titers or replication kinetics were seen between the two viruses 

(Gao and Yang et al 2023). These conflicting results highlight the significance of viral strain 

selection in ASFV research and data interpretation. 

1.5.4 Inhibition and modulation of antigen presentation 

Antigen presentation is the foundation of adaptive immune responses and involves the 

processing and display of endogenous and exogenous peptides by major histocompatibility 

complex (MHC) glycoproteins on the cell surface (Pishesha et al 2022). MHC molecules are 

classified as MHC class I (MHC-I), which are present on the surface of all nucleated cells, or 

MHC class II (MHC-II), which are expressed on the surface of specialized antigen presenting 

cells (APCs) including monocytes/macrophages, dendritic cells, and B cells. MHC-I molecules 

generally display polypeptide fragments synthesized endogenously within the cell, including 

those encoded by intracellular pathogens such as viruses, while MHC-II molecules display 

exogenous peptides which are internalized and degraded within endosomes and lysosomes by 

antigen presenting cells; however, the phenomenon of cross-presentation, whereby exogenous 
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peptides internalized and processed by APCs are presented on MHC-I molecules, is well-

described and plays an important role in inducing CD8 T cell responses for exogenous antigens 

(Cruz et al 2017). Antigen bound to MHC is recognized by specific T cell receptors (TCRs), with 

CD4+ T helper cells binding MHC-II-antigen complexes and CD8+ cytotoxic T cells binding 

MHC-I-antigen complexes (Sun et al 2023). Recognition of antigen on MHC molecules by TCRs 

stimulates T cell activation and the development of adaptive immune responses (Hwang et al 

2020).  

ASFV can inhibit antigen presentation through multiple mechanisms. ASFV primarily 

infects and replicates within monocytes and macrophages, and both of which are important APC 

populations (Gómez-Villamandos et al 2013). ASFV infection triggers apoptosis in monocytes 

and macrophages, leading to significant disruption of these cell populations and interfering with 

their ability to present viral antigen to T cells (Ramiro-Ibáñez et al 1996; Portugal et al 2009). 

ASFV is also capable of infecting monocyte-derived dendritic cells (moDCs), another class of 

APCs which can have important functions in antigen presentation to T cells and stimulating 

polarization toward Th1 responses (Qu et al 2014; Chow et al 2016; Franzoni et al 2018). In 

addition to promoting apoptosis in infected APCs, ASFV can downregulate surface expression of 

MHC-I molecules in these cells. Infection with attenuated ASFV BA71V reduces expression of 

MHC-I on the surface of macrophages and monocyte-derived DCs; similar results are also seen 

with attenuated ASFV NH/P68 in monocyte-derived DCs. However, infection of these cells with 

the virulent ASFV isolate 22653/14 from Sardinia does not produce the same reduction in 

surface MHC-I expression (Franzoni et al 2017). The mechanism which mediates this response 

likely relates to disruption of protein trafficking to host cell membranes during ASFV infection. 

Microscopy on Vero cells infected with ASFV BA71V reveals disruption of the trans-Golgi 
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network within the cell, retarding the delivery of cellular proteins to the plasma membrane. 

Evaluation of both total cellular MHC-I and surface MHC-I shows that while BA71V infection 

induces increased MHC-I synthesis, there is no proportional increase in surface MHC-I, strongly 

implying ASFV influences MHC-I antigen presentation by disrupting its trafficking to the cell 

membrane (Netherton et al 2006). This conclusion is supported by research into the function of 

ASFV protein EP153R, which has been shown to inhibit MHC-I expression on infected cell 

membranes without impacting cellular MHC-I synthesis or glycosylation (Hurtado et al 2011). 

Additionally, transcriptomic analysis of ASFV Georgia 2007-infected macrophages suggests 

antigen processing and display by MHC-II molecules is inhibited by ASFV, with significant 

downregulation of pathways involved in exogenous antigen processing and T cell activation 

observed in infected cells (Zhu et al 2010).While early research has shown PBMCs treated with 

virus-free supernatant derived from ASFV culture homogenates have decreased expression of 

MHC II and IL-2 receptor antigens and reduced proliferative capacity after stimulation with 

antigen, other studies have demonstrated little to no effect on MHC II expression by ASFV 

infection of cells (Canals et al 1995; Lithgow et al 2014; Franzoni et al 2017). 

The significance of disrupted antigen presentation in vivo ASFV biology and virulence is 

not entirely clear. While it is logical to theorize that disrupted antigen presentation would 

promote viral immune evasion and propagation by suppressing adaptive immune responses, 

virulent ASFV is able to severely disrupt the adaptive immune system independent of this 

mechanism. Furthermore, decreased surface MHC I expression is an important recognition signal 

for NK cells (Lanier 2005). The lack of downregulation of MHC I expression by virulent ASFV 

isolates compared to attenuated strains may provide a mechanism by which virulent ASFV 

infection avoids or delays activation of NK cells (Schäfer et al 2022). Deletion of EP153R from 
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the genome of the virulent ASFV isolate Malawi Lil-20/1 did not affect virus replication in 

macrophages in vitro or have an impact on virulence in vivo, implying the phenomenon of 

disrupted antigen presentation is not essential to ASFV biology or that it is mediated by multiple 

viral proteins (Neilan et al 1999).  

1.5.5 Impairment of adaptive immunity  

Adaptive immunity is characterized by tailored responses to specific antigens and the 

development of immunological memory and is mediated by lymphocytes and the effector 

molecules they produce (Chi et al 2024; Lam et al 2024). These immune responses are the basis 

for vaccine efficacy and protection following re-exposure to microbial pathogens (Lam et al 

2024). ASFV can evade, as well as profoundly disrupt, the adaptive immune system in infected 

swine, with significant implications for viral virulence and disease progression, protective 

immunity, duration of protection, and vaccine development. 

Infection with virulent ASFVs results in profound disruption of lymphoid cell 

populations and tissues (Detray and Scott 1957; Malmquist and Hay 1960; Cosgrove et al 1969; 

Blome et al 2013). The major pathogenic mechanism mediating lymphoid disruption and ASFV 

virulence is secretory activation of infected monocytes and macrophages leading to a massive 

release pro-inflammatory cytokines including TNF-α, IL-1α, IL-1β (Salguero et al 2002; 

Sánchez-Cordón et al 2008; Blome et al 2013; Gómez-Villamandos et al 2013). These pro-

inflammatory cytokines subsequently stimulate widespread lymphocyte apoptosis, resulting in 

destruction of primary and secondary lymphoid tissues and lymphopenia, both of which are 

highly characteristic of acute ASF (Carrasco and Lara et al 1996b; Oura et al 1998b; Salguero et 

al 2005; Blome et al 2013). The severity of tissue destruction and lymphoid depletion correlates 

with viral strain virulence (Ramiro-Ibáñez et al 1997; Oura et al 1998b). This rapid and 
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widespread destruction of lymphocytes and lymphoid tissues hinders the development and 

proliferation of adaptive immune responses in infected animals. Indeed, highly virulent ASFV 

strains frequently cause death in susceptible animals before a detectable adaptive immune 

response can be mounted (Blome et al 2012; Blome et al 2013).  

In addition to stimulating lymphocyte apoptosis, ASFV infection perturbs normal T cell 

responses, especially in relation to cytotoxic T lymphocytes (CTLs). Treatment of PBMCs with 

ASFV protein supernatants decreases the expression of IL-2R on lymphocytes (Canals et al 

1995). IL-2 is a critical T cell growth factor primarily produced by CD4+ T cells following TCR 

stimulation and is an important mediator for the proliferation of CD4+ and CD8+ T cells and 

their differentiation into effector and memory phenotypes (Spolski et al 2018).  Downregulation 

of IL-2 receptor expression could plausibly produce broadly deficient T cell responses (Spolski 

et al 2018). Moreover, in vivo infection with moderately virulent Estonia 2014 and highly 

virulent Armenia 2008 ASFVs impacts perforin expression by CD8+ αβ and γδ cytotoxic T cells 

in both domestic pigs and wild boar beginning at approximately 5 days post-infection, though 

perforin expression levels tend to normalize by later timepoints (Schäfer et al 2021; Hühr et al 

2020). CD8+ lymphocytes are known to be critical for ASF immunity, and depletion of these 

cells abolishes protection from ASFV challenge in domestic pigs (Oura et al 2005). The specific 

viral factors which mediate disruption of T cell responses by ASFV, and the mechanisms by 

which they function, are not understood, and additional research is needed to advance the fields 

of ASF immunology and vaccine development. 

 1.6 Diagnosis of ASF 

Rapid and accurate detection of ASFV is essential for ASF control and mitigation, and 

ASF is a WOAH reportable disease. A variety of diagnostic tests have been developed for ASF, 
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including commercially available and laboratory-based assays. ASFV diagnostics can be broadly 

classified into two categories: 1) serological assays for detection of ASFV-specific antibodies, 

and 2) assays for isolation of ASFV or detection of ASFV components including antigens and 

viral nucleic acid.  

Serological testing for ASF is extensively used for disease surveillance and confirming 

disease-free status in swine populations and individual animals prior to movement, and multiple 

assay formats are WOAH recommended for these purposes (Sánchez-Vizcaíno and Heath 2019). 

As there is no widely available vaccine for ASF, the presence of ASFV-specific antibodies is 

indicative of active or prior infection, which greatly simplifies interpretation of serological 

testing data. Additionally, serology is useful in identifying animals infected with low virulence 

ASFV isolates which do not possess high enough viral loads to show as positive using virus 

detection and molecular diagnostic techniques (Sánchez-Vizcaíno and Heath 2019). However, a 

major caveat associated with serological diagnosis of ASF is that animals infected with highly 

virulent virus strains frequently die before mounting a detectable antibody response; 

consequently, serology is not recommended for confirmation of clinical cases (Sánchez-Vizcaíno 

and Heath 2019). Serological assays for ASF include ELISA, indirect fluorescent antibody test 

(IFAT), indirect immunoperoxidase test (IPT), and western blot; of these, ELISA is the most 

extensively used due to its relatively low cost, high throughput, and the availability of 

commercial assays, though IPT possesses greater sensitivity (Pastor et al 1990; Sánchez-

Vizcaíno and Heath 2019; Gallardo and Nieto et al 2015). Confirmatory testing using a different 

diagnostic assay is recommended for samples which test positive for ASF antibodies on ELISA 

(Sánchez-Vizcaíno and Heath 2019). Methods for detection of ASFV in diagnostic samples 

include virus isolation, ELISA, fluorescent antibody test (FAT), and conventional and real-time 
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PCR. Of these, real-time PCR for detection of viral nucleic acid possesses the broadest utility 

and is WOAH recommended for all purposes. Multiple real-time PCR assays have been 

validated by the WOAH (King et al 2003; Fernández-Pinero et al 2013; Sánchez-Vizcaíno and 

Heath 2019). Virus isolation in primary porcine macrophages and detection by hemadsorption is 

still performed as a confirmatory diagnostic test in reference laboratories. However, it is time 

consuming and technically complex, requiring special facilities and reagents, and it is unable to 

detect non-hemadsorbing ASFV strains (de León et al 2013; Sánchez-Vizcaíno and Heath 2019). 

Detection of ASFV antigen can be achieved using FAT or ELISA with monoclonal antibodies 

specific for ASFV proteins such as p72, and validated antigen detection ELISAs for ASFV are 

commercially available. However, these assays have lower sensitivity than virus isolation and 

qPCR, and results should be confirmed with follow-up testing (Sánchez-Vizcaíno and Heath 

2019). 

A variety of limitations can be associated with conventional ASF diagnostic assays, 

including high cost, long turnaround time, the need for specialized BSL-3 facilities and 

equipment, and inadequate analytical sensitivity or specificity with samples obtained during 

early infection or from chronically infected animals. Field-deployable assays for ASF are a 

rapidly expanding area of investigation due to the limitations associated with current ASF 

diagnostic modalities (Gaudreault et al 2020). Advances in pen-side tests such as lateral flow 

immunoassays (LFIAs) for detection of ASFV antigen in clinical samples can provide 

veterinarians with rapid, reliable results, especially for symptomatic animals (Madden et al 2022; 

Onyilagha et al 2022). Additional research and development in this area is needed to facilitate 

improved detection and control strategies for ASF. 



49 

1.7 Control and mitigation of ASF 

ASF is a WOAH reportable disease because outbreaks can result in millions of animal 

deaths and billions of dollars in economic losses (Gaudreault et al 2020). The lack of a widely 

available, efficacious vaccine or treatment for ASF means management of the disease revolves 

around rapid and accurate detection, restricting animal movement and quarantining affected 

areas, culling infected herds, and improving farm biosecurity. Historic outbreaks of ASF in 

Europe and the Americas have been successfully controlled. Regional eradication of the disease 

has previously been achieved in these areas, indicating it is possible to manage ASF epizootics 

through aggressive intervention, though factors including local and regional farming practices, 

susceptible wildlife reservoirs, and the presence of an arthropod transmission cycle must be 

taken into account when implementing responses to the disease.  

Brazil is an excellent case study highlighting the successful implementation of a 

comprehensive ASF control strategy. Following initial identification of the outbreak in 1978, a 

national disease emergency was declared along with prohibitions on animal movement, the 

holding of livestock fairs and shows, and feeding of food waste to swine. All swine within 

affected areas were culled and incinerated, equipment and facilities for pig rearing were 

disinfected or destroyed. National programs were established to educate farmers on swine 

diseases and financially compensate them for slaughtered animals to promote reporting of the 

disease, and input was actively sought from producers and incorporated into the disease control 

program (De Paula Lyra et al 1986; Moura et al 2010). Following initial containment of the 

disease during the emergency response phase of the outbreak, a robust program of active disease 

surveillance was initiated. The country was declared free of ASF by the end of 1984 (De Paula 

Lyra et al 1986; Moura et al 2010). The rapid eradication of ASF in Brazil was facilitated the 
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absence of both vector-competent Ornithodoros sp. soft ticks and a significant susceptible wild 

suid population capable of transmitting the disease to domestic pigs (De Paula Lyra et al 1986). 

In contrast, eradication of ASF from the Iberian Peninsula took nearly 40 years, despite the 

implementation of broadly similar control strategies as seen in Brazil, due to the presence of the 

virus in long-lived Ornithodoros erraticus soft ticks, and ASFV is still present in Sardinia where 

it continues to circulate in the ubiquitous wild boar population on the island (Boinas et al 2011; 

Jurado et al 2018; Danzetta et al 2020). 

In places where ASF is endemic or has become well established in wildlife, complete 

disease eradication is unlikely to be a viable goal. However, improving farm biosecurity can 

enhance ASF control in these areas. The significance of inadequate biosecurity, especially on 

small pig farms or backyard livestock operations, has been well established for ASF outbreaks in 

Eastern Europe, Asia, and Africa. In particular, the feeding of swill or table scraps containing 

contaminated pork to domestic pigs, and contact between livestock and wild pigs, are critical 

factors for the emergence and spread of ASF (Costard et al 2013; Gogin et al 2013; Zhou et al 

2018). The application of basic biosecurity measures including improved fencing, quarantine of 

animals before introduction to herds, and eliminating the practice of feeding potentially 

contaminated swill to pigs can prevent outbreaks on farms and significantly mitigate their 

impact, especially if these practices are adopted early during an outbreak (Barongo et al 2016; 

Mutua 2021). While implementation of these measures can be relatively straightforward, they 

may be beyond the financial means of some small-scale producers, especially subsistence 

farmers, and ASF control strategies must consider the economic realities of pig production in 

areas where they are to be implemented for them to be most effective (Penrith et al 2013). 
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1.8 Vaccines for ASF 

Despite many decades of research, progress toward development of ASF vaccines has 

been frustratingly slow, and to date there are no commercially available vaccines for ASF which 

are consistently safe, effective, and broadly protective against different ASFV strains. Two 

modified live vaccines (MLVs) for ASFV generated through targeted deletion of virulence-

associated genes have been approved for manufacture and use in Vietnam; however, serious 

concerns regarding the safety and use of these vaccines exist (World Organization for Animal 

Health 2023b; Deutschmann et al 2023). A variety of factors have hindered vaccine development 

for ASF, including the complexity of the virus, challenges associated performing ASFV research 

in vitro and in vivo, an incomplete understanding of the immune responses associated with 

protection from disease. 

1.8.1 Inactivated, attenuated, and modified live vaccines 

Traditional vaccine development strategies for viral pathogens include inactivation of 

virus preparations for administration as vaccine antigen, and attenuation of virulent virus strains 

for use as MLVs. Multiple efforts to develop an inactivated ASFV vaccine have demonstrated 

that, while inactivated ASFV preparations can induce detectable serological responses in 

inoculated pigs, they do not provide protective immunity against virulent challenge, even when 

they are combined with modern adjuvants (Stone and Hess 1967; Forman et al 1982; Blome et al 

2014). In contrast, attenuated ASFVs have demonstrated more promise as a vaccine development 

avenue, with varying degrees of protective efficacy ranging from non-existent to near-complete 

protection against virulent parental virus challenge, depending on the virus strain used and the 

method of attenuation. ASFV strains possessing low levels of virulence in domestic pigs are 

known to exist naturally and can provide protection against related virulent isolates. For 
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example, pigs inoculated intramuscularly with non-hemadsorbing genotype I ASFV isolates 

OUR T88/3 and OUR T88/4, isolated from soft ticks collected from a farm in Portugal, did not  

develop obvious clinical disease, and were protected from challenge with virulent genotype I 

OUR T88/1 isolated from the same district; however, these same pigs succumbed to challenge 

with genotype I Lisbon 57 ASFV, albeit with delayed onset of clinical signs (Boinas et al 2004). 

Attenuated ASFVs can also be generated by serial passage of virulent virus in susceptible cell 

lines derived from African green monkey kidney epithelium. ASFV strain BA71V was generated 

via serial passage of virulent ASFV strain BA71 in Vero cells, resulting in genetic changes as 

well as in vitro and in vivo attenuation compared to the parental strain (Enjuanes et al 1976; 

Yáñez et al 1995). Similar attenuation is observed when ASFV strain Georgia 2007 is serially 

passaged in Vero cells, though inoculation of pigs with the attenuated virus does not provide 

protection against challenge with the virulent parental isolate (Krug et al 2015).  

Characterization of genetic changes which occur during ASFV adaptation to cell culture 

has facilitated the development of attenuated ASFVs created through deletion of specific 

components within the viral genome. Attenuated ASFVs produced through deletion of virulence-

associated genes from pathogenic ASFV isolates have been extensively evaluated as potential 

MLV candidates. Targeted deletion of elements within the ASFV MGFs is the most utilized 

strategy for creation of ASF MLVs (O’Donnell et al 2015; Reis et al 2016; Deutschmann et al 

2022; Ding et al 2022a; Ding et al 2022b; Rathakrishnan et al 2022; Xie et al 2022; Li and Ren et 

al 2023; Tamás et al 2023; Pérez-Núñez et al 2024; Sunwoo et al 2024). As discussed in section 

1.5, many of these genes possess immunosuppressive functions, especially relating to 

suppression of type I interferon responses, and are important mediators of ASFV virulence in 

vitro. AVAC ASF LIVE®, one of two ASF MLVs licensed in Vietnam, is a Georgia 2007 ASFV 
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isolate containing multiple deletions in MGF360 and MGF505 regions (O’Donnell et al 2015). 

Deletion of the uncharacterized I177L gene from Georgia 2007 ASFV produces complete 

attenuation of the virus and induces protective immunity against highly virulent genotype II 

ASFVs currently circulating in Europe and Asia, and is the basis for NAVET-ASFVAC®, the 

other ASF MLV licensed in Vietnam (Borca and Ramirez-Medina et al 2020; Borca and Rai et al 

2021; Borca and Ramirez-Medina et al 2021; Tran et al 2022). While both vaccines induce 

reliable protection against the parental or highly similar virulent genotype II viruses, they are 

unable to induce complete protection against genotype I/II recombinant ASFVs which have 

recently emerged in Asia (Diep et al 2024). 

Unfortunately, despite decades of research and promising results, significant limitations 

and concerns are associated with ASFV MLVs, including a lack of stable cell lines for ASFV 

propagation, residual virulence in vaccine preparations, recombination between MLV and wild-

type ASFV strains, and potential interference with the ability to differentiate infected and 

vaccinated animals (DIVA compatibility) (Gaudreault et al 2020). While MLVs can frequently 

provide protection against virulent parental viral challenge, few are thoroughly evaluated for 

their ability to protect against challenge with heterologous ASFVs, and research into 

heterologous protection has generally shown decreased protection against distantly related 

viruses (Diep et al 2024). This conclusion is supported by conflicting experimental data which 

exists for several ASFV gernes regarding their role in virulence and attenuation with distinct 

ASFV isolates. For example, CD2v has been shown to be critical for the virulence of genotype I 

ASFV BA71, and the BA71ΔCD2 deletion mutant is capable of providing protection against 

both parental BA71 and heterologous genotype II Georgia 2007/1 (Monteagudo et al 2017); 

however, deletion of this same gene does not attenuate Georgia 2007/1 or the Congolese K49 
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ASFV strain in vivo, and only partially attenuates Kenya-IX-1033 (Borca and O’Donnell et al 

2020; Hemmink et al 2022; Koltsov et al 2023). Because of these issues, significant caution is 

warranted regarding the use of MLVs to combat ASF outbreaks (World Organization for Animal 

Health 2023b). 

1.8.2 Subunit vaccines 

In contrast to inactivated viral vaccines and MLVs, subunit vaccines utilize specific viral 

peptides or proteins to generate targeted immune responses against important viral antigens, and 

this group includes vectored-, nucleic acid-, and recombinant protein -based vaccines. Rationally 

designed subunit vaccines can possess several advantages over traditional vaccine approaches 

including improved safety and efficacy, DIVA compatibility, and avoiding the need for high-

containment laboratories to propagate virus for vaccine antigen. A significant body of research 

exists for subunit vaccine development relating to ASF.  

Research into recombinant protein vaccines for ASF has yielded inconsistent and highly 

variable results. Antibodies against several ASFV antigens including p30, p54, and p72 have 

been reported to be neutralizing in vitro, and studies into recombinant protein vaccines have 

generally targeted these antigens (Zsak et al 1993; Borca et al 1994; Gómez-Puertas et al 1996; 

Immunization with baculovirus-expressed recombinant p54/p30 chimeric protein has been 

reported to produce 100% protection against challenge with virulent genotype I E75 in a very 

small vaccine-challenge group (n=2) (Barderas et al 2001). However, another study involving 

co-immunization with individual baculovirus-expressed p30 and p54 proteins produced only 

50% protection against the same E75 ASFV, while no protection was seen following 

immunization with recombinant p30 or p54 individually (Gómez-Puertas et al 1998). 

Additionally, a cocktail of baculovirus-expressed ASFV proteins p22, p30, p54, and p72 
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produced only a small delay in the onset of clinical signs and a slight decrease in viremia, with 

no protection against lethality following virulent ASFV Pr4 challenge despite induction of in 

vitro neutralizing antibodies (Neilan et al 2004). A heterologous prime-boost vaccination 

strategy combining baculovirus-expressed p15, 35, p54, and p17 administered in conjunction 

with plasmids encoding ASFV proteins CD2v, p17, p30, and p72 similarly failed to induce 

protection against lethal ASFV challenge against genotype II Armenia 2007 and actually 

produced an earlier onset of clinical disease and death (Sunwoo et al 2019). Recombinant CD2v 

has also been investigated as a potential vaccine antigen, and this antigen is known to mediate 

ASFV serotyping (Malogolovkin et al 2015b). A small vaccination-challenge study involving 

three pigs immunized with baculovirus-expressed CD2v demonstrated 100% protection against 

lethal E75 challenge (Ruiz-Gonzalvo et al 1996). However, immunization with BHK-21-

expressed CD2v only produced a delay in onset of viremia and mortality following ASFV strain 

HLJ/18 challenge (Hua et al 2023). It is important to note that not all ASFV strains are 

hemadsorbing, and CD2v is dispensable for the in vivo virulence of some ASFV strains, 

suggesting recombinant CD2v protein alone is unlikely to be broadly protective for a range of 

ASFV strains (Borca and O’Donnell et al 2020; Qu et al 2022).  

CD8+ T cell responses are critical for protection against virulent ASFV, and a variety of 

nucleic acid and viral vector vaccination strategies against ASFV have been investigated, as 

these vaccine platforms can elicit robust cell-mediated immune responses (Oura et al 2005; 

Gaudreault and Richt 2019). Studies involving immunization with plasmids encoding ASFV 

antigens have generally demonstrated induction of virus-specific T cell responses in immunized 

animals but no protection or only partial protection against virulent virus challenge. 

Immunization with pCMV plasmid encoding an ASFV strain E75-derived p54/p30 fusion 
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protein failed to induce virus specific antibody and T cell responses in swine and provided no 

protection against virulent E75 challenge (Argilaguet et al 2011). However, the addition of an 

SLA-II-specific antibody fragment, CD2v, or ubiquitin/CD2v to the p54/p30 fusion construct 

consistently induced virus-specific T cell responses in pigs, though only the 

ubiquitin/CD2v/p54/p30 fusion construct provided partial protection against E75 challenge 

(Argilaguet et al 2011; Argilaguet et al 2012). A broader DNA immunization strategy involving 

an expression library encoding restriction fragments from the ASFV strain BA71V genome did 

not produce detectable antibody responses prior to challenge with ASFV E75 but did provide 

partial protection against the virulent virus (Lacasta et al 2014). Heterologous prime-boost 

immunization strategies utilizing DNA constructs, either in tandem with recombinant ASFV 

antigens or as a booster following MLV administration, have similarly been unsuccessful in 

producing protective immunity against the parental virus strain or heterologous virus serotype, 

respectively, and can enhance disease caused by Armenia 2007 ASFV challenge (Sunwoo et al 

2019; Serada et al 2023). In general, research has demonstrated that antigen selection and design 

is critical to nucleic acid vaccine immunogenicity, and that plasmid-encoded ASFV antigens 

alone may not be sufficient for inducing acceptable levels of protection against virulent virus 

strains. mRNA vaccines for ASFV have yet to be evaluated for protective efficacy in 

vaccination-challenge experiments (Gong et al 2024; Sira et al 2025).   

Viral vectored vaccines for ASF which have been evaluated for protective efficacy in 

vivo include replication-incompetent adenovirus, modified Vaccinia Ankara virus, baculovirus 

(BacMam), or alphavirus replicon platforms. These vaccination regimens have generally 

produced detectable T cell responses and variable ASFV-specific antibody responses in 

immunized animals, with protective efficacy ranging from nonexistent to 100% protection. 
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BacMam immunization utilizing recombinant baculovirus encoding a fusion protein consisting 

of p54, p30, and the CD2v extracellular domain derived from ASFV strain E75 induces a strong 

T cell response in domestic pigs but no detectable antibody response, and provides partial 

protection against sublethal E75 challenge, with 4/6 animals remaining free of viremia 

(Argilaguet et al 2013); these results are broadly similar to a DNA vaccination strategy targeting 

the same antigens (Argilaguet et al 2012). In another study, a pool of replication incompetent 

type-2 adenovirus vectors encoding the p30, p54, p72, p72 chaperone, and CD2v proteins from 

ASFV strain HLJ/18 were administered intramuscularly and intranasally to pigs using a prime-

boost regimen. These animals developed strong T cell and circulating IgG responses along with 

high levels of mucosal IgA, and were completely protected against challenge with a virulent 

genotype II ASFV isolate from China (Liu and Li et al 2023). Vector pools encoding larger 

numbers of ASFV antigens in different combinations have yielded protection which is 

inconsistent or entirely absent. Two studies evaluating ASFV antigens p30, p54, p72, p72 

chaperone, c-type lectin, E199L, F317L, and MGF505-5R derived from genotype I OURT88/3 

and Benin 1997/, have been performed which utilized a pool of replication deficient human 

adenovirus 5 vectors for priming immunization followed by modified vaccinia Ankara (MVA) 

vectors for booster immunization. While the first study showed 100% protection against 

challenge with virulent OURT88/1, the second study demonstrated only 40% survival using the 

same challenge virus (Goatley et al 2020; Portugal et al 2024). Additionally, when the coding 

sequences for p54, p72 chaperone, and c-type lectin were changed to those of ASFV strain 

Georgia 2007, no protection was provided against lethal Georgia 2007 challenge (Portugal et al 

2024). Adenovirus vector cocktails encoding ASFV Georgia 2007-derived antigens p30, p54, 

pp62, p72, p37, and pp220-derived polypeptides, both with and without adjuvant, do not provide 
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statistically significant protection against intranasal challenge with virulent Georgia 2007 despite 

being inducing specific antibody responses, and can exacerbate clinical disease severity 

(Lokhandwala et al 2019). A similar lack of efficacy is seen with adenovirus vector pools 

encoding multicistronic DNA covering nearly 100% of the ASFV Georgia 2007 genome (Zajac 

et al, 2023). Adenovirus vector cocktails encoding dozens of ASFV genes have also shown a 

lack of efficacy in wild boar (Cardenas Fernandez et al 2020). Heterologous prime-boost 

immunization involving DNA vaccination targeting dozens of ASFV antigens followed by MVA 

vector boost can reduce viremia levels but does not alter disease progression after lethal Georgia 

2007/1 ASFV challenge (Jancovich et al 2018). 

The corpus of scientific literature on ASF extending back nearly three decades highlights 

the challenges associated with subunit vaccine development for this disease. The correlates of 

protection against virulent ASFV are incompletely understood, and this remains a major hurdle 

for rational vaccine development (Gaudreault and Richt 2019). Antigen combinations which 

induce protective immunity against specific ASFV strains often provide only partial or minimal 

protection in challenge models using other ASFV isolates or when different subunit vaccination 

strategies are used. Cell-mediated immune responses appear to be critical for protection against 

ASFV; however, the T cell epitopes which mediate this are unclear, and increases in ASFV-

specific IFNγ-secreting cells do not always correlate with protection (Oura et al 2005; Carlson et 

al 2016; Schäfer et al 2022). The phenomena of earlier disease onset and more severe clinical 

symptoms despite induction of virus-specific antibodies which have been observed in some 

vaccination-challenge studies is suggestive of antibody-mediated enhancement of disease, which 

carries with it the implication that inclusion of some ASFV antigens in subunit vaccines may 

actually be counterproductive (Blome et al 2014; Sunwoo et al 2019; Gaudreault and Richt 2019; 
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Lokhandwala et al 2019). Additional research is needed to identify the critical 

immunostimulatory antigens and epitopes within ASFV, along with the mechanisms by which 

they induce protection against the virus, to facilitate subunit vaccine development for ASF. 

1.9 Summary and Research Aims 

ASFV remains a major threat to pork production globally, and progress toward safe and 

efficacious ASF vaccine development remains frustratingly slow. Many of the challenges 

associated with ASF vaccine development relate to incomplete knowledge regarding important 

aspects of ASFV biology and immunology, including the mechanisms governing ASFV cellular 

tropism, the functions of dozens of viral genes and their relevance to ASFV virulence, and the 

host immune responses which mediate protection from ASF versus those which promote fatal 

immunopathology. With these knowledge gaps in mind, we performed three studies in domestic 

pigs to assess 1) the cytokine, immune cell, and whole blood transcriptome changes associated 

with lethal genotype II ASFV infection, 2) the in vivo relevance of CD1d as a host cell factor 

mediating ASFV cell entry on disease progression and severity following lethal genotype II 

ASFV challenge, and 3) the in vivo function of the ASFV PolX gene and whether deletion of 

PolX, alone or in combination with MGF genes, can attenuate virulent Armenia 2007 ASFV and 

provide protection against homologous parental virus challenge. 

1.9.1 Immune responses during acute ASF and their temporal progression 

A primary mediator of ASFV pathogenesis is the induction of a massive pro-

inflammatory response in susceptible animals, as described previously. However, the interactions 

between ASFV and the host immune system are highly complex. ASFVs encode a wide range of 

genes which modulate host immune responses, and the importance of specific viral genes for 

virulence can vary between ASFV strains. Additionally, acute ASF is a rapidly progressing 
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disease which profoundly impacts immune cell populations in affected animals through a variety 

of discrete mechanisms. Consequently, significant knowledge gaps remain regarding the 

particulars of the innate and adaptive immune responses associated with lethal outcomes during 

virulent ASFV infection, and much of the published literature evaluating specific immune 

parameters contains inconsistent or even contradictory data, in part due to differences between 

ASFV isolates used in experimental models and differences in experimental methodologies such 

as sampling timepoints. We hypothesized that virulent ASFV infection produces detectable 

changes in multiple immunological parameters within affected pigs. We sought to create a 

detailed characterization of the immunological changes which occur during fatal ASF caused by 

an epidemiologically relevant genotype II ASFV strain by serially sampling challenged animals 

from the time of infection until death and evaluating a wide range of immune parameters at each 

timepoint including virus replication, plasma cytokine levels, circulating cell populations, and 

whole blood transcriptomic profiles. The results from this work create a detailed profile of the 

immune responses produced during fatal ASFV infection, their temporal dynamics, and their 

relationship to virus replication and clinical disease severity throughout the course of the disease. 

1.9.2 Outcomes of virulent ASFV challenge in CD1d-knockout pigs 

The tropism of ASFV for cells of the monocyte/macrophage lineage is well established; 

however, the mechanisms which govern this tropism are not completely understood. As 

described previously, ASFV can enter host cells through multiple discrete mechanisms which 

can be receptor-mediated or receptor-independent, including clathrin-mediated endocytosis, 

macropinocytosis, phagocytosis, and antibody-mediated cellular uptake. Recently, it was 

demonstrated that CD1d, a nonclassical MHC protein expressed by antigen-presenting cells, 

facilitates ASFV internalization via clathrin-mediated endocytosis through its interaction with 
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viral p72, and that siRNA knockdown of CD1D expression in PAMs and knockout of the CD1D 

gene in MA104 both reduced ASFV replication in these cell lines, suggesting this host cell 

protein may be significant for ASFV infection in vivo (Chen and Zheng et al 2023b). We 

hypothesized that deletion of host CD1D would impact ASFV replication and disease 

progression in vivo. We infected CD1D-knockout piglets and age-matched conventional outbred 

piglets with the highly virulent genotype II ASFV strain MNG19. Our results showed no 

difference in clinical disease severity or survival between CD1D KO piglets and wildtype 

controls. These results demonstrate host CD1d is not essential for ASFV replication and 

virulence in vivo. 

1.9.3 The role of PolX in ASFV virulence and its potential as a target for MLV 

development 

PolX is a DNA polymerase encoded by the ASFV O174L gene which has been shown to 

function in maintaining viral genome stability in vitro via its involvement in a viral base excision 

repair pathway (Oliveros et al 1997; García-Escudero et al 2003; Redrejo-Rodriguez et al 2013). 

Deletion of this gene from ASFV strain BA71V promotes the accumulation of mutations in 

progeny virions produced in porcine alveolar macrophage cultures and reduces virus replication 

in these cells following low MOI infection (Redrejo-Rodriguez et al 2013). However, the 

relevance of PolX to ASFV replication and virulence in vivo has not been established until very 

recently. We hypothesized that Armenia 2007 ASFV lacking the viral PolX gene would be 

attenuated in pigs, and that inoculation of pigs with the PolX deletion virus would provide 

protection against subsequent challenge with the virulent parental virus. We evaluated two 

Armenia 2007 ASFV deletion mutants, one lacking the PolX gene (Arm-ΔPolX) and another 

lacking both PolX and a 26kbp fragment from the left side of the ASFV genome encoding 
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multiple MGF elements (Arm-ΔPolX-ΔMGF), for virus replication and attenuation in vivo. Our 

results showed that PolX is dispensable for ASFV virulence in domestic pigs and that Arm-

ΔPolX-ΔMGF, although attenuated in domestic pigs, does not induce protective immunity 

against parental Armenia 2007 in a vaccination-challenge model. These results are consistent 

with another study evaluating the PolX gene published in the months prior to our manuscript 

(Ramirez-Medina and Velazquez-Salinas et al 2023; Pérez-Núñez et al 2024). 
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1.10 Figures and Tables for Chapter 1 

Figure 1.1 Structure of the ASFV virion 

 

The five layers of the ASFV virion are denoted by arrows. Significant viral proteins are listed 

alongside the layer in which they are localized. Figure created using BioRender.  
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Figure 1.2 Transmission cycles for ASFV 

 

A) Domestic pigs become infected with ASFV through direct and indirect contact with other 

infected pigs or infected wild boar. Eurasian wild boar are highly susceptible to ASFV and 

maintain the virus in the environment, and can transmit the virus to uninfected boar and domestic 

pigs. Pigs can also become infected when fed upon by infected Ornithodoros soft ticks, and 

infected pigs transmit the virus to uninfected soft ticks during feeding. B) The ASFV sylvatic 

cycle involves virus transmission between Ornithodoros soft ticks and juvenile warthogs in 

southern and eastern Africa. Adult warthogs are dead-end hosts for ASFV. Taken from 

Gaudreault et al. African Swine Fever Virus: An Emerging DNA Arbovirus. Front Vet Sci 2020, 

7, 215. doi:10.3389/fvets.2020.00215. 
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Figure 1.3 ASFV proteins which inhibit type I interferon induction and signaling 

 

ASFV proteins can suppress type I interferon responses (IFNs) by inhibiting cellular signaling 

pathways which induce production of type I interferons, and by blocking signaling from type I 

interferon receptors. The original image of interferon pathways was obtained from “McNab F et 

al. Type I interferons in infectious disease. Nat Rev Immunol. 2015 Feb;15(2):87-103. doi: 

10.1038/nri3787” and reproduced with permission from Springer Nature. The original image was 

modified to list ASFV genes and highlight their specific cellular target(s) using BioRender. 
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Table 1.1 ASFV genes which inhibit type I interferon induction 

ASFV 

Protein 
Host Target In Vivo Deletion Effect References 

MGF360-4L IRF3 Unknown Wang and He et al 2024 

MGF360-11L TBK1, IRF7 Unknown Yang et al 2022a 

MGF360-13L STING Unknown Luo et al 2023 

MGF360-14L IRF3 Unknown Wang and Cui et al 2021 

MGF505-2R STING, TBK1 
Complete attenuation, partial 

homologous protection (Arm07) 
Sunwoo et al 2024 

MGF505-4R TRAF3 Unknown Dupré et al 2024 

MGF505-6R STING Unknown Yao et al 2024 

MGF505-7R TBK1, IRF7 Partial attenuation (HLJ/18) 
Li and Song et al 2021; Li and Yang et 

al 2021; Yang et al 2022b 

MGF505-11R STING. TBK1, IRF3 Unknown Yang and Huang et al 2021 

CD2v STING 
Partial attenuation (HLJ/18), Complete 

attenuation (BA71) 

Monteagudo et al 2017; Huang and 

Chen et al 2023 

pA151R TRAF6 
Partial attenuation and partial 

homologous protection (Georgia 2007) 

Li et al 2024; Ramirez-Medina and 

Vuono et al 2022 

pA173R TBK1 
Complete attenuation, homologous 

protection (Georgia 2010) 
Gladue et al 2021; Sun et al 2022 

pB175L STING Unknown Ranathunga et al 2023 

pB318L STING Partial attenuation (HLJ/18) Liu et al 2024 

pC129R cGAMP Unknown Dodantella et al 2022 

pD117L STING, IRF3 Unknown 
Wang and Xiang et al 2024; Zheng et al 

2022 

pD129L IRF3 Unknown Zhang and Ge et al 2023 

pD345L IKKβ Unknown Chen and Wang et al 2022 

pDP96R IRF3 Complete attenuation (E70) Dodantella et al 2024 

pE120R IRF3 
Complete attenuation,  partial 

homologous protection (SY18) 
Liu and Zhu et al 2021; Ma et al 2025 

pE184L STING Complete attenuation (CN/GS/2018) 
Zhu et al 2023; Ramirez-Medina et al 

2022a 

pE301R IRF3 Unknown Liu et al 2022 

pEP364R cGAMP Unknown Dodantella et al 2022 
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pH240R STING, TBK1, IRF3 
Partial attenuation (Georgia 2010) 

Dose-dependent attenuation (HLJ/18) 

Huang and Liu et al 2023; Ramirez and 

Rai et al 2023; Ye et al 2023 

pI73R IRF3 
Complete attenuation, homologous 

protection (GZ201801) 
Liu and Shen et al 2023; Lai et al 2024 

pI226R IRF3, NF-kB 
Complete attenuation, homologous 

protection (SY18) 

Zhang and Ke et al 2021; Hong et al 

2022 

pI267L RIG-I Partial attenuation (CN/GS/2018) Ran et al 2022 

pL83L STING 
No reduction in virulence (Georgia 

2007) 
Borca et al 2018; Cheng et al 2023 

pM1249L TBK1, IRF3 Unknown Cui et al 2022 

pS273R IRF3, IKKε Unknown Li and Zheng et al 2023; Luo et al 2022  

pQP383R cGAS 
Co-deletion with QP509L produces 

complete attenuation (CN/GS/2018) 
Li and Wu et al 2022; Hao et al 2023 
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Table 1.2 ASFV genes which inhibit signaling by type I interferon 

ASFV 

Protein 
Host Target In Vivo Deletion Effect References 

MGF360-9L STAT1, STAT2 Partial attenuation (CN/GS/2018) Zhang et al 2022 

MGF360-10L JAK1 Unknown Li D. and Peng et al 2023 

CD2v IFNAR1/TYK2, IFNAR2/JAK1 
Partial attenuation (HLJ/18) 

Complete attenuation (BA71) 

Monteagudo et al 2017; Huang and 

Chen et al 2023 

pA104R STAT1 
Partial attenuation, no protection 

(Georgia 2007) 

Ramirez-Medina and Vuono et al 

2022; Chen and Li et al 2023a 

pB318L IFNAR1/TYK2, IFNAR2/JAK1 Partial attenuation (HLJ/18) Liu et al 2024 

pB475L STAT2 Unknown Huang and Mai et al 2024 

pF778R STAT1 Unknown Chen and Li et al 2023b 

pH240R IFNAR1/TYK2, IFNAR2/JAK1 
Partial attenuation (Georgia 2010) 

Dose-dependent (HLJ/18) 

Huang and Liu et al 2023; Ramirez 

and Rai 2023; Ye et al 2024 

pI215L STAT2 Unknown 
Li and Fu et al 2022; Riera et al 

2022 

pK205R IFNAR1/TYK2, IFNAR2/JAK1 Unknown Huang and Kong et al 2024 

pS273R JAK-STAT Unknown Li Y. and Peng et al 2023 
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Chapter 2 - Temporal Dynamics of Cytokine, Leukocyte, and 

Whole Blood Transcriptome Profiles of Pigs Infected with African 

Swine Fever Virus1 

Abstract 

African swine fever virus (ASFV) is an important transboundary animal pathogen with 

significant impacts on the global swine industry. Overwhelming proinflammatory responses are a 

major virulence mechanism for ASFV, but the dynamics of these changes during clinical disease 

are not completely understood. We constructed a detailed portrait of the innate immune 

responses during acute African swine fever (ASF) at the cellular, transcriptomic, and cytokine 

levels. Samples serially obtained from infected piglets show that progression of acute ASF is 

characterized by rapid increases in plasma type I interferons, TNF-α, IL-12p40, and IL-10, which 

coincide with the manifestation of clinical disease and viral DNAemia. Lymphocytes and natural 

killer (NK) cells progressively declined, with fluctuations in B cell, CD8+ T cell, and 

CD4+/CD8+ T cell populations. Blood monocytes and macrophages were highly variable 

throughout infection, with an abrupt spike in CD203+ mature macrophages immediately prior to 

death. Transcriptomic analysis of blood showed downregulation of cellular translation as early as 

1 day post-challenge (DPC) and significant upregulation of antiviral immune processes at 5 DPC 

and 7 DPC, which overlapped with the onset of clinical disease. Together, these results present a 

detailed delineation of fatal ASF which involves an initial infection and damage of susceptible 

 

1 Reprinted with permission from “Temporal Dynamics of Cytokine, Leukocyte, and Whole Blood Transcriptome 

Profiles of Pigs Infected with African Swine Fever Virus” by Madden, D.W, 2025. Pathogens 14(10):992. 

https://doi.org/10.3390/pathogens14100992.. 
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myeloid cells prior to symptomatic disease characterized by pro-inflammatory immune 

responses, lymphoid depletion, and clinical deterioration. 

2.1 Introduction 

African swine fever virus (ASFV) is a highly contagious pathogen that causes African 

swine fever (ASF), a lethal disease in domestic pigs and wild boar (Sánchez-Vizcaíno and Heath 

2019). Following its introduction to the country of Georgia in 2007, virulent genotype II ASFV 

has spread throughout much of Europe and Asia, causing the deaths of millions of domestic pigs 

and resulting in billions of dollars in economic losses (Gaudreault et al 2020). ASFV is readily 

transmissible between domestic pigs and circulates widely in Eurasian wild boar populations, 

complicating eradication efforts (Costard et al 2013). Most recently, ASFV was identified in the 

Dominican Republic and Haiti, further highlighting the transboundary nature of this devastating 

disease (Gonzales et al 2021). 

Despite decades of research, progress toward development of an ASFV vaccine has 

remained difficult, in part due to the highly complex biology of the virus itself and its interaction 

with host animals. To date, two modified live vaccines (MLVs) for ASFV are commercially 

available in Vietnam, one of which was temporarily removed due to concerns regarding the 

safety, efficacy, and usage of the vaccine (World Organization for Animal Health 2023b; Diep et 

al 2024). ASFV is a nucleocytoplasmic large DNA virus possessing a genome of 170–190 kbp 

with over 150 open reading frames, and many of its encoded proteins have unknown or poorly 

defined functions (Dixon et al 2013; Alejo et al 2018; Keßler et al 2018). Infection outcomes can 

vary widely depending on the virus strain and host susceptibility. Highly virulent ASFV isolates 

such as those currently circulating in Europe and Asia produce a hemorrhagic fever with 

mortality rates up to 100% in domestic pigs and Eurasian wild boar, while low-virulence strains 
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produce subclinical or chronic infections in the same host species (Blome et al 2012; Blome et al 

2013; Pikalo et al 2019). Wild African suid species, including warthogs (Phacochoerus spp.) and 

bush pigs (Potamochoerus larvatus), maintain the virus within endemic areas of southern and 

eastern Africa, but do not develop clinical disease after infection (Costard et al 2013; Thomson et 

al 1980; Anderson et al 1998; Jori and Bastos 2009). The high degree of variability among 

ASFV strains and infection outcomes complicates efforts to understand the factors governing 

ASFV protection and immunity. 

Host immune responses to ASFV are highly complex. In susceptible pigs, virulent ASFV 

strains induce a massive pro-inflammatory immune response and the activation of monocytes–

macrophages for which the virus has a tropism, and previous research has established this as a 

major mechanism of ASFV pathogenesis and lesion development (Blome et al 2013; Pikalo et al 

2019; Gómez del Moral et al 1999; Carrasco et al 2002; Salguero et al 2002; Gómez-

Villamandos et al 2013). Additionally, ASFV encodes an array of proteins with diverse 

immunomodulatory activities, including inhibition of the induction and signaling of type I 

interferons (IFNs) and other cytokines, suppression of apoptosis, and decreasing antigen 

presentation (Correia et al 2013; Wu et al 2021). The precise immunological mechanisms and 

correlates of protection associated with lethal vs. non-lethal ASF are not completely understood, 

hindering rational vaccine design and development. Importantly, since highly virulent ASFV 

strains frequently produce death before robust adaptive immunity can be induced, innate and 

early adaptive immune responses play a significant part in ASFV immunology, and a more 

complete understanding of the myriad interactions between the virus and the immune system in 

acute fatal ASF is needed to guide vaccine development. To this end, this study serially assessed 

the progression of highly virulent genotype II ASFV infection in domestic pigs using several 
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approaches, including flow cytometry, cytokine quantification, and transcriptomic analysis, to 

detail host immune responses throughout the acute disease process. By assessing these 

parameters simultaneously over the entire course of the disease, we captured a comprehensive 

picture of the immune dysregulation that develops in domestic swine infected with virulent 

ASFV, which can be used to inform rational vaccine development efforts. 

2.2 Materials and methods 

2.2.1 Cells and viruses 

ASFV Armenia 2007, a hemadsorbing genotype II strain isolated from domestic pigs, 

was obtained from the European Union Reference Laboratory for ASF (Centro de Investigación 

en Sanidad Animal, Instituto Nacional de Tecnología Agraria y Alimentaria [CISA-INIA]) 

(Pérez-Núñez et al 2020). Virus was propagated and titrated as 50% infectious dose in 

hemadsorbing units (HAD50/mL) on primary porcine alveolar macrophages (PAMs) as 

previously described by Carrascosa et al. (Carrascosa et al 2011). PAMs were obtained from 

healthy donor pigs via post-mortem bronchoalveolar lavage and were cultured in RPMI 1640 

(Corning, Manassas, VA, USA) supplemented with 10% fetal bovine serum (FBS; Atlanta 

Biologicals, Flowery Branch, GA, USA), 1× MEM nonessential amino acids (Gibco, Waltham, 

MA, USA), and 1× antibiotic-antimycotic solution (Gibco). Cells were maintained in a 

humidified 37 °C incubator with 5% CO2 atmosphere. 

2.2.2 Animal experiments and clinical sampling 

Six 9-week-old ASFV-naïve conventional outbred piglets were inoculated with 102 

HAD50 of ASFV Armenia 2007 via intramuscular (IM) injection into the hindlimb. Clinical 

observations were performed daily, and animals were assigned total clinical scores using 

previously published criteria based on the sum of scores for 8 individual parameters including 
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fever (0–4), body shape (0–3), liveliness (0–3), respiratory signs (0–3), digestive signs (0–3), 

neurological signs (0–3), skin lesions (0–3), and ocular/nasal discharge (0–3), with a score of 0 

indicating normal (McDowell et al 2022). Using previously established criteria, animals were 

considered moribund if they displayed severe clinical signs including paralysis, convulsions, 

hypothermia/precipitous body temperature decline, or hemorrhagic diarrhea, or if they displayed 

a total clinical score >10; animals meeting these criteria were humanely euthanized by 

intravenous pentobarbital injection (McDowell et al 2022). Anticoagulated whole blood was 

collected by jugular venipuncture in EDTA and sodium heparin vacutainer tubes (BD, Franklin 

Lakes, NJ, USA) the day before challenge and at 1, 3, 5, and 7 days post-challenge (DPC), and at 

the time of euthanasia. Whole blood for RNA isolation was collected in PAXgene blood RNA 

tubes (BD) the day before challenge and at 1, 3, 5, and 7 DPC. Following euthanasia or 

expiration, all animals were necropsied for pathological evaluation. All work with potentially 

infectious materials was performed within high-containment BSL-3 and BSL-3Ag settings at the 

Biosecurity Research Institute at Kansas State University. Protocols were approved by the 

university’s Institutional Biosafety Committee (IBC; protocol #1314, approved 18 September 

2018) and Institutional Animal Care and Use Committee (IACUC; protocol #4265, approved 21 

May 2021). 

2.2.3. Necropsy and gross pathological evaluation 

All animals were necropsied following death or humane euthanasia for gross pathological 

evaluation and tissue collection. Gross pathological evaluation was performed by a veterinary 

pathologist as previously described (McDowell et al 2022; Sunwoo et al 2019). Animals were 

assigned lesion severity scores for body condition (0–3), integument (0–3), cardiovascular 

system (0–6), liver (0–6), lung (0–9), kidney (0–3), spleen (0–6), GI tract (0–12), tonsil (0–6), 
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mandibular lymph node (0–6), cranial mediastinal lymph node (0–6), renal lymph node (0–6), 

gastrohepatic lymph node (0–6), and prescapular lymph node (0–6), with a score of 0 indicating 

an absence of lesions. Disease severity for each animal was classified based on the sum of all 

individual lesion scores as mild (<30), moderate (31–47), or severe (>47). 

2.2.4 Sample processing and storage 

Sodium heparin blood tubes were centrifuged at 1000× g for 10 min to separate plasma 

and buffy coat. Plasma samples were then divided into single-use aliquots in Protein LoBind 

microcentrifuge tubes (Eppendorf, Hamburg, Germany) and immediately transferred to −80 °C 

until use. Buffy coat obtained from plasma separation was then processed for white blood cell 

isolation and cryopreservation. Buffy coats were resuspended using phosphate-buffered saline 

(PBS; Gibco) with a volume equivalent to the amount of plasma removed from the sodium 

heparin blood tube. Then, 2 mL of cell suspension was added to 15 mL conical tubes containing 

10 mL/tube PBS. Tubes were gently mixed then centrifuged to pellet cells. Red blood cells were 

lysed using two treatments with ammonium chloride-based lysis buffer, and the remaining white 

blood cells were then washed with PBS and centrifuged to pellet. White blood cells were then 

resuspended in PBS + 2% FBS, filtered through 100 µm cell strainers to remove debris, and total 

viable cell counts obtained using a Countess™ II Automated Cell Counter (Thermo Fisher 

Scientific, Waltham, MA, USA). Cells were then pelleted by centrifugation and resuspended in 

freezing medium composed of 90% FBS and 10% DMSO (Sigma-Aldrich, St. Louis, MO, 

USA), aliquoted into cryovials, placed in a controlled-rate cell freezing apparatus, and 

transferred to −80 °C. Cells were stored in −80 °C until thawed, fixed and stained for flow 

cytometry. PAXgene blood tubes were stored at −80 °C until RNA purification was performed. 

Total RNA was purified from PAXgene blood RNA tubes using a PAXgene Blood miRNA kit 
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(QIAGEN, Hilden, Germany) following the manufacturer’s protocol, and eluted RNA was stored 

at −80 °C. EDTA whole blood was aliquoted into cryovials and stored at −80 °C until use. 

2.2.5 Viral DNA extractions and quantitative PCR (qPCR) 

ASFV DNA concentration in whole blood was evaluated by quantitative real-time PCR 

(qPCR) targeting the ASFV p72 gene using TaqMan probes and primers developed by Zsak et al. 

(Zsak et al 2005). Viral DNA was obtained from EDTA whole blood by automated magnetic 

bead extraction as previously described (McDowell et al 2022; Pérez-Núñez et al 2024). PCR 

reactions were performed on a CFX96 Touch Real-Time PCR Detection system (Bio-Rad, 

Hercules, CA, USA) using PerfeCTa® FastMix® II as previously described (Pérez-Núñez et al 

2024), employing nuclease-free water and a plasmid encoding the target ASFV p72 sequence as 

negative and positive controls, respectively. Copy number (CN) of ASFV DNA was calculated 

using a standard curve derived from serial dilutions of the positive control ASFV p72 plasmid 

and normalized per mL of blood (CN/mL). 

2.2.6 Plasma cytokine quantification by ELISA 

Cytokine levels in plasma samples were evaluated by sandwich ELISAs with analyte-

specific antibody pairs performed on Nunc Maxisorp 96-well plates (Thermo Fisher Scientific). 

All ELISAs utilized biotinylated detection antibodies followed by incubation with streptavidin-

HRP solution, color development with 3,3′,5,5′-Tetramethylbenzidine (TMB), and reaction 

termination with 450 nm stop solution. Assays for IL-1β, IL-10, IL-12p40, and TNF-α were 

performed using porcine DuoSet® ELISA kits (R&D Systems, Minneapolis, MN, USA), IFN-β 

was quantified using a swine IFN-β Do-It-Yourself ELISA kit (Kingfisher Biotech, St. Paul, 

MN, USA), and IL-2 and TGF-β1 were evaluated using commercial porcine matched antibody 

pair kits (Thermo Fisher Scientific), all following the manufacturer’s recommended protocols. 
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For evaluation of IL-1α concentrations, ELISA plates were first coated for 16 h at room 

temperature with 200 ng/well rabbit anti-pig IL-1α polyclonal antibody (Bio-Rad) diluted in 1× 

ELISA coating buffer (Bio-Rad). Plates were blocked with 3% bovine serum albumin (BSA; 

Sigma-Aldrich) in phosphate-buffered saline with 0.05% Tween-20 (PBST; Sigma-Aldrich) for 

two hours at room temperature. Plates were then washed with PBST and incubated with plasma 

samples diluted in PBST with 1% BSA for 90 min at room temperature. Plates were washed 

again and incubated with 100 µL/well biotinylated rabbit anti-pig IL-1α detection antibody (Bio-

Rad) diluted to 1.0 µg/mL in PBST with 1% BSA for 1 h at room temperature, followed by 

additional washes and incubation with 100 µL/well streptavidin-HRP (R&D Systems) dilution 

for 1 h. Plates were developed by adding 100 µL/well 1-Step™ Ultra TMB-ELISA Substrate 

Solution (Thermo Fisher Scientific), and color development halted by addition of an equal 

volume of 450 nm stop solution (Abcam, Cambridge, UK). Dilutions of recombinant pig IL-1α 

expressed in Pichia pastoris (Bio-Rad) were used for protein standards. 

The ELISA for detection of IFN-α was performed using mouse anti-pig IFN-α 

monoclonal antibody clones K9 (PBL Assay Science, Piscataway, NJ, USA) and F17 

(Invitrogen, Waltham, MA, USA), with recombinant porcine IFN-α produced in yeast (Abcam) 

used for protein standard dilutions. Monoclonal antibody clone F17 was biotinylated using a 

LYNX Rapid Plus Biotin (Type 1) Antibody Conjugation Kit (Bio-Rad) following the 

manufacturer’s protocol. For the assay, monoclonal antibody clone K9 was diluted to 2.25 

µg/mL in 1× ELISA coating buffer and plates coated for 16 h at room temperature by adding 100 

µL/well coating antibody solution. Plates were then washed with PBST and blocked for 2 h at 

room temperature using a 3% BSA in PBST. Plasma samples and protein standards diluted in 1% 

BSA solution were added to the plates, which were then incubated for 90 min at room 
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temperature, followed by PBST washes and addition of 100 µL/well biotinylated clone F17 

detection antibody diluted to 2.75 µg/mL in 1% BSA solution. After incubating 1 h, plates were 

washed and 100 µL/well streptavidin-HRP dilution was added for 1 h. Plates were then washed 

and developed with 100 µL/well 1-Step™ Ultra TMB-ELISA Substrate Solution, followed by 

addition of an equal volume of 450 nm stop solution. 

To minimize the potential for analyte damage and degradation, all ELISAs were 

performed with single-use plasma aliquots which had not undergone any prior freeze–thaw 

cycles. All samples and standards were assayed in duplicate wells. For all ELISA plates, 

absorbance was read at 450 nm using a BioTeK ELx808 plate reader (Agilent, Santa Clara, CA, 

USA). Blank-adjusted O.D. values for protein standard dilutions on each plate were used to 

generate sigmoidal four parameter logistic standard curves. Plasma concentrations for cytokines 

were determined by interpolating the blank-adjusted O.D. values for each sample into the 

appropriate standard curve and multiplying by the relevant dilution factor for each assay. 

2.2.7 Flow cytometry 

Cryopreserved white blood cells were thawed and washed with PBS, and cells were 

stained for flow cytometry as previously described [29]. Live/dead staining of cells was 

performed with LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Invitrogen) following the 

manufacturer’s instructions. Nonspecific antibody binding sites were blocked by incubating cells 

with recombinant rat IgG (Sigma-Aldrich), and cells were then stained for leukocyte surface 

markers using the antibodies outlined in Table 2.1. Three separate monoclonal antibody cocktails 

were used for cell staining. The first cocktail was used to distinguish B cells and T cells and 

consisted of antibodies targeting CD79a and CD3ε, respectively. The second cocktail contained 

antibodies targeting CD3ε, CD4, and CD8α for discrimination of T cell subsets and NK cells. 

https://www.mdpi.com/2076-0817/14/10/992#pathogens-14-00992-t001
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The third cocktail contained antibodies against CD14, CD163, and CD203a for characterization 

of monocytes and macrophages. The gating strategies used for flow cytometry panels are 

depicted in Supplementary Figure 2-1. Fluorescence-minus-one controls were included to 

confirm negative and positive populations. Stained cells were fixed with 4.2% formaldehyde 

solution then permeabilized and washed using a Cytofix/Cytoperm Fixation/Permeabilization Kit 

(BD) following the manufacturer’s protocol. Cell populations were analyzed using an Attune 

NxT flow cytometer (Thermo Fisher Scientific) equipped with a 488 nm excitation laser. 

Collected raw data was analyzed using FlowJo version 10.7.0 software (Treestar, Palo Alto, CA, 

USA). 

2.2.8 mRNAseq, differentially expressed genes, and gene ontology analysis 

RNA extracted from PAXgene blood tubes was quantified and analyzed on a QubitTM 4 

fluorometer (Thermo Fisher Scientific) using a QubitTM RNA Broad Range assay kit (Thermo 

Fisher Scientific) and a QubitTM RNA IQ assay kit (Thermo Fisher Scientific) following the 

manufacturer’s instructions and then normalized to 500 ng. Library preparation was performed 

with Illumina Stranded mRNA Prep (Illumina, San Diego, CA, USA), with 16 samples per run. 

Briefly, mRNA was captured by beads, followed by a fragmentation reaction. mRNA was then 

used for first and second strand cDNA synthesis and adapter ligation. Dual indexing and library 

preparation was performed using IDT for Illumina DNA/RNA UD Indexes Set A (Illumina). 

Library clean-up was done using AMPure XP beads (Beckman Coulter, Brea, CA, USA), 

followed by quantification using a QubitTM dsDNA Broad Range kit (Thermo Fisher Scientific). 

Libraries were normalized to 4 nM and denatured following the manufacturer’s instructions and 

run on the NextSeq 550 sequencer (Illumina) using a NextSeq 500/550 High Output Kit v2.5 (2 

× 75 cycles) (Illumina). The loading concentration of the library was 1.8 pM, with 1% PhiX. 
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For analysis of host transcriptomics, reads generated from the sequencing runs were 

mapped to the Sus scrofa reference genome (Accession number: GCF_000003025.6). This was 

performed using Bowtie 2 run with default settings (Langmead and Salzberg 2012). Output SAM 

files from Bowtie 2 were sorted by QNAME using SAMtools (Danecek et al 2021) then fed into 

HTSeq (Putri et al 2022) to generate gene counts based on the reference Sus scrofa genome. 

Counts were then analyzed with DEseq2 (Love et al 2014) to identify differentially expressed 

genes (DEGs) using an adjusted p-value cutoff of <0.05 as the threshold for significance. Lists of 

DEGs and their corresponding log2 fold-change from pre-challenge baseline abundance were 

made for each post-challenge timepoint and uploaded to PANTHER version 17.0 for gene 

ontology (GO) analysis (Thomas et al 2022). Statistical enrichment tests were performed using 

the GO biological process annotation complete dataset (GO Ontology database. DOI: 

10.5281/zenodo.7942786. Released 10 May 2023) to screen for host processes that were 

significantly up- or down-regulated based on the number of DEGs and changes in their relative 

abundance (Mi et al 2019). GO biological process annotations were sorted by false discovery 

rate (FDR)-adjusted p-value with a significance cutoff of p < 0.05. For evaluation of ASFV 

transcriptomics, sequencing run reads were mapped to an annotated ASFV strain Armenia 2007 

genome (unpublished, courtesy of David Meekins) and analyzed using a CLC genomics 

workbench v23.0.1 (QIAGEN) transcriptomics workflow. ASFV gene expression was measured 

as reads per kilobase of transcript per million reads mapped (RPKM). 

2.9 Statistical analysis 

Statistical analyses and graphing for body temperature, clinical scores, whole blood 

ASFV qPCR, plasma cytokine concentrations, and flow cytometry data were performed using 

GraphPad Prism v9.5.1 (GraphPad Software, Boston, MA, USA). Normality of datasets was 
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assessed using the Shapiro–Wilk test. Data for body temperature, clinical scores, and whole 

blood ASFV qPCR was analyzed and compared to baseline pre-challenge values using the 

Kruskal–Wallis test with post hoc Dunn’s multiple comparisons test. Plasma cytokine 

concentrations and flow cytometry results were analyzed using repeated measures one-way 

ANOVA with post hoc Tukey’s multiple comparisons test for datasets with normally distributed 

values, or nonparametric Friedman’s test with post hoc Dunn’s multiple comparisons test for 

datasets violating normality. 

2.3 Results 

2.3.1 Post-challenge clinical progression, virus qPCR, and pathology 

Following IM challenge with Armenia 2007, piglets developed clinical disease 

characterized by rapidly progressing fever and symptoms consistent with acute ASF (Figure 2.1). 

All animals succumbed to ASF or met the criteria for humane euthanasia at 8 DPC. Pigs #3 and 

#5 were found dead from the disease. The remaining pigs were all euthanized due to high fever 

in all animals along with clinical signs including lethargy (pigs #2, #4, and #6), increased 

respiratory rate (pig #6), erythema (pig #2, pig #6), and ocular/nasal discharge (pig #1), coupled 

with the presence of bloody diarrhea in the pen, which could not be ascribed to an individual 

animal. Pig #3 became febrile at 4 DPC, followed by pigs #2, #4, #5, and #6 at 5 DPC and pig #1 

at 6 DPC. Body temperatures for the group were significantly elevated from the pre-challenge 

baseline beginning at 6 DPC until the end of the study, and fever of ≥41.1 °C was observed for 

all animals immediately prior to death or euthanasia (Figure 2.1A). Clinical scores showed a 

similar pattern, becoming significantly elevated from pre-challenge baseline at 6 DPC and 

continuing to trend upward until the end of the study at 8 DPC; all animals had a clinical score 

≥4 at their last recorded timepoint at 7 or 8 DPC (Figure 2.1B). ASFV DNA was detectable in 
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blood beginning at 3 DPC for pig #3, and at 5 DPC for pigs #2, #4, #5, and #6. Pig #1 did not 

develop detectable levels of ASFV DNA until 7 DPC; consequently, a statistically significant 

elevation of the group mean viral DNA from baseline was first present at 7 DPC (Figure 2.1C). 

Animals infected with Armenia 2007 developed gross pathological lesions consistent 

with acute ASF including decreased body condition, hemorrhagic lymphadenopathy and 

splenomegaly, pulmonary edema, consolidation pneumonia, and hepatopathy (Supplementary 

file 2-1). Pig #1 had the lowest total gross lesion score and was classified as having mild gross 

pathological lesions, consistent with clinical observations and PCR data showing this animal had 

the latest onset of fever and least amount of detectable viral DNA in the blood (Figure 2.1C, 

Supplementary File 2-1). Pigs #2, #4, #5, and #6 had total lesion scores classified as moderate 

disease, and pig #3 had a total lesion score classified as severe. Gross pathological abnormalities 

were noted for body condition, liver, lung, kidney, spleen, GI tract, mandibular lymph node, 

cranial mediastinal lymph node, renal lymph node, gastrohepatic lymph node, and prescapular 

lymph node in all animals. In addition, pig #3 had polyserositis and hemoabdomen 

(Supplementary File 2-1). 

2.3.2 Plasma cytokine perturbations 

A variety of pro- and anti-inflammatory cytokines showed altered expression levels in 

plasma over the course of virulent ASFV infection, including type I interferons, IL-10, IL-12p40, 

TNF-α, and TGF-β1 (Figure 2.2). IFN-α levels remained unchanged until 5 DPC when a 

significant spike in plasma concentrations was observed, which persisted to 7 DPC (Figure 2.2 

A). IFN-β levels increased significantly from 3 DPC to 7 DPC (Figure 2.2B). Concentrations of 

pro-inflammatory IL-1α and IL-1β were highly variable between animals prior to challenge and 

showed no significant changes from baseline at any timepoints (Figure 2.2C,D). IL-2 was 
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undetectable in all animals prior to challenge, and highly variable responses were observed 

between animals post-challenge. Two pigs (#3 and #6) never developed detectable IL-2 levels, 

three pigs (#2, #4, #5) showed an initial increase in IL-2 at 1 DPC or 3 DPC which disappeared 

by 5 DPC and re-appeared at 7 DPC, and one pig (#1) had detectable levels of IL-2 only at the 

final 7 DPC timepoint; no statistically significant differences were detected between any 

timepoints (Figure 2.2E). No changes in IL-12p40 from baseline were seen until 7 DPC, when an 

abrupt 6-fold increase in the average plasma concentration was observed (Figure 2.2F). 

Similarly, TNF-α was stable throughout the first 6 days of the study until spiking significantly 

higher very late during infection at 7 DPC (Figure 2.2G). Levels of the anti-inflammatory 

cytokine IL-10 tended to increase early following ASFV infection, becoming significantly 

elevated from baseline at 5 DPC and peaking at 7 DPC (Figure 2.2H). In contrast, plasma TGF-

β1, another cytokine with anti-inflammatory and immunoregulatory functions, did not 

significantly deviate from pre-challenge levels, and tended to progressively decrease from a peak 

mean at 1 DPC (Figure 2.2I). 

2.3.3 Changes in circulating leukocyte populations 

Flow cytometry revealed changes in a variety of circulating leukocyte populations over 

the course of virulent ASFV infection, including total lymphocytes, CD8+ T cells, NK cells, B 

cells, monocytes, and macrophages. Total lymphocytes peaked at 1 DPC, followed by a steady 

decline over the course of ASFV infection. Total lymphocytes were significantly lower at 7 DPC 

compared to 1 DPC and 3 DPC in the T cell panel (Figure 2.3A), and B cells were significantly 

lower at 5 DPC and 7 DPC compared to earlier post-challenge timepoints (Figure 2.4A). The 

proportion of T cells remained relatively stable post-challenge, with no significant differences 

observed between any of the timepoints (Figure 2.3B, Figure 2.4B). CD4+/CD8α- helper T cells 
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did not show any changes from baseline at any time point after infection (Figure 2.3C). 

However, CD8α+ T cell proportions changed over time. CD4-/CD8α+ cytotoxic T cells were 

significantly lower at 5 DPC compared to their peak mean at 1 DPC (Figure 2.3D), while 

CD4+/CD8α+ double-positive T cells were significantly elevated at 7 DPC compared to pre-

challenge levels (Figure 2.3E). NK cells were initially stable during early infection but showed a 

significant decline at 5 DPC (Figure 2.3F). The percentage of B cells remained unchanged 

through 5 DPC but significantly decreased at 5 and 7 DPC (Figure 2.4C). 

Monocytes and macrophages showed initial decreases in circulating populations very 

early at 1 DPC but subsequently rebounded to baseline levels at 3 DPC (Figure 2.5A,B). 

Monocytes continued to rise up to 5 DPC but dropped sharply by 7 DPC, just prior to death 

(Figure 2.5A). In contrast, total circulating macrophages declined to their lowest overall levels 

by 5 DPC but rebounded during the late stage of infection at 7 DPC (Figure 2.5B). Notably, 

CD203+ mature tissue macrophages remained relatively unchanged until a significant spike at 7 

DPC when the population mean increased nearly 9-fold from baseline (Figure 2.5C). 

2.3.4 Differentially expressed genes (DEGs) and gene ontology (GO) processes 

Host DEGs were detectable at various days post-challenge, with their number 

progressively increasing over the course of infection (Supplementary file 2-2). GO biological 

process analysis revealed downregulation of processes related to protein translation as well as 

amide and peptide metabolism as early as 1 DPC (Table 2.2). Consistent with this finding, 6 of 

the top 10 most downregulated DEGs by significance at 1 DPC encoded ribosomal proteins or 

peptidases (Supplementary file 2-2). There was no significant positive or negative enrichment 

from pre-challenge levels at 3 DPC. The largest number of DEGs was present at 5 DPC, when 

highly significant downregulation of processes relating to translation and peptide synthesis, 
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amino acid metabolism, and ribosome function were evident, along with significant enrichment 

of processes relating to host defense and immune responses (Table 2.2). At 7 DPC, all enriched 

GO terms involved processes related to host immunity, regulation of viral replication, and stress 

responses (Table 2.2). 

ASFV mRNAs were first detectable in whole blood at 5 DPC, when transcripts from 154 

viral genes were identified, and by 7 DPC, mRNAs from a total of 178 ASFV genes were 

observed (Supplementary file 2-3). The top 10 expressed ASFV genes for both timepoints are 

listed in Table 2.3, with 9 ASFV genes ranking among the most abundant in both timepoints. 

Members of MGF110 were highly represented post-challenge, with MGF110-7L being the most 

abundantly transcribed ASFV gene at both 5 and 7 DPC. Additionally, other MGF110 members, 

including MGF110-3L, MGF110-4L, and MGF110-5L-6L were among the 10 most transcribed 

genes at both 5 and 7 DPC. Other highly expressed ASFV genes found at both timepoints 

include 285L, CP312R, E165R, K205R, and CP204L. K196R and I215L were the tenth most-

transcribed viral genes, identified at 5 DPC and 7 DPC, respectively. 

2.4 Discussion 

Immune dysregulation producing an overwhelming pro-inflammatory state is a major 

mechanism underlying ASFV pathogenesis and virulence (Blome et al 2013; Pikalo et al 2019; 

Salguero 2020). However, a precise picture of the immunological mechanisms driving ASF 

progression remains elusive, hindered by the complexity of host–ASFV interactions, strain-

dependent disease outcomes, inconsistencies between in vitro and in vivo findings, and variable 

experimental approaches. To overcome these limitations, we performed a virulent ASFV 

challenge experiment whereby a wide range of immune parameters were serially evaluated in the 

same group of piglets from baseline throughout the course of infection. This approach enabled 
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the integration of data from diverse techniques – including clinical and post-mortem observation, 

molecular virological assays, cytokine quantification, flow cytometry of circulating immune cell 

populations, and transcriptomics – at defined timepoints post-challenge. Our results provide a 

detailed depiction of the evolving innate and early adaptive immune responses mounted by naïve 

piglets following infection with an epidemiologically relevant virulent genotype II ASFV strain. 

All six piglets in this study developed clinical signs and post-mortem lesions 

characteristic of acute virulent ASF, though the development of symptoms and detectable viral 

DNA levels were slightly delayed in pig #1 compared to the other animals, and its gross 

necropsy findings were less severe (Figure 2.1, Supplementary file 2-1). Gross necropsy findings 

included widespread hemorrhagic lymphadenopathy, splenomegaly, hepatopathy, pulmonary 

edema and consolidation, and hemorrhage resulting from systemic vascular disease and disrupted 

hemostasis (Supplementary file 2-1). These lesions are highly consistent with descriptions of 

acute ASF in domestic pigs and wild boar (Blome et al 2012; Blome et al 2013). 

Cytokines are a broad class of cell signaling proteins involved in the development and 

regulation of immune responses (Murphy et al 2012). The widespread release of pro-

inflammatory cytokines such as TNF-α from infected monocytes and macrophages seems to be a 

major mechanism governing ASFV pathogenesis (Blome et al 2013; Carrasco et al 2002; 

Salguero et al 2002; Salguero et al 2005; Gómez-Villamandos et al 2013; Salguero 2020). ASFV 

also encodes a range of genes that modulate cytokine production and signaling, particularly type 

I interferons, to subvert host immunity. Several of these genes have been identified as key viral 

virulence factors (Franzoni et al 2023). Previously, several studies have sought to evaluate the 

expression patterns of various pro- and anti-inflammatory cytokines during ASFV infection with 

the aim of characterizing the differences between host immune responses in lethal vs. non-lethal 
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ASF, sometimes producing inconsistent or conflicting results. For example, serum 

concentrations of the critical cytokines IFN-α and TNF-α have been independently reported to 

increase, decrease, or remain unchanged following virulent genotype II ASFV challenge in 

domestic pigs (Karalyan et al 2012; Zakaryan et al 2015; Wang et al 2020; Fan et al 2022. A 

variety of factors may explain these discrepancies, including variations in the in vivo behavior 

and virulence of different ASFV isolates, as well as experimental design and methodology, 

including sampling time points. 

The cytokines evaluated in this study regulate a diverse array of immunological functions 

including pro-inflammatory and anti-inflammatory responses, defenses against intracellular 

pathogens, T cell proliferation and differentiation, and the activity of innate and adaptive 

cytotoxic immune cells. They were selected based on prior research into ASFV-induced cytokine 

responses as well as their roles in mediating immune responses known to be important in the 

pathogenesis of ASF. Type I IFNs exert broad antiviral effects by inducing the expression of 

interferon-stimulated genes, and ASFV gene products targeting type I IFN responses can mediate 

viral virulence in vivo (Zsak et al 1998; McNab et al 2015; Monteagudo et al 2017; Gladue et al 

2021; Li and Yang et al 2021; Razzuoli et al 2022; Huang and Chen et al 2023; Zhu et al 2023; 

Liu et al 2024; Sunwoo et al 2024). IL-1α, which is constitutively expressed by epithelial and 

endothelial cells and released during cell necrosis, and IL-1β, which is primarily produced by 

monocytes and macrophages following activation of TLR signaling cascades, both mediate 

induction of multiple acute inflammatory processes including fever, prostaglandin secretion, 

histamine release, acute phase protein production, increased vascular permeability, and local 

infiltration of neutrophils and monocytes (Arango Duque and Descoteaux 2014; Dinarello 2018). 

Previous studies have shown that infection with highly virulent ASFVs including E70 (genotype 



87 

I, Europe), Armenia 2008 (genotype II, Caucasus), and SY18 (genotype II, China) can cause 

increases in serum IL-1α and IL-1β, while moderately virulent and attenuated ASFV strains do 

not (Franzoni et al 2023; Zakaryan et al 2015; Wang et al 2020; Fan et al 2022; Carlson et al 

2016; Reis et al 2016; Post et al 2017; Radulovic et al 2022). TNF-α mediates a similar set of 

acute inflammatory responses and can also promote activation of macrophages and dendritic 

cells, induction of a pro-coagulant state in endothelial cells, and induction of cell death; it is 

produced primarily by macrophages and to a lesser extent by other immune cell types (Waters et 

al 2013; van Loo et al 2023). TNF-α is known to be an important mediator of ASFV 

pathogenesis in vivo, and multiple studies have demonstrated increases in serum TNF-α 

following challenge with moderately and highly virulent genotype I and II ASFV strains 

including E75 (genotype I; highly virulent), SY18 (genotype II; highly virulent), Armenia 2007 

(genotype II; highly virulent) (Gómez del Moral et al 1999; Zakaryan et al 2015; Wang et al 

2020; Post et al 2017); however, other studies have shown no significant changes in TNF-α 

following challenge with highly virulent SY18 (Fan et al 2022; Zhang and Zhang et al 2021). 

ASFV genes MGF300-2R and MGF300-4L both function to suppress production of IL-1β and 

TNF-α by targeting the signaling cascades which induce their expression, and the deletion of 

these genes from ASFV genotype II strain HLJ/18 increases the production of these cytokines in 

infected cells in vitro (Wang et al 2023; Wang and Luo et al 2024).  Importantly, deletion of 

either of these genes is also associated with attenuation of HLJ/18 in vivo, and this attenuation 

was associated with higher levels of IL-1β and TNF-α production in infected pigs (Wang et al 

2023; Wang and Luo et al 2024). This suggests that proinflammatory IL-1β and TNF-α, while 

being associated with the development of ASF clinical signs and lesions, may also be significant 

mediators of efficacious innate immune responses to virulent ASFVs, and that the quality and 
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quantity of these cytokine responses may be important for protection against ASF. IL-12 is 

produced by dendritic cells and other antigen presenting cells (APCs) and is important for cell-

mediated immune responses through its ability to stimulate NK cell cytotoxicity, T cell 

differentiation into Th1 and cytotoxic T lymphocyte subsets, and IFN-γ production (Tait Wojno 

et al 2019). While cell-mediated immune responses seem to be essential for protection against 

lethal ASFV challenge, serum IL-12 levels during virulent ASFV infections remain poorly 

studied. However, genotype II SY18 infection has been reported to induce increased IL-12 levels 

over the course of infection (Wang et al 2020). IL-2 is similarly critical for cell-mediated 

immunity via its role in stimulating T cell proliferation and differentiation; unfortunately, reports 

on the effects of highly virulent ASFV infection on serum IL-2 reveal inconsistent results (Fan et 

al 2022; Zhang and Zhang et al 2021; Spolski et al 2018). Significant attention has been given to 

IL-10 responses during ASFV infection due to its role as an anti-inflammatory cytokine that 

regulates innate and adaptive immune responses by inhibiting antigen presentation and 

proinflammatory cytokine secretion by APCs, inhibiting Th1 responses, and promoting Treg 

differentiation (Couper et al 2008; Saraiva et al 2010). In immunologically naïve animals, 

virulent ASFV challenge can produce increased serum IL-10 during late-stage infection 

immediately prior to death, though this is inconsistently observed (Wang et al 2020; Fan et al 

2022; Zhang and Zhang et al 2021). However, vaccination/challenge studies using attenuated 

ASFV strains for immunization followed by virulent virus challenge tend to show a negative 

correlation between IL-10 secretion and survival following lethal challenge, and an association 

between IL-10 levels and an absence of long-term immunity (Franzoni et al 2023; Sánchez-

Cordón et al 2018; Reis et al 2020; Barroso-Arévalo et al 2021). TGF-β1, another major anti-

inflammatory mediator capable of counteracting pathological immune responses, has been less 
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extensively investigated, but appears to remain stable during infection with ASF strains 

Netherlands86 (genotype I; Europe) and SY18 (genotype II; China) ASFVs (Wang et al 2020; 

Post et al 2017; Li and Flavell 2008). 

Our results show that virulent genotype II ASFV infection induces production of pro-

inflammatory cytokines including type I interferons, IL-12p40, and TNF-α (Figure 2.2). IFN-α 

was the major type I interferon induced by infection, with plasma concentrations becoming 

significantly elevated at 5 DPC and 7 DPC (Figure 2.2A). In contrast, IFN-β concentrations 

tended to remain more stable with no significant difference from baseline observed at any 

timepoint post infection, though levels at 7 DPC were significantly higher than at 3 DPC (Figure 

2.2B). Significant changes in IL-12p40 and TNF-α were not observed until 7 DPC (Figure 

2.2F,G). The late increases in these pro-inflammatory cytokines coincided with the development 

of significant elevations in body temperature and severe clinical signs at 6 DPC and occurred 

after the majority of animals developed detectable levels of ASFV DNA in the blood (Figure 

2.1). While no significant changes were seen in the concentrations of IL-1α or IL-1β, there was a 

large amount of inter-animal variability with the levels of these cytokines which could have 

masked subtle changes (Figure 2.2C,D). Levels of IL-2 were below the limit of detection for all 

animals prior to challenge, and while 4/6 animals had detectable IL-2 at 7 DPC, no significant 

difference was observed (Figure 2.2E). This is consistent with the observed lack of significant 

changes in total T cell proportions at all post-challenge timepoints (Figure 2.3B). Interestingly, 

opposing responses were seen with the anti-inflammatory cytokines IL-10 and TGF-β1. Plasma 

IL-10 progressively increased over the course of infection and peaked immediately prior to 

death, while TGF-β1 was significantly decreased at 5 DPC and 7 DPC compared to its peak at 1 

DPC (Figure 2.2H,I). Multiple previous challenge studies have shown an association between 
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increases in IL-10 and decreased survival following ASFV infection, suggesting IL-10 

production during mid or late-stage infection may dampen protective immune responses and be 

detrimental to host survival (Sánchez-Cordón et al 2018; Reis et al 2020; Barroso-Arévalo et al 

2021). The lack of TGF-β1 induction seems to support the detrimental effects of IL-10 induction. 

Flow cytometry on PBMCs revealed changes consistent with both stimulation and 

aberrant adaptive immune responses. Populations of monocytes and macrophages, the primary 

cellular targets of ASFV infection, were highly variable following challenge and began 

fluctuating very early in the course of infection. Both cell types showed an initial significant 

decrease at 1 DPC followed by recovery at 3 DPC. Subsequently, monocyte populations 

remained relatively stable until sharply declining at 7 DPC, while macrophage populations 

dipped at 5 DPC but recovered immediately prior to death (Figure 2.5A,B). Interestingly, the 

proportion of CD203a+ macrophages abruptly spiked at 7 DPC to an average level nearly 9-fold 

higher than was seen prior to challenge (Figure 2.5C). CD203a, also known as SWC9, is a 

marker for differentiation of blood monocytes into macrophages, and expression of this molecule 

has been associated with increased cellular susceptibility to ASFV infection in vitro 

(McCullough et al 1999; Petersen et al 2007). The human ortholog of CD203a, also known as 

ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1), functions as an important 

negative regulator of type I interferon induction via the cGAS-STING signaling pathway by 

regulating extracellular cGAMP (Carozza et al 2022). ENPP1 expression has been shown to 

facilitate pseudorabies virus infection in porcine cells by reducing IFN-β secretion, and virulent 

ASFV inhibits cGAS-STING signaling through multiple mechanisms (Huang and Chen et al 

2023; Zhu et al 2023; Liu et al 2024; Sunwoo et al 2024; Wang et al 2018). This suggests that 

CD203a expression on macrophages could be an important regulator of type I interferon 
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induction during ASFV replication in macrophages. Further evaluation of CD203a+ 

macrophages during in vivo ASFV infection is, therefore, warranted. 

In contrast to myeloid-derived monocytes/macrophages, lymphoid cell populations 

displayed an initial trend toward increasing lymphocyte proportions at 1 DPC, followed by a 

progressive decline during later time points after infection that was mainly attributable to 

decreases in NK and B cell populations. The percentage of T cells remained relatively stable 

over time, while NK and B cells showed significant decreases at 5 and 7 DPC, respectively 

(Figure 2.3, Figure 2.4). CD4+/CD8α- helper T cells did not vary significantly throughout 

infection, while CD4-/CD8α+ cytotoxic T lymphocytes (CTLs) decreased from 1 DPC to 5 DPC 

(Figure 2.3C,D). In contrast, CD4+/CD8α+ double positive T cells were significantly elevated at 

7 DPC (Figure 2.3E). CD8α+ cells are known to be important mediators of ASFV immune 

protection, and depletion of these cells abolishes vaccine-induced protection against virulent 

ASFV challenge (Oura et al 2005). Defective CD8α+ T cell responses characterized by 

decreased perforin expression have previously been reported after virulent ASFV infection in 

domestic pigs and wild boar (Hühr et al 2020). While we did not analyze the functional capacity 

of T cell subpopulations in this study, the observed lack of increases in helper T cell and CTL 

populations coupled with poor IL-2 induction is suggestive of a defective adaptive immune 

response. 

Following ASFV inoculation, changes in the host transcriptome were detectable in whole 

blood as early as 1 DPC (Table 2.2, Supplementary file 2-2). The earliest detectable changes in 

GO biological processes were related to negative enrichment of genes involved in biological 

processes related to protein translation and amino acid and peptide metabolism (Table 2.2). 

Processes relating to translation and ribosome assembly were similarly downregulated at 5 DPC, 
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albeit to a more significant degree (Table 2.2). ASFV has previously been shown to modulate 

cellular amino acid metabolism within infected PAMs in vitro, with early-stage infection 

producing increases in multiple amino acids including aspartate, glutamate, and arginine as well 

as enrichment of gene pathways relating to amino acid biosynthesis, and late-stage infection 

showing depletion of cellular amino acids (Xue et al 2022). The discrepancy between those in 

vitro results and the in vivo data presented here could be explained by multiple factors including 

the high MOI (1) used by Xue et al. (Xue et al 2022) to infect macrophages and fundamental 

differences in stress responses exhibited by cells in culture vs. cells circulating in a dynamic in 

vivo system. 

Positive enrichment of processes related to innate and antiviral immune responses 

appeared at 5 DPC, and by 7 DPC, the only significant changes seen were related to positive 

enrichment of immune response pathways (Table 2.2). These changes in immune-related 

processes overlap temporally with the appearance of significant changes in plasma cytokine 

levels (Figure 2.2) as well as the earliest detectable ASFV transcripts (Table 2.3). These results 

broadly agree with a previous study evaluating DEGs in whole blood samples collected at 7–10 

DPC from pigs challenged with ASFV Georgia 2007, a strain very closely related to the Armenia 

2007 strain used in this study. These authors showed enrichment of genes involved in RIG-I-like 

receptor signaling, an important antiviral innate immune pathway (Jaing et al 2017). Four of the 

20 DEGs showing the highest log2 fold changes in that study (S100A8, S100A9, LTF, and 

SIGLEC1) are among the top 20 DEGs identified at 7 DPC in the present study (Supplementary 

file 2-2). Enrichment of innate immune response pathways in the organs of experimentally 

infected pigs following challenge with a virulent genotype II ASFV isolate from Vietnam has 

also been reported, with some pathways showing enrichment as early as 1 DPC; the earlier 
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appearance of those reported changes compared to the present study likely reflects differences 

between samples being tested (organ tissue vs. whole blood) and challenge inoculum dose (107 

vs. 102 HAD50) (Oh et al 2024). Overall, the host transcriptomic data presented here are 

consistent with immune response and metabolic changes known to occur during ASFV infection 

and provide valuable information on the temporal dynamics of these changes during disease 

progression. However, further experimental evaluation with qPCR and protein quantification is 

needed before definitive conclusions regarding the differential expression of specific individual 

genes during ASFV infection can be made. 

ASFV gene transcripts were detectable at 5 DPC and 7 DPC, and 9 of the 10 most 

abundantly expressed viral genes were shared between both timepoints (Table 2.3, 

Supplementary file 2-3). MGF110-7L was the most abundantly transcribed gene at both 

timepoints, and other MGF110 genes, including -3L, -4L, and -5L-6L, were also highly 

represented at both days. MGF110 members have previously been reported to be among the most 

transcribed ASFV genes in whole blood from Georgia 2007-infected pigs prior to death (Jaing et 

al 2017). Unfortunately, the biological functions of many MGF110 genes are poorly 

characterized. The MGF110 genes are transcribed early after infection and exhibit a significant 

degree of amino acid conservation within the central domains of the predicted proteins 

(Netherton et al 2004; Almendral et al 1990). At least two members of this family, MGF110-3L 

(also known as XP124L) and -4L, possess C-terminal endoplasmic reticulum (ER) retention 

motifs, and MGF110-4L is likely involved in incorporation of ER membrane components into 

maturing virions during viral morphogenesis (Netherton et al 2004; Rouiller et al 1998). 

MGF110-7L suppresses host cell translation and is involved in cellular stress granule formation, 

though it is unknown whether this is important for ASFV virulence (Zhong et al 2022). The 
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function of MGF110-5L-6L is not clear, but this gene has been shown to be nonessential for 

ASFV Georgia 2007 virulence in vivo (Ramirez-Medina et al 2022b). Deletion of MGF110-1L, -

5L, and -6L in the ASFV genome has been reported to result in increased transcription of 

multiple host cytokine genes including IFN-α, TNF-α, and IL-12 during genotype II ASFV 

infection in vitro, but the reasons for this are unknown (Kudryashov et al 2024). Multiple ASFV 

proteins involved in DNA processing and nucleotide metabolism, including ssDNA binding 

protein CP312R, dUTPase E165R, and thymidine kinase K196R, showed high levels of early 

mRNA transcription which seems indicative of active viral genome replication (Chen and Chen 

et al 2022; Martin Hernandez and Tabares 1991; Oliveros et al 1999). ASFV genes C204L and 

285L both encode membrane proteins. While C204L encodes p30, an ASFV protein known to be 

highly immunogenic and involved in virus internalization and endosome trafficking, the gene 

product of 285L is not well characterized, although it is known to be nonessential for in vitro 

virus replication (Gómez-Puertas et al 1998; Hübner et al 2019; Afonso et al 1992; Dolata et al 

2023). Immunomodulatory viral genes were also among the most highly transcribed. K205R, 

which stimulates autophagy and NF-κB signaling, and inhibits type I IFN signaling through its 

interaction with IFNAR1 and IFNAR2, was the second most abundantly transcribed ASFV gene 

by 7 DPC (Wang et al 2022; Huang and Kong et al 2024). Similarly, I215 inhibits type I IFN 

induction and signaling by promoting degradation of cellular IRF9 and STAT2 (Li and Fu et al 

2022; Riera et al 2022). 

Taken together, these results highlight the temporal progression of virulent ASFV 

infection in domestic pigs, consisting of two distinct phases: (i) an initial subclinical infection 

characterized by perturbations in monocyte/macrophage populations and alterations in host 

metabolic and biosynthetic processes, along with restricted virus replication and global immune 
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stimulation, and (ii) a later stage involving fulminant inflammatory responses and virus 

dissemination in the animal. The small sample size used for this study (n = 6) limits the power of 

statistical analyses for parameters showing high levels of inter-animal variability such as plasma 

concentrations of cytokines IL-1α, IL-1β, and IL-2, and follow-up studies are warranted to assess 

significant changes that were not identified here. Follow-up investigations of these parameters in 

well-defined ASFV-infected cell populations isolated through FACS analysis, single-cell 

RNAseq, or spatial transcriptomics could provide additional details into the temporo-spatial 

dynamics of ASFV infections and host responses. The significant increase in CD203a+ 

macrophages during the terminal phase of acute ASF warrants further investigation into the role 

of this marker during ASFV infection progression in vitro and in vivo. Additionally, the abundant 

transcription of different MGF110 genes at 5 DPC and 7 DPC highlights the need for additional 

research into the biological functions of these gene products. 
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2.5 Figures and tables for chapter 2 

Figure 2.1 Body temperature (A), clinical scores (B), and ASFV p72 DNA levels (C) 

 

Body temperature (A), clinical scores (B), and ASFV p72 DNA levels (C). Statistical analysis 

was performed using the Kruskal–Wallis test with Dunn’s multiple comparisons to compare each 

timepoint to −1 DPC baseline. qPCR values are denoted as copy number of ASFV p72 gene per 

mL whole blood (CN/mL). *p < 0.05, **p < 0.01. 
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Figure 2.2 Plasma cytokine levels following ASFV challenge 

 
Capture ELISAs were used to quantify levels of individual cytokines in plasma samples 

collected at the indicated timepoints, with values for individual animals denoted by diamonds. 

Normality of datasets was assessed with the Shapiro–Wilk test. (A), (B), (C), (F), (G), (H), and 

(I) were analyzed using repeated measures one-way ANOVA with post hoc Tukey’s multiple 

comparisons test. (D) and (E) were analyzed using Friedman’s test with post hoc Dunn’s 

multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 2.3 Circulating T cell subsets and NK cells during ASFV infection 

 
White blood cells collected at each timepoint were fixed and stained using CD3ε, CD4, and 

CD8α antibodies listed in Table 1. T cells were defined as lymphocytes that were CD3ε+, while 

NK cells were defined as lymphocytes that were CD3ε-CD8α+. Individual cell phenotypes as a 

percentage of the total parent cell gate population are presented in each panel, with values for 

individual animals denoted by diamonds. Normality of cell populations was assessed with the 

Shapiro–Wilk test. (A), (B), (C), and (F) were analyzed using Friedman’s test with post hoc 

Dunn’s multiple comparisons test. (D) and (E) were analyzed using repeated measures one-way 

ANOVA with post hoc Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01. 
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Figure 2.4 B cells during ASFV infection 

 
White blood cells collected at each timepoint were fixed and stained using CD3ε and CD79a 

antibodies listed in Table 1. T cells were defined as CD3ε+ lymphocytes, while B cells were 

defined as CD79a+ lymphocytes. Individual cell phenotypes as a percentage of the total parent 

cell gate population are presented in each panel, with values for individual animals denoted by 

diamonds. Normality of cell populations was assessed with the Shapiro–Wilk test. (A) and (C) 

were analyzed using repeated measures one-way ANOVA with post hoc Tukey’s multiple 

comparisons test. (B) was analyzed using Friedman’s test with post hoc Dunn’s multiple 

comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 2.5 Monocytes (A), macrophages (B), and mature macrophages (C) during ASFV 

infection 

 
Leukocytes collected at each timepoint were fixed and stained using CD14, CD163, and CD203a 

antibodies listed in Table 1. Monocytes were defined as CD14hiCD163+/−CD203a− while 

macrophages were classified as CD14loCD163+. CD203a+ macrophages were defined as mature 

tissue macrophages. Individual cell phenotypes as a percentage of the total parent cell gate 

population are presented in each panel, with values for individual animals denoted by diamonds. 

Normality of cell populations was assessed with the Shapiro–Wilk test. Data in all panels was 

analyzed using repeated measures one-way ANOVA with post hoc Tukey’s multiple 

comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Table 2.1 Antibodies used for flow cytometry panels 

 Marker Clone Isotype Source Fluorochrome  

 CD3ε BB23-8E6-8C8 Mouse IgG2aκ BD Biosciences PE-Cy7  

 CD4 74-12-4 Mouse IgG2aκ BD Biosciences PE  

 CD8α 76-2-11 Mouse IgG2aκ Invitrogen PE-Cy5  

 CD14 MIL2 Mouse IgG2b Bio-Rad Qdot 800*  

 CD79a HM47 Mouse IgG1κ Invitrogen PE  

 CD163 2A10/11 Mouse IgG1 Bio-Rad PE  

 CD203a PM18-7 Mouse IgG1 Bio-Rad NFB 660^  

 
*Conjugated in-house with Siteclick Qdot 800 Antibody Labeling Kit (Thermo Fisher Scientific) 

^Conjugated in-house with NovaFluor™ Blue 660/120S Conjugation Kit (Thermo Fisher Scientific) 
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Table 2.2 Enriched GO biological processes during ASFV infection 

DPC GO Biological Process 
↑ or 

↓ 

# of 

DEGs 

FDR 

p-value 

1 DPC amide biosynthetic process (GO:0043604) ↓ 17 4.68 × 10−3 

 amide metabolic process (GO:0043603) ↓ 18 5.82 × 10−3 

 peptide metabolic process (GO:0006518) ↓ 16 7.75 × 10−3 

 peptide biosynthetic process (GO:0043043) ↓ 16 1.16 × 10−2 

 translation (GO:0006412) ↓ 16 2.33 × 10−2 

 cytoplasmic translation (GO:0002181) ↓ 8 3.96 × 10−2 

5 DPC peptide biosynthetic process (GO:0043043) ↓ 66 2.44 × 10−9  

 translation (GO:0006412) ↓ 66 3.66 × 10−9  

 peptide metabolic process (GO:0006518) ↓ 66 7.31 × 10−9  

 amide metabolic process (GO:0043603) ↓ 72 5.32 × 10−8 

 amide biosynthetic process (GO:0043604) ↓ 72 6.66 × 10−8 

 macromolecule biosynthetic process (GO:0009059) ↓ 80 3.79 × 10−6 

 gene expression (GO:0010467) ↓ 88 3.85 × 10−6 

 defense response to virus (GO:0051607) ↑ 30 4.13 × 10−6 

 defense response to symbiont (GO:0140546) ↑ 30 4.64 × 10−6 

 organonitrogen compound biosynthetic process (GO:1901566) ↓ 86 3.72 × 10−5 

 cellular nitrogen compound biosynthetic process (GO:0044271) ↓ 88 6.70 × 10−5 

 response to virus (GO:0009615) ↑ 34 1.47 × 10−4 

 ribonucleoprotein complex biogenesis (GO:0022613) ↓ 37 1.83 × 10−4 

 ribosome biogenesis (GO:0042254) ↓ 33 2.29 × 10−4 

 cytoplasmic translation (GO:0002181) ↓ 21 3.15 × 10−4 

 positive regulation of defense response (GO:0031349) ↑ 15 7.22 × 10−4 

 cellular biosynthetic process (GO:0044249) ↓ 94 7.40 × 10−4 

 regulation of innate immune response (GO:0045088) ↑ 18 1.48 × 10−3 

 regulation of defense response (GO:0031347) ↑ 23 1.76 × 10−3 

 negative regulation of viral process (GO:0048525) ↑ 17 2.04 × 10−3 

 positive regulation of innate immune response (GO:0045089) ↑ 13 2.18 × 10−3 

 regulation of response to biotic stimulus (GO:0002831) ↑ 21 3.45 × 10−3 

 non-membrane-bounded organelle assembly (GO:0140694) ↓ 20 3.48 × 10−3 

 organic substance biosynthetic process (GO:1901576) ↓ 101 4.15 × 10−3 

 regulation of viral process (GO:0050792) ↑ 22 5.49 × 10−3 

 biosynthetic process (GO:0009058) ↓ 103 5.62 × 10−3 

 negative regulation of viral genome replication (GO:0045071) ↑ 14 5.79 × 10−3 

 protein-RNA complex assembly (GO:0022618) ↓ 18 5.95 × 10−3 

 ribosome assembly (GO:0042255) ↓ 14 5.98 × 10−3 

 protein-RNA complex organization (GO:0071826) ↓ 18 6.17 × 10−3 

 ribosomal small subunit biogenesis (GO:0042274) ↓ 17 9.58 × 10−3 

 regulation of viral life cycle (GO:1903900) ↑ 21 9.73 × 10−3 

 cellular component biogenesis (GO:0044085) ↓ 76 1.13 × 10−2 

 positive regulation of response to biotic stimulus (GO:0002833) ↑ 14 1.23 × 10−2 

 cellular nitrogen compound metabolic process (GO:0034641) ↓ 121 1.24 × 10−2 

 ribosomal large subunit biogenesis (GO:0042273) ↓ 16 1.41 × 10−2 

 protein metabolic process (GO:0019538) ↓ 134 1.83 × 10−2 

 regulation of viral genome replication (GO:0045069) ↑ 16 2.01 × 10−2 

 defense response to other organism (GO:0098542) ↑ 54 2.36 × 10−2 

 regulation of response to external stimulus (GO:0032101) ↑ 33 2.92 × 10−2 

 organelle assembly (GO:0070925) ↓ 24 2.95 × 10−2 
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 ribosomal small subunit assembly (GO:0000028) ↓ 8 2.98 × 10−2 

 protein-containing complex assembly (GO:0065003) ↓ 43 3.01 × 10−2 

 interspecies interaction between organisms (GO:0044419) ↑ 66 3.03 × 10−2 

 defense response (GO:0006952) ↑ 61 4.45 × 10−2 

7 DPC defense response (GO:0006952) ↑ 81 8.12 × 10−4 

 interspecies interaction between organisms (GO:0044419) ↑ 80 8.68 × 10−4 

 defense response to virus (GO:0051607) ↑ 26 8.86 × 10−4 

 response to external biotic stimulus (GO:0043207) ↑ 78 9.32 × 10−4 

 response to other organism (GO:0051707) ↑ 78 1.07 × 10−3 

 defense response to symbiont (GO:0140546) ↑ 26 1.18 × 10−3 

 response to biotic stimulus (GO:0009607) ↑ 79 1.20 × 10−3 

 defense response to other organism (GO:0098542) ↑ 64 1.27 × 10−3 

 response to bacterium (GO:0009617) ↑ 24 7.90 × 10−3 

 response to virus (GO:0009615) ↑ 31 1.11 × 10−2 

 response to external stimulus (GO:0009605) ↑ 104 1.94 × 10−2 

 antimicrobial humoral response (GO:0019730) ↑ 8 2.06 × 10−2 

 regulation of defense response (GO:0031347) ↑ 45 2.35 × 10−2 

 positive regulation of defense response (GO:0031349) ↑ 27 2.61 × 10−2 

 response to stress (GO:0006950) ↑ 133 2.72 × 10−2 

 regulation of viral genome replication (GO:0045069) ↑ 15 3.64 × 10−2 

 negative regulation of viral genome replication (GO:0045071) ↑ 14 3.99 × 10−2 

 innate immune response (GO:0045087) ↑ 52 4.64 × 10−2 

Arrows indicate upregulated (↑) or downregulated (↓) processes. GO processes for each day are 

listed in descending order by level of significance. DPC = days post-challenge; GO = gene 

ontology; DEGs = differentially expressed genes; FDR = false discovery rate. 
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Table 2.3 Top 10 ASFV genes by RPKM at 5 and 7 DPC 

 ASFV Gene RPKM Description References 

5 DPC 

MGF 110-7L* 1.17E+05 Suppresses host cell translation Zhong et al 2022 

285L* 1.16E+05 

Early viral gene product; 

membrane protein; nonessential 

in vitro 

Hubner et al 2019 

CP312R* 9.57E+04 ssDNA binding protein Chen et al 2022 

E165R* 9.06E+04 dUTPase Oliveros et al 1999 

K205R* 8.20E+04 
Activates autophagy and NF-κB 

signaling 
Wang et al 2022 

MGF 110-3L* 7.91E+04 
Protein XP124L; virus 

morphogenesis 
Netherton et al 2004 

CP204L* 6.70E+04 
Protein p30; virus internalization; 

endosome trafficking 

Gomes et al 1998; Afonso et 

al 1992; Dolata et al 2023 

MGF 110-5L-6L* 5.58E+04 Uncharacterized; nonessential Ramirez-Medina et al 2022 

MGF 110-4L* 3.74E+04 
Uncharacterized; has ER 

retention motif 
Netherton et al 2004 

K196R 2.39E+04 Thymidine kinase Hernandez et al 1991 

7 DPC 

MGF 110-7L* 1.45E+05 Suppresses host cell translation Zhong et al 2022 

K205R* 1.20E+05 
Activates autophagy and NF-κB 

signaling 
Wang et al 2022 

MGF 110-3L* 1.08E+05 
Protein XP124L; virus 

morphogenesis 
Netherton et al 2004 

285L* 9.86E+04 

Early viral gene product; 

membrane protein; nonessential 

in vitro 

Hubner et al 2019 

CP204L* 9.14E+04 
Protein p30; virus internalization; 

endosome trafficking 

Gomes et al 1998; Afonso et 

al 1992; Dolata et al 2023 

E165R* 7.79E+04 dUTPase Oliveros et al 1999 

MGF 110-5L-6L* 7.60E+04 Uncharacterized; nonessential Ramirez-Medina et al 2022 

CP312R* 5.90E+04 ssDNA binding protein Chen et al 2022 

MGF 110-4L* 4.61E+04 
Uncharacterized; has ER 

retention motif 
Netherton et al 2004 

I215L 3.07E+04 
Ubiquitin-conjugating enzyme; 

inhibits type I IFN signaling 

Rodriguez et al 1992; 

Freitas et al 2018; Riera et 

al 2023 

Genes listed in both timepoints are denoted with *. DPC = days post challenge. RPKM = reads 

per kilobase per million mapped reads. 
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Chapter 3 - CD1D knockout swine are permissive to African 

swine fever virus genotype II infection 

Abstract 

African swine fever virus (ASFV) is an important pathogen of domestic and wild suids 

and the causative agent of African swine fever (ASF). ASFV displays a tropism for myeloid 

cells, predominately of the monocyte/macrophage lineage, which is critical for ASFV 

pathogenesis. However, the mechanisms which govern the cellular tropism of ASFV are 

complex and incompletely understood. ASFV can enter susceptible cells through several 

mechanisms. One way is by clathrin-mediated endocytosis (CME) via interaction with the host 

glycoprotein CD1d, encoded by the CD1D gene, and disruption of CD1D expression 

significantly reduces ASFV replication in cell culture. In order to evaluate the role of CD1d in 

the replication and pathogenesis of ASF in vivo, CD1D knockout (KO) piglets generated using a 

CRISPR-Cas9 system were challenged with the highly virulent genotype II ASFV isolate 

MNG19. Remarkably, CD1D KO piglets were highly permissive to ASFV infection and 

developed severe acute ASF similar to age-matched wildtype controls. No significant differences 

in disease severity or mortality between ASFV-infected wildtype and KO pigs were observed. 

ASFV DNA levels in blood or in the majority of visceral and lymphoid tissues were also not 

significantly different between ASFV-infected wild-type and KO pigs. In addition, pathological 

changes were similar between both groups and typical of acute ASF such as fibrinous 

polyserositis, haemorrhagic lymphadenopathy, and systemic coagulopathy. This work 

demonstrates that porcine CD1d is not critical for genotype II ASFV replication and virulence in 

vivo, and that CD1D KO piglets possess no resistance to virulent genotype II ASFV infection. 
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3.1 Introduction 

African swine fever virus (ASFV), the causative agent of African swine fever (ASF), is 

one of the most significant and devastating viral pathogens of swine globally. Domestic pigs and 

the Eurasian wild boar are highly susceptible to ASFV infections, and outbreaks of ASF are 

associated with high mortality rates in affected swine herds and severe economic losses 

(Gaudreault et al 2020). Progress towards the development of a safe and efficacious ASFV 

vaccine has been hindered by a variety of factors including the biological complexity of the virus 

and an incomplete understanding of protective immunity against ASFV (Urbano et al 2022). 

With the exception of two modified live virus (MLV) preparations licensed for use in Vietnam 

which are associated with safety and efficacy concerns, no vaccines are commercially available 

for ASFV (O’Donnell et al 2015; Borca and Ramirez-Medina et al 2020). 

ASFV possesses a tropism for cells of the monocyte/macrophage lineage, and this is an 

important contributor to viral pathogenesis (Blome et al 2013; Gómez-Villamandos et al 2013). 

Infection of these cells promotes their activation and stimulates a massive release of pro-

inflammatory cytokines such as IL-1α, IL-1β, and TNFα which are critical mediators of clinical 

ASF (Blome et al 2013; Gómez-Villamandos et al 2013; Gómez del Moral et al 1999; Carrasco 

et al 2002; Salguero et al 2002). While the mechanisms governing this tropism are not 

completely understood, ASFV has been shown to enter susceptible cells through both receptor-

mediated and receptor-independent mechanisms. Clathrin-mediated endocytosis (CME) is 

commonly exploited by viruses for receptor-mediated entry into cells, and ASFV internalization 

by CME has been described in multiple studies (Alcamí et al 1990; Hernaez et al 2010; Galindo 

et al 2015; Hernáez et al 2016). However, to date no specific cellular receptor has been identified 

as essential for ASFV internalization, though specific macrophage cellular factors including 
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CD163, dynamin, clathrin, EGFR, PI3K, actin, sodium/proton exchanger (Na+/H+), EGFR, 

PKC, phosphorylated PI3K, Pak1, tyrosine kinase, microtubules, Rab7, CD45, CD203a, MHC II, 

and activation of Rho-GTPase Rac1, have been shown to be involved in virion adsorption and 

internalization (Hooper et al 2024; Venkateswaran et al 2024). ASFV can also infect cells 

through receptor-independent macropinocytosis, a process routinely performed by myeloid 

derived antigen presenting cells (APCs) as part of their normal biological functions in immune 

surveillance (Hernaez et al 2016; Sánchez et al 2012). Phagocytosis of apoptotic cellular debris 

containing ASFV virions can also cause productive infection of cells, and ASFV utilizes 

apoptotic mimicry to facilitate uptake by macrophages (Chen and Zheng et al 2023a; Gao and 

Zhou et al 2023). Reports of antibody-mediated enhancement of disease in ASFV vaccine studies 

support Fc receptor-mediated uptake of antibody-coated ASFV virions as another potential 

pathway for ASFV entry, though investigational studies providing in vitro evidence of this entry 

mechanism are limited (Alcamí et al 1991; Argilaguet et al 2013; Sunwoo et al 2019). 

The glycoprotein CD1d is a nonclassical MHC protein encoded by the CD1D gene that is 

expressed on the surface of APCs and presents lipid antigens to natural killer T (NKT) cells and 

gamma delta T cells (Rossjohn et al 2012). Recent research has demonstrated that CD1d 

facilitates ASFV entry into MA104 cells and primary porcine macrophages by CME through its 

interaction with the viral protein p72 and host protein EPS15, and that silencing of cellular CD1d 

expression or knockout (KO) of the CD1D gene significantly reduces replication of a genotype II 

HLJ/18 ASFV in vitro (Chen and Zheng et al 2023b). These observations lead to the hypothesis 

that CD1d could be an important host factor for ASFV replication and pathogenesis in vivo. To 

test this hypothesis, CD1D knockout (KO) piglets, generated using a CRISPR/Cas9 system, and 

wildtype (WT) control piglets were challenged with the highly virulent genotype II ASFV strain 
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MNG19 to compare disease progression and virus replication between the two groups. This 

study is the first to evaluate the role of host CD1d in ASFV replication and pathogenesis in vivo. 

3.2 Materials and methods 

3.2.1 Cells and viruses 

The virulent genotype II ASFV strain MNG19 was isolated from an infected pig during 

the 2019 ASFV outbreak in Mongolia, and its pathogenesis in domestic swine has been 

previously investigated (Ankhanbaatar et al 2019; McDowell et al 2022). MNG19 was 

propagated and titrated on primary porcine alveolar macrophages (PAMs) obtained by 

bronchoalveolar lavage from healthy pigs as previously described (Carrascosa et al 2011; Pérez-

Núñez et al 2024). PAMs were cultured in RPMI 1640 (Corning, Manassas, VA, USA) 

supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, 

USA), 1x MEM nonessential amino acids (Gibco, Waltham, MA, USA), and 1x antibiotic-

antimycotic solution (Gibco) and incubated in a humidified 37 °C incubator with 5% CO2 

atmosphere. Virus stocks were titrated by hemadsorption (HAD) on 96-well plates, quantified as 

HAD50/mL, and were stored at -80 °C until use. All laboratory work involving the handling of 

infectious ASFV was carried out at the Biosecurity Research Institute at Kansas State University 

under BSL-3 conditions. 

3.2.2 Generation of CD1D knockout piglets 

The creation and characterization of the CD1D KO piglet (RRID: NSRRC 0038) line 

used for this study has been previously described (Whitworth et al 2014). Briefly, in vitro 

transcribed mRNA encoding a CRISPR-Cas9 vector construct with a gRNA sequence targeting 

the porcine CD1D primary transcript was injected into zygotes created by in vitro fertilization 

using gametes derived from wildtype commercial outbred pigs. Zygotes were cultured for five 
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days, followed by embryo transfer to surrogate sows for gestation. Embryos and offspring were 

genotyped using CD1D-specific PCR followed by Sanger DNA sequencing. Heterozygous 

offspring were crossbred to create homozygous founder pigs possessing a 1,599 base pair (bp) 

deletion in the CD1D gene, including removal of the start codon in exon 3 and deletions of exons 

4 and 5 (Whitworth et al 2014). The circulating leukocytes of previous KO animals possessing 

this specific genotype have been characterized by flow cytometry which demonstrated that 

CD1D KO piglets fail to develop NKT cells while other immune cell populations including 

conventional, regulatory, and γδ T lymphocytes, B lymphocytes, monocytes, and granulocytes 

do not differ from wildtype piglets (Yang et al 2015). Founder pigs were bred to produce 

homozygous CD1D KO piglets used for the study. All piglets were confirmed to be homozygous 

for the CD1D deletion by gel-based PCR (Supplementary file 3-1). 

3.2.3 Animal experiment 

Ten 5-week-old CD1D KO piglets obtained from the National Swine Resource and 

Research Center at the University of Missouri, and six 5-week-old conventional outbred 

wildtype (WT) piglets sourced from Midwest Research Swine (Glencoe, MN, USA) were used 

for the MNG19 challenge experiment (Figure 3.1). Baseline samples including EDTA and 

heparinized blood, serum, and oropharyngeal (OP) swabs were obtained the day before ASFV 

challenge. On the day of challenge, 2 CD1D KO piglets were randomly selected and euthanized 

to serve as negative controls for baseline postmortem evaluation and sample collection, and the 

remaining animals were challenged with 180 HAD50 ASFV MNG19 administered by 

intramuscular injection. Animals were evaluated for clinical symptoms and rectal temperature 

twice daily and were assigned clinical scores using standardized criteria which have been 

previously described, and moribund animals meeting clinical criteria for humane euthanasia were 
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euthanized by intravenous pentobarbital administration (Pérez-Núñez et al 2024). EDTA blood 

and OP swabs were scheduled for collection from animals at 1-, 3-, 5-, 7-, 10-, and 14-days post-

challenge (DPC), while serum samples were scheduled for collection at 5, 7, 10, and 14 DPC. 

Necropsy, gross pathological evaluation, and postmortem tissue collection were performed at the 

time of death/euthanasia, with any animals surviving ASFV challenge scheduled to be 

necropsied at 14 DPC. 

All animal work was performed in the Biosecurity Research Institute at Kansas State 

University under BSL-3Ag conditions. All protocols and work involving animals were reviewed 

and approved by the Kansas State University Institutional Animal Care and Use Committee 

(IACUC) (protocol 4770, approved 08/31/2022) and Institutional Biosafety Committee (IBC) 

(protocol 1600, approved 09/14/2021) and were conducted in accordance with the Animal 

Welfare Act and applicable state and federal regulations. 

3.2.4 Gross and histological pathology 

Necropsy and gross pathological evaluation of infected animals were performed by 

veterinary pathologists with prior experience working with necropsies and tissues of ASFV-

infected pigs. Gross pathological evaluation and lesion scoring was performed as previously 

described (Sunwoo et al 2019; McDowell et al 2022). Gross lesions for each animal were 

quantitatively assessed systematically by organ system including body condition (0-3), 

integument (0-3), cardiovascular (0-6), liver (0-6), lung (0-12), kidney (0-3), spleen (0-6), and 

gastrointestinal (GI) tract (0-11).  Additional components of the lymphoid system scored 

included the tonsil (0-6), mandibular lymph node (ManLN) (0-6), prescapular lymph node 

(SCLN) (0-6), cranial mediastinal lymph node (CMLN) (0-6), renal lymph node (0-6), 

gastrohepatic lymph node (0-6), and mesenteric lymph node (MesLN) (0-6). Base scores 
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included 0 as indicating no lesions with increasing scores reflecting increasing lesion severity. 

Specific criteria for tissue lesion scoring and results for individual animals are listed in 

supplementary file 3-2. Total gross pathology scores for each animal were calculated as the sum 

of scores for every tissue. Disease severity for each animal was classified based on total gross 

lesion scores as mild (<20), moderate (21-47), or severe (>47).  

Tissues collected at necropsy were processed for routine histopathology using standard 

methodology following a validated tissue fixation procedure for ASFV inactivation. Histological 

evaluation was performed blindly by a veterinary pathologist. Histological lesions were scored 

quantitatively using previously described methodology, with a score of 0 indicating no lesion and 

higher numbers indicating increasing lesion severity (Sunwoo et al 2019; McDowell et al 2022). 

Tissues collected, lesion categories assessed for each tissue, and scoring results for all animals 

are listed in supplementary file 3-3. Total histological scores for each animal were calculated as 

the sum of all individual tissue lesion scores and were classified as mild (0-30), moderate (31-

60), severe (61-80), and marked (>80).  

3.2.5 Viral DNA extractions and quantitative PCR (qPCR) 

Antemortem samples collected from pigs included EDTA blood and OP swabs. To 

generate lysates from blood and OP swab samples for DNA purification, blood or swab media 

was mixed 1:1 with buffer AL and heat inactivated for 10 minutes at 70 oC prior to processing 

for DNA extraction.  Postmortem samples collected for quantitative qPCR of viral DNA loads 

included lung, liver, heart, kidney, pooled GI tissue, feces, bone marrow (BM), spleen, tonsil, 

ManLN, SCLN, CMLN, GHLN, MesLN, RLN, and ileocecal lymph node (ICLN). For 

postmortem samples, a 10% tissue homogenate was made in Buffer ATL containing 40 ul of 

proteinase K using a 5mm stainless steel bead. Tissues were homogenized on the QIAGEN LT 
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homogenizer (QIAGEN, Hilden, Germany) at 30 hertz for 30 second intervals followed by 

digestion at 56 oC for one hour. Clarified homogenates were then diluted 1:1 in Buffer AL and 

heat inactivated for 10 minutes at 70 oC prior to processing for DNA extraction. 

DNA was purified from lysates using an automated magnetic bead-based system (Taco-

Mini, Genereach, Taichung City, Taiwan) and reagents for total nucleic acid extraction (taco™ 

DNA/RNA Extraction Kit; Genereach), with minor modifications. To detect and quantify ASFV 

DNA, TaqMan probe-based qPCR targeting the viral B646L (p72) gene was performed using 

primer and probe sequences developed by Zsak et al with minor modifications as previously 

described (Sunwoo et al 2019; McDowell et al 2022; Zsak et al 2005). Briefly, qPCR was 

performed with PerfeCTA FastMix II (QuantiBio, Beverly, MA, USA) in 20 µL reaction 

volumes using 5 µL of extracted DNA per reaction. Thermocycling conditions included an initial 

95 °C denaturation for 5 min, followed by 45 cycles of 95 °C for 10 s and 60 °C for 1 min. 

Reactions were performed using a CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA), 

and data analysis was performed using Bio-Rad CFX Manager (Version 2.3) software. A 

standard curve based on serial dilutions of plasmid encoding the B646L target sequence from 

genotype II ASFV strain Armenia 2007 was used to calculate the concentration of ASFV DNA 

within samples as p72 copy number per mL (CN/mL). This plasmid was also used for extraction 

and PCR positive controls. 

3.2.6 Statistical analysis and images 

Statistical analysis was performed using GraphPad Prism v9.5.1 (GraphPad Software, 

Boston, MA, USA). Normality of individual datasets was assessed using the Shaprio-Wilk test. 

Analyses of post-challenge temperature, blood qPCR, and OP swab qPCR results were 

performed using multiple Welch’s t tests with correction for multiple comparisons using the 
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Holm-Šídák method, while clinical scores were compared using multiple Mann Whitney tests 

with correction for multiple comparisons using the Holm-Šídák method. Kaplan-Meier survival 

curves were compared using the Mantel-Cox test. Tissue qPCR values, gross lesion scores, and 

histological lesion scores were compared using the Mann-Whitney test for non-normal datasets 

or Welch’s t test for normal datasets. All graphs were created using GraphPad Prism v9.5.1, with 

error bars indicating the standard error of the mean where applicable. The diagram of the planned 

timeline for the animal experiment was created using BioRender (Toronto, Canada). Gross 

pathological images were attained using a Canon G7X mark II camera (Canon, Tokyo, Japan) in 

a waterproof case. Histological images were captured using a BX46 microscope (Olympus, 

Tokyo, Japan) with a DP 28 digital camera (Olympus) and cellSens standard software 

(Olympus). 

3.3 Results 

3.3.1 Post-infection clinical progression 

Following ASFV infection, all animals in both the WT and CD1D KO groups developed 

clinical illness consistent with acute ASF that rapidly progressed to death or humane euthanasia 

endpoints (Figure 3.2). CD1D KO piglets had slightly higher baseline body temperatures than 

WT pigs; however, these temperatures are within normal limits for 5-week-old pigs (Figure 

3.2A). CD1D KO became febrile 24 hours earlier than WT piglets, and body temperature for the 

CD1D KO group was significantly higher than the wildtype group at 3 DPC. No other significant 

differences in body temperature were observed, with animals in both groups showing declining 

body temperatures at 6 DPC consistent with advancing ASF hypothermia (Figure 3.2A).  

Clinical scores began to rise above baseline at 3 DPC for CD1D KO piglets and 4 DPC for WT 

piglets; however, this difference was not significant, and clinical scores were not significantly 
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different between groups at any time post-challenge (Figure 3.2B) Animals in both groups began 

to reach humane endpoints at 5 DPC, and all animals were humanely euthanized or found dead 

by 6 DPC. No significant difference in survival curves for CD1D KO and WT pigs was detected 

(Figure 3.2C). 

3.3.2 Viral DNA levels in blood, swabs, and tissues 

EDTA blood and OP swabs for quantification of ASFV DNA by qPCR were collected 

pre-challenge and at 1, 3 and 5 DPC. ASFV DNA in blood was detected as early as 1 DPC in 3/8 

CD1D KO pigs and 1/6 WT pigs, and by 3 DPC all pigs in both groups were positive for ASFV 

DNA in blood, with maximum qPCR values occurring at 5 DPC (Supplementary File 3-4). No 

significant differences in blood ASFV DNA levels between WT and CD1D KO groups were 

observed at any time post-challenge (Figure 3.3A). OP swabs became positive for ASFV DNA 

beginning at 3 DPC for 7/8 CD1D KO pigs and 4/6 WT pigs, and swabs from all animals in both 

groups were positive at 5 DPC (Supplementary File 3-4). ASFV DNA levels in OP swabs were 

not significantly different between groups at any timepoint (Figure 3.3B). 

ASFV DNA was detected in all postmortem samples evaluated. While mean ASFV DNA 

levels in most postmortem samples tended to be slightly higher for the CD1D KO group 

compared to WT controls, a few significant differences were noted (Figure 3.4, Figure 3.5). 

Levels of ASFV DNA were significantly higher in the pooled GI tissue of CD1D KO pigs 

compared to WT controls, but no other significant differences were found for any other non-

lymphoid postmortem samples including liver, lung, heart, kidney, and feces (Figure 3.4). For 

lymphoid tissues, CD1D KO pigs had significantly higher levels of ASFV DNA in the RLN and 

spleen, but no significant differences were present for tonsil, ManLN, SCLN, CMLN, GHLN, 

MesLN, and bone marrow (Figure 3.5). 
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3.3.3 Gross pathology and histology 

Gross necropsy findings for both groups were consistent with acute ASF resulting from 

virulent ASFV infection. Gross pathology lesion scoring for all tissues and animals is detailed in 

Supplementary File 3-2, and all animals had total lesion scores classified as moderate or severe. 

Superficially, decreased body condition was observed in all animals, and a majority in both 

groups displayed skin lesion including erythema and cyanosis of varying severity. All animals 

showed congestion and hemorrhage in lymphoid tissues typical of virulent ASFV. Pulmonary 

congestion, edema, and consolidation were universally present, as were pathologies in hepatic 

and GI tissues. Congestion and epicarditis were found in the hearts of all pigs in both groups. 

Abdominal effusion was also consistently found. All animals had total gross lesion scores 

classified as moderate or severe, with 7/8 CD1D KO pigs and 5/6 WT pigs having severe gross 

lesion scores (Supplementary File 3-2). While gross cardiovascular lesion scores were 

significantly greater for CD1D KO pigs, no other significant differences were present in any 

organ system evaluated (Figure 3.6). Total gross lesion scores were not significantly different 

between both groups (Figure 3.7A). 

Histopathology scoring for all tissues and animals is detailed in Supplementary File 3-3. 

Histopathological lesions were widespread and highly consistent with acute ASF in both groups. 

Lymphoid tissues were universally affected in both groups and showed characteristic changes 

including cellular depletion and necrosis, congestion, edema, hemorrhage, and inflammatory 

changes. Pulmonary edema and pneumonia were consistently observed in both challenge groups, 

as well as renal and hepatic lesions. Lung lesion scores were higher for WT controls than CD1D 

KO piglets, but no other significant differences in tissue histological scores were present between 
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groups (Figure 3.8). Total histological scores were not significantly different between groups 

(Figure 3.7B). 

3.4 Discussion 

The ASFV major capsid protein p72 can directly interact with the porcine membrane 

glycoprotein CD1d to initiate clathrin-mediated endocytosis (CME) of extracellular virions, and 

the disruption of cellular CD1d expression significantly reduces in vitro ASFV replication in 

both primary porcine macrophages and Chlorocebus sabaeus renal epithelium-derived MA104 

cells (Chen and Zheng et al 2023b). However, the relevance of CD1d for ASFV infection and 

disease progression in vivo has never been evaluated. Therefore, we infected CD1D KO piglets 

generated using a CRISPR-Cas9 approach with an epidemiologically relevant highly virulent 

ASFV genotype II isolate (MNG19) to assess whether disruption of CD1D in pigs resulted in 

any effects on virus replication, viral tissue distribution, and disease severity. Disruption of 

CD1D in these animals has been shown to inhibit development of NKT cells, immune cells 

which recognize glycolipid antigens presented by the CD1d MHC-like protein, while having 

minimal impact on other leukocyte populations. This makes these pigs well suited for 

specifically dissecting the significance of CD1d-ASFV interactions in vivo (Yang et al 2015). 

Our results clearly demonstrate that host CD1d is not essential for ASFV replication and 

virulence in domestic pigs, and that pigs lacking CD1d are not resistant to lethal challenge with 

this virus. Following ASFV challenge, the disease course was similar for WT and CD1D KO 

piglets. While CD1D KO piglets developed fever 24 hours prior to WT piglets, overall disease 

progression was not different from WT infected piglets, and no significant differences in clinical 

score or survival between groups was found at any time post-challenge (Figure 3.2). Disruption 

of porcine CD1D had a minimal effect on ASFV replication in vivo. ASFV DNA levels in the 
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blood and OP swabs of CD1D KO and WT pigs were not significantly different at any time post-

challenge, indicating efficient virus replication within CD1D KO animals (Figure 3.3). Similarly, 

the majority of postmortem samples showed no significant difference in viral DNA levels 

between both groups. While viral DNA levels were significantly higher in the GI pool, spleen, 

and renal lymph nodes of CD1D KO piglets, no significant differences were present in feces or 

in samples from 7 different lymphoid tissues and 4 other major organs (Figure 3.4, Figure 3.5). 

Consistent with clinical findings and qPCR results, gross and histological lesions found at 

necropsy were also largely similar between both groups. Gross pathological lesions were more 

severe in cardiovascular tissue of CD1D KO animals, but no other organ systems or tissues 

evaluated showed a significant difference in gross lesion scores, and total gross lesion scores 

were similar between both groups (Figure 3.6, Figure 3.7A). Except for more pronounced 

pulmonary histological lesions in WT animals, no significant differences in histologic lesions 

were found, and total histological scores were not significantly different between WT and KO 

animals (Figure 3.7B, Figure 3.8). All animals in both groups developed moderate to severe 

pathological changes consistent with acute ASF (Supplementary File 3-2, Supplementary File 3-

3). These results show that the disruption of the CD1D gene in domestic pigs has a minimal 

impact on ASFV replication, tissue distribution, and pathogenesis in vivo. 

The data presented here highlights the complex biology of ASFV’s cellular tropism and 

cell entry. ASFV displays an in vivo tropism for myeloid-derived monocytes and macrophages, 

though it can also be detected in other cell types including lymphocytes, megakaryocytes, and 

neutrophils, and is also capable of replicating in cell lines derived from Chlorocebus sabaeus 

(African green monkey) kidney epithelial cells (Blome et al 2013; Carrascosa et al 2011). A 

receptor-mediated entry mechanism exploiting host cell molecules expressed on both monocytes 
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and macrophages would provide a straightforward explanation for the observed in vivo cellular 

tropism of ASFV; it is well established that ASFV can utilize CME, a process exploited by a 

variety of viruses for receptor-mediated entry, to infected host cells (Alcamí et al 1990; Hernaez 

et al 2010; Galindo et al 2015; Hernáez et al 2016; Mercer et al 2010). However, to date no 

specific cellular receptor for ASFV entry has been identified (Hooper et al 2024). CD163, a 

marker specific for cells of the monocyte/macrophage lineage which is most abundantly 

expressed on terminally differentiated macrophages and tissue dendritic cells, confers 

susceptibility to porcine reproductive and respiratory syndrome virus (PRRSV) and was 

previously hypothesized to be a receptor necessary for ASFV infection. This was based on 

experimental data showing increased susceptibility in monocytes/macrophages with higher levels 

of CD163 expression as well as the ability of an anti-CD163 monoclonal antibody to inhibit 

ASFV binding and infection of PAMs in a dose-dependent manner (Sánchez-Torres et al 2003; 

Calvert et al 2007; Piriou-Guzylack et al 2008). However, CD163 KO pigs generated using a 

CRISPR-Cas9 system showed no resistance to infection with ASFV genotype II strain Georgia 

2007/1, and virus replication in macrophage cultures derived from these animals showed no 

difference compared to wildtype primary cells, indicating this protein by itself is not essential for 

ASFV replication (Popescu et al 2017). Multiple ASFV proteins have previously been identified 

to function in virus binding to susceptible cells, including p12, p54, and p72 (Carrascosa et al 

1991; Angulo et al 1993; Gómez-Puertas et al 1996; Gómez-Puertas et al 1998). However, 

antibodies targeting these proteins are unable to completely neutralize ASFV in vitro, suggesting 

virus attachment and entry can occur through mechanisms independent of the interaction 

between these viral proteins and cellular ligands (Angulo et al 1993; Gómez-Puertas et al 1996; 

Gómez-Puertas et al 1998). 
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The current consensus is that ASFV can utilize multiple distinct pathways for cell entry, 

including receptor-dependent CME as well as receptor-independent processes involving 

phagocytosis and macropinocytosis (Hernáez et al 2016; Hooper et al 2024; Sánchez et al 2012; 

Chen and Zheng et al 2023a; Gao and Zhou et al 2023). An important corollary which can be 

drawn from this model of ASFV entry is that, while receptor-mediated mechanisms may 

facilitate ASFV infection, they may not be an essential requirement. Furthermore, fundamental 

differences between cell culture and in vivo infection might indicate that receptor-independent 

entry mechanisms seem more important for ASFV replication in vivo. Both of these conclusions 

are compatible with previously described observations of CD1d facilitating ASFV entry and 

replication in vitro and the current data showing disruption of porcine CD1D has a minimal 

impact on ASFV replication and virulence in vivo. It is also possible that specific ASFV entry 

mechanisms may have variable importance between different ASFV genotypes or strains. A 

significant amount of variability in genome content and virulence can exist between distantly 

related ASFV isolates, and ASFV studies should be interpreted in the context of the specific 

virus strains which were used (Blome et al 2013; Dixon et al 2013). 

Overall, our study demonstrates that CD1d is not essential to the replication and virulence 

of a genotype II ASFV in vivo, and the lack of CD1d expression does not significantly alter the 

pathogenesis of ASFV infection in domestic pigs. Further studies with different ASFV isolates of 

other genotypes as well as moderate and low virulence are necessary to determine whether this 

phenomenon is specific to virulent genotype II ASFVs or is more broadly applicable. 

  



120 

3.5 Figures and tables for chapter 3 

Figure 3.1 Timeline of CD1D KO challenge study 

 
Piglets were sampled for EDTA blood, serum, and oropharyngeal swabs the day prior to 

infection. On the day of challenge (0 DPC), two CD1D KO (CD1D-/-) piglets were necropsied 

for baseline evaluation. All other animals were challenged by intramuscular (IM) injection with 

180 HAD50 of ASFV strain MNG19. Scheduled post-challenge sampling timepoints for EDTA 

blood, oropharyngeal swabs, and serum are illustrated. Necropsies were performed at the time of 

animal death, with any surviving animals scheduled to be necropsied at 14 DPC. Figure created 

using BioRender. DPC = days post-challenge. 
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Figure 3.2 Post-challenge body temperatures, clinical scores, and survival 

 
(A) Body temperatures were compared using multiple Welch’s t tests with correction for 

multiple comparisons using the Holm-Šídák method. (B) Clinical scores were compared using 

multiple Mann-Whitney tests with correction for multiple comparisons using the Holm-Šídák 

method. (C) Survival curves were compared using the Mantel-Cox test. *p<0.05. 
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Figure 3.3 ASFV qPCR results for clinical samples 

 
qPCR targeting the ASFV p72 gene was performed on DNA extracted from (A) EDTA blood 

and (B) oropharyngeal (OP) swabs, with results calculated as p72 copy number per mL 

(CN/mL). Results for both datasets were analyzed using multiple Welch’s t tests with correction 

for multiple comparisons using the Holm-Šídák method. 
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Figure 3.4 ASFV qPCR on postmortem non-lymphoid organs and feces 

 
ASFV qPCR values for all samples are displayed as viral p72 copy number per mL (CN/mL). 

qPCR results for each sample type were compared using Welch’s t test. *p<0.05. 
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Figure 3.5 ASFV qPCR on postmortem lymphoid tissues 

 
ASFV qPCR values for all samples are displayed as viral p72 copy number per mL (CN/mL). 

qPCR results for ManLN were compared using the Mann Whitney test, while all other tissues 

were compared by Welch’s t test. *p<0.05. 
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Figure 3.6 Postmortem gross lesion scores 

 
Gross lesion scores for body condition, integument, liver, tonsil, ManLN, CMLN, MesLN, RLN, 

GHLN, and GI were compared using the Mann Whitney test, while scores for kidney, lung, 

cardiovascular, spleen, and SCLN were compared using Welch’s t test. *p<0.05. 
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Figure 3.7 Total gross and total histological lesions scores 

 
(A) Total gross lesion scores for both groups were compared using Welch’s t test. (B) Total 

histological lesion scores for both groups were compared using the Mann Whitney test. 
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Figure 3.8 Histological lesion scores 
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Histological lesion scores for kidney, lung, liver, tonsil, CMLN, and MesLN were compared 

using Welch’s t test, while scores for spleen, ManLN, SCLN, GHLN, RLN, and ICLN were 

compared using the Mann Whitney test. *p<0.05. 
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Chapter 4 - Generation and Genetic Stability of a PolX and 5′ 

MGF-Deficient African Swine Fever Virus Mutant for Vaccine 

Development2 

Abstract 

The African swine fever virus (ASFV) causes fatal disease in pigs and is currently 

spreading globally. Commercially safe vaccines are urgently required. Aiming to generate a 

novel live attenuated vaccine (LAV), a recombinant ASFV was generated by deleting the viral 

O174L (PolX) gene. However, during in vitro generation, an additional spontaneous deletion of 

genes belonging to the multigene families (MGF) occurred, creating a mixture of two viruses, 

namely, Arm-∆PolX and Arm-∆PolX∆MGF. This mixture was used to inoculate pigs in a low 

and high dose to assess the viral dynamics of both populations in vivo. Although the Arm-∆PolX 

population was a much lower proportion of the inoculum, in the high-dose immunized animals, it 

was the only resulting viral population, while Arm-∆PolX-∆MGF only appeared in low-dose 

immunized animals, revealing the role of deleted MGFs in ASFV fitness in vivo. Furthermore, 

animals in the low-dose group survived inoculation, whereas animals in the high-dose group 

died, suggesting that the lack of MGF and PolX genes, and not the PolX gene alone, led to 

attenuation. The two recombinant viruses were individually isolated and inoculated into piglets, 

confirming this hypothesis. However, immunization with the Arm-∆PolX-∆MGF virus did not 

induce protection against challenge with the virulent parental ASFV strain. This study 

 

2 Reprinted with permission from “Generation and Genetic Stability of a PolX and 5′ MGF-Deficient African Swine 

Fever Virus Mutant for Vaccine Development” by Perez-Nunez, D, Madden, DW, et al., 2024. Viruses 12(10):1125. 

https://doi.org/10.3390/vaccines12101125.  
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demonstrates that deletion of the PolX gene alone neither leads to attenuation nor induces an 

increased mutation rate in vivo. 

4.1 Introduction 

African swine fever virus (ASFV), the only member of the family Asfarviridae (Alonso 

et al 2018), is the etiological agent of African swine fever (ASF), a severe disease affecting both 

wild boar and domestic pigs that produces up to 100% mortality. ASFV was first identified in 

Africa in 1921 and spread to Europe in the 1950s and to the Caucasus region in 2007. 

Subsequent to its introduction to the Caucasus, the virus continued to spread, and it currently 

affects more than 40 countries in Europe, Oceania, and Asia (World Organization for Animal 

Health 2023a). Currently, it is endemic in China, the world’s largest pork producer, and affects 

neighboring countries such as Vietnam, Laos, Myanmar, Korea, and the Philippines. It recently 

emerged for the first time in many decades in the Americas, the Dominican Republic, and Haiti 

(Gonzales et al 2021). The widespread emergence of ASFV in major pork-producing countries 

has resulted in a destabilization of the food supply chain, making ASFV one of the most 

important animal health concerns worldwide. The development of safe and efficacious vaccines 

against ASFV is urgently needed to address the threat to worldwide pork production and the food 

supply. 

Several live attenuated vaccine (LAV) candidates for ASF have been described; however, 

the level of protection induced by these LAV candidates is variable, especially against 

heterologous ASFV strains, and they can have poor side effect profiles in vaccinated animals 

(Borca and Ramirez-Medina et al 2020; Chen et al 2020; Gallardo et al 2018; Gladue et al 2021; 

Monteagudo et al 2017; O’Donnell et al 2015; O’Donnell et al 2016; Pérez-Núñez et al 2022; 

Reis et al 2016; Reis et al 2017), as reviewed in (Gladue and Borca 2022). While the 
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development of LAVs is a promising strategy for ASF vaccine development, the successful 

deployment of ASF LAV candidates faces multiple challenges, including the lack of stable cell 

lines for ASFV propagation, the potential for residual virulence and inadequate vaccine safety 

profiles, an inability to differentiate infected from vaccinated animals (DIVA) associated with 

current LAV candidates (Sánchez et al 2019; Zhang and Zhao et al 2023), and a lack of extensive 

genetic characterization and analysis by next-generation sequencing (NGS) to evaluate and 

confirm the genetic stability of prototype LAV vaccine strains (Chen et al 2020; Reis et al 2016; 

Reis et al 2017).  

The ASFV O174L gene encodes the viral DNA polymerase PolX (Oliveros et al 1997), a 

unique reparative DNA polymerase with similarities to the X family of β DNA polymerases 

which is located in the extracellular viral particle (Alejo et al 2018). ASFV PolX is involved in 

base excision repair (BER) of viral DNA (García-Escudero et al 2003), together with other 

ASFV proteins such as those encoded by the ASFV genes E296R, NP429L, E301R, and D345L 

(Redrejo-Rodríguez and Salas, 2014). Additionally, ASFV PolX has been shown to be involved 

in the repair of mutated viral DNA resulting from oxidative damage during ASFV replication in 

primary porcine alveolar macrophages (PAMs). PolX has been shown to be dispensable for 

ASFV replication in Vero cells but essential for replication in PAMs (Redrejo-Rodríguez et al 

2013). We hypothesized that a recombinant ASFV lacking the O174L gene would accumulate 

deleterious mutations during replication, resulting in attenuation of the virus in vivo. 

Here, we present studies performed with a recombinant ASF virus derived from the 

virulent genotype II Arm/07 (Arm/07/CBM/c2) ASFV isolate (Pérez-Núñez et al 2020) in which 

we have deleted the O174L gene (designated Arm-∆PolX) using CRISPR-Cas9 technology in 

COS-1 cells, as previously described (Pérez-Núñez et al 2022). While no off-target mutations 
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were found in terms of indels or SNPs compared to the parental Arm/07/CBM/c2 virus, an 

unexpected 26 kb deletion was identified within the 5′ end of the viral genome, resulting in a 

recombinant virus designated Arm-∆PolX-∆MGF. The 5′ region of the ASFV genome harbors 

several genes belonging to the multigene families (MGFs), which have been recognized to play a 

role in modulating host immune responses (O’Donnell et al 2015; Golding et al 2016; Li and Liu 

et al 2021; Neilan et al 2002; Zsak et al 2001). Some of these genes have been related to the 

ability to infect PAMs (Zsak et al 2001) and in the control of type I IFN (Golding et al 2016). In 

particular, MGF110-9 has been involved in controlling TBK1 degradation (Ren et al 2023), 

MGF505-7R in impairing cGAS-STING pathway regulation and JAK-mediated signaling (Li 

and Zhang et al 2021; Li and Yang et al 2021) and MGF360-10L in inducing JAK1 degradation 

(Li D and Peng et al 2023). Indeed, deletion of some of these genes results in the attenuation of 

virulent strains, which in turn results in protection against virulent strains, including several 

members of MGF505 and MGF360 (O’Donnell et al 2015; Reis et al 2016). However, not all 

MGF genes are essential for virulence since the deletion of MGF360-1L (Ramirez-Medina et al 

2020), MGF110-5L-6L (Ramirez-Medina et al 2022b), or MGF110-1L (Ramirez-Medina et al 

2021) from a virulent strain did not lead to the attenuation in vivo. On the other hand, deletion of 

several MGF genes can lead to attenuation of certain prototypes but still not achieve adequate 

levels of protection after immunization (Rathakrishnan et al 2022). Although the function of 

many of these genes has been described and studied, especially in relation to virulence and 

virus–host interaction, the function of many of them remains unknown. 

A mixed population of Arm-∆PolX and Arm-∆PolX-∆MGF viruses was used to test 

the viral population dynamic in vivo in a high- and low-dose scenario. Despite being a much 

lower proportion of the total viral population in the mixed inoculum, the Arm-∆PolX virus was 
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able to overgrow the Arm-∆PolX-∆MGF mutant virus in the high-dose immunized animals, and 

all of these animals died. In contrast, animals immunized at a low dose with the mixed inoculum 

survived, with the Arm-∆PolX-∆MGF virus predominating, indicating that the Arm-∆PolX 

maintained its virulence, whereas the Arm-∆PolX-∆MGF virus was attenuated. Using purified 

Arm-∆PolX or Arm-∆PolX-∆MGF viruses confirmed that a deletion of the viral PolX alone is 

insufficient to attenuate virulent ASFV and that Arm-∆PolX-∆MGF is attenuated in vivo. 

Interestingly, immunization of animals with Arm-∆PolX-∆MGF failed to induce protection 

against challenge with the virulent parental Arm/07 strain. Further experiments are necessary to 

evaluate the protective effect of Arm-∆PolX-∆MGF at higher doses and whether deletion of 

PolX may enhance the attenuation and safety of ∆MGF ASFV LAVs. 

4.2 Materials and methods 

4.2.1 Cells and viruses 

The hemadsorbing viral isolate Arm/07/CBM/c2, a genotype II ASFV strain, was 

isolated from infected domestic pigs during an ASFV epizootic not purified and amplified 

through cell line passages, as described previously (Pérez-Núñez et al 2020), maintaining its 

virulence in vivo (Sunwoo et al 2024). 

COS-1 cells derived from African green monkeys and obtained from the ATCC 

(American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM; Corning, Corning, NY, USA) with 5% fetal bovine serum (FBS; 

Sigma-Aldrich, St. Louis, MO, USA) and supplemented with 2 mM L-glutamine, 100 U/mL 

gentamycin, and 0.4 mM non-essential amino acids. Porcine alveolar macrophages (PAMs) were 

extracted from pig bronchoalveolar lavage, as described previously (Carrascosa et al 2011). 
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PAMs were cultured on DMEM with 10% pig serum (Sigma-Aldrich) supplemented as 

described above. Cells were grown at 37 ◦C in a saturated water vapor atmosphere with 5% CO2. 

4.2.2 Plasmids and cloning 

Two different vectors were used for the generation of the recombinant Arm07∆PolXGFP 

virus using CRISPR-Cas9 technology: (i) pSpCas9(BB)-2A-Puro (PX459), in which the Nuclear 

Localization Signal (NLS) has been deleted (gifted by Bruno Hernaez), and (ii) pcDNA3.1-

derived donor vector containing the flanking sequences of the target gene (O174L) surrounding a 

EGFP fluorescent marker gene derived from the pEGFP-E3 vector under a viral promoter. 

Specific gRNAs were cloned into the pSpCas9(BB)∆NLS-2A-Puro vector to disrupt 

the O174L gene. gRNAs were designed by the Protospacer workbench based on the O174L 

sequence of the ASFV strain Georgia 2007/01 (FR682468.1), which is 99.992% sequence 

identity to Arm/07/CBM/c2. The designed gRNA sequences were as follows: 5′ 

TCTTTTTACGGCCTTAGCCGAGG 3′ (gRNA0) and 5′ TTTTCAGTAGTGATTTTTAGAGG 

3′ (gRNA1), generating the vectors pSpCas9(BB)∆NLS-2A-Puro_O174LgRNA-0 and 

pSpCas9(BB)∆NLS-2A-Puro_O174L-gRNA-1. 

The pcDNA3.1 vector (Invitrogen, Waltham, MA, USA) was used as a backbone for 

the generation of the donor vector. The O174L gene (basepair (bp) 129,000–129,524 of the 

ASFV Arm/07/CBM/c2 genome, PRJEB38146) and its flanking regions (500 bp upstream and 

500 bp downstream) were first cloned (pFL-O174L), and then the O174L gene was replaced 

with the EGFP gene derived from an pEGFP-E3 vector (pFL-∆O174L-GFP). Finally, we 

replaced the CMV promoter of the EGFP gene with the ASFV p72 promoter (bp 105,530–

105,570 of the ASFV Georgia 2007/01 genome, FR682468.1) (García-Escudero and Viñuela 

2000), generating the final donor vector pFL-∆O174L-p72GFP. 
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The specific probes designed for cloning by In-Fusion (Takara Bio) technology were as 

follows: 5′-CCA GAT ATA CGC GTT GCC TTT GAA GAC GCT GTG C-3′, 5′-TTT CCG 

CCT CAG AAG TCT CCA GTC CAG GTC TTG ACA-3′, and 5′-AAC GCG TAT ATC TGG 

CCC G-3′, 5′-CTT CTG AGG CGG AAA GAA CCA-3′ for pFL-O174L vector; 5′-GCT TGT 

TTT GAG CAA ATT GTT TAA GCA A-3′, 5′-TTT ATA TTT AAT ATT AAA ATC TTT TCA 

TTT TAT ATA TTA TAT ACG CAA AAT GG-3′, and 5′-TTG CTC AAA ACA AGC GAC 

ATT GAT TAT TGA CTA GTT ATT AAT AGT AAT CAA TTA CG-3′, 5′-AAT ATT AAA 

TAT AAA CCA TAG AGC CCA CCG C-3′ to substitute the O174L gene by EGFP under CMV 

promoter. For p72 promoter cloning, we designed the specific probes: 5′-TGG AGT TCC GTA 

TTT AAT AAA AAC AAT AAA TTA TTT TTA TAA CAT TAT ATA GGT CGC CAC C-3′, 

5′-GGT GGC GAC CTA TAT AAT GTT ATA AAA ATA ATT TAT TGT TTT TAT TAA 

ATA CGG AAC TCC A-3′, and 5′-GGT CGC CAC CAT GGT GAG-3′, 5′-CGG AAC TCC 

ATA TAT GGG CTA TG-3′. The p72 promoter was generated by incubation of 10 µL at 100 

µM of each of the specific probes in H2O (final volume 100 µL), incubating 5 min at 95 °C and 

30 min at 25 °C. This product was cloned into the pFL-∆O174L-GFP by In-Fusion technology, 

generating the final donor vector, pFL-∆O174L-p72GFP. 

4.2.3 Generation of recombinant virus Arm-∆PolX by CRISPR-Cas9 

The recombinant Arm∆PolX virus was generated in COS-1 cells by CRISPR-Cas9 

technology, as previously described (Pérez-Núñez et al 2022). Briefly, COS-1 cells were co-

transfected with specific pSpCas9(BB)∆NLS-2A-Puro gRNAs together with the donor vector 

pFL-∆O174Lp72GFP using FuGene HD (Promega, Madison, WI, USA). At 24 h post 

transfection (hpt), 1 µg/mL puromycin (Sigma-Aldrich) was added to the media of cells. After an 

additional 24 h, transfected cells were infected at two different MOIs (1 and 0.1) with the ASFV 
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isolate Arm/07/CBM/c2. Following 1.5 h of viral adsorption, 1 µg/mL puromycin was added to 

the medium. At 5 days post-infection (dpi), cells and media containing the viral progeny were 

collected and stored at −80 °C. 

4.2.4 Plaque isolation of recombinant viruses and viral growth assessment 

Collected recombinant viruses were used to infect COS-1 cells. After viral adsorption, 

inoculum was removed and DMEM-1% agar was added. At 4–7 days post-infection (dpi), 

recombinant plaques corresponding to ∆PolX viruses were detected under fluorescent 

microscopy. Recombinant plaques were collected by sterile pipette tips in 40 µL of DMEM and 

stored at −80 °C. After 3 freeze/thaw cycles, the collected virus was used to infect new COS-1 

cells using the same procedure described above. This plaque isolation method was repeated at 

least five times to separate recombinant virus from wild-type virus. 

During the isolation procedure, the presence of wild-type contaminant virus was 

tested by PCR. Then, 10 µL of the isolated plaque was digested with proteinase K (Sigma 

Aldrich) in 1.5 mM MgCl2, 50 mM KCl, 0.45% Tween20, 0.45% NP40, and 10mM Tris-HCl 

pH 8.3 buffer and incubated for 30 min at 45 °C and 15 min at 95 °C. The digested, isolated 

plaque was used as a DNA template for PCR to detect the presence of recombinant or wild-type 

parental virus. The primers used for the detection of recombinant and parental viruses by PCR 

were as follows: 5′-TTG CTC AAA ACA AGC GAC ATT GAT TAT TGA CTA GTT ATT 

AAT AGT AAT CAA TTA CGG-3′ and 5′-AAT ATT AAA TAT AAA CCA TAG AGC CCA 

CCG C-3′ for GFP detection and 5′-CGT TTC TTA GGT ATG CGA TAC G-3′ and 5′-ATT 

GTA AAT GAC TTA CGC TCC C-3′ for O174L gene detection. 

For viral growth assessment, two 24-well plates seeded with PAMs at a density of 
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0.8 × 106 cells/well and COS-1 cells at a density of 0.5 × 106 cells/well were infected with 

Arm/07/CBM/c2 wild-type and Arm-∆PolX-∆MGF virus at MOI = 2. After 2 h of adsorption at 

37 °C, the viral inoculum was discarded, cells were washed twice with PBS, and DMEM 

containing 10% pig serum was added. Total cell lysates were obtained at 0, 24, 48, 72, and 96 h 

post-infection (hpi). At each time point, cells were collected, subjected to 3 freeze/thaw cycles, 

and titrated by hemadsorption (HAD) assays. For HAD assays, individual 60-well microtest 

plates (Greiner, Kremsmünster, Austria) were seeded with PAMs, and 5 µL of virus dilution was 

added to each well. After 16 h of infection, a drop of a solution of fresh pig erythrocytes was 

added to every well, and hemadsorption was assessed 96 h later. 

4.2.5 In vivo animal experiments 

For initial safety studies of the deletion mutants, 10 crossbred piglets 3–4 weeks of age 

(mixed sex) were separated into two groups and housed in different pens at opposite ends of a 

single biocontainment room designed for housing large animals. One group of five pigs were 

inoculated intramuscularly (IM) with 1 mL of a 104 plaque-forming unit (pfu) dose of the mixed 

Arm∆PolX/Arm∆PolX-∆MGF, and the other five pigs were inoculated IM with a 102 pfu dose of 

the viruses. All handling of animals was performed first for the 102 pfu dose pen, followed by 

decontamination before handling piglets administered the 104 pfu dose to avoid cross-

contamination. Observations for clinical signs, including body temperature checks, were 

performed daily to detect signs of ASF. Clinical scores, ranging from 0 (no clinical signs) to 3 

(severe clinical signs), were collected for several parameters, including fever, liveliness, skin 

color, body shape, and respiratory/digestive issues. Blood collection was performed on days 0, 1, 

3, 5, 7, 10, and 14 post-vaccination (DPV) or if a pig was humanely euthanized. Blood was 

collected in serum and EDTA tubes (BD, Franklin Lakes, NJ, USA) and stored at −80 ◦C for 
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further analysis. Post-mortem analyses were performed for pigs found dead, humanely 

euthanized, and for all piglets at the end of the study period of 14 days post challenge (DPC). All 

work involving animals was performed under Select Agent guidelines within the biosafety level 

3 (BSL-3Ag) facilities at the Biosecurity Research Institute at Kansas State University. Animal 

research was conducted in compliance with the Animal Welfare Act and other federal statutes 

and regulations relating to animal care and experimentation under protocol #3758, approved by 

the Institutional Animal Care and Use Committee (IACUC) at Kansas State University on 6 

October 2016. 

Following the identification and purification of both Arm∆PolX and Arm∆PolX∆MGF 

viral populations, an additional safety and efficacy study was performed. Eighteen ASFV-naïve 

conventional outbred piglets aged 5–6 weeks were divided into three groups of 6 piglets each. 

Piglets in the first group were inoculated intramuscularly (IM) with 102 HAD50/mL of ASFV 

vaccine strain Arm-∆PolX, while piglets in the second group were given 102 HAD50/mL of 

vaccine strain Arm-∆PolX-∆MGF IM, with the third group serving as unvaccinated controls. At 

28 days post-vaccination (DPV), all vaccinated and unvaccinated piglets were challenged with 

102 HAD50/mL wild-type Arm/07 ASFV IM, with planned necropsies scheduled for 14 days 

post-challenge (DPC). Anticoagulated (EDTA) whole blood was collected by jugular 

venipuncture throughout this study at multiple timepoints post-vaccination and post-challenge to 

assess viral DNA levels. Piglets were monitored daily after both vaccination and wild-type 

challenge and assigned a total clinical score based on assessment of 8 clinical symptoms, 

including fever (0–4), liveliness (0–3), body shape (0–3), respiratory function (0–3), neurological 

signs (0–3), skin lesions (0–3), ocular/nasal discharge (0–3), and digestive signs (0–3), with a 

score of 0 indicating normal. Moribund piglets and those with a clinical score > 10 were 
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humanely euthanized via intravenous pentobarbital administration. Following death, piglets were 

necropsied for pathological evaluation and tissue collection. Animal work and sample collection 

were performed at the Biosecurity Research Institute using protocols evaluated and approved by 

the Kansas State University Institutional Biosafety Committee (IBC; protocol #1314) and 

IACUC (protocol #4265). All animals were sourced from Oak Hill Genetics (USDA #33-A-

0392) and tested negative for PRRSV, PCV, and SIV. 

4.2.6 Viral DNA extraction 

Viral DNA extraction was performed as previously described (Pérez-Núñez et al 2020). 

Briefly, recombinant ASFV virus was grown in six P150 dishes of COS-1 cells, and supernatants 

were collected at 3 days post-infection (dpi). Supernatants were centrifuged overnight at 8281× g 

at 4 °C, and viral pellets were resuspended in a cold-filtered 10 mM Tris-HCl solution 

equilibrated at pH 8.8. Virus suspensions were treated with 0.25 U/mL DNase I (Sigma-Aldrich), 

0.25 U/µL S7 Nuclease (Sigma-Aldrich), and 20 µL/mL RNase A (Promega) in a buffer 

containing 800 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20 mM CaCl2, and 120 mMMgCl2 for 2 

h at 37 °C. Following this, viral suspension was treated with 200 µg/mL proteinase K (Sigma-

Aldrich) in 0.5% SDS solution for 1 h at 45 °C, and viral DNA was precipitated by incubation 

with a 1:1 ratio of phenol:chloroform:isoamyl alcohol (25:24:1). The solution was centrifuged at 

9400× g for 3 min at room temperature, and the aqueous fraction was transferred and incubated 

with 0.1 volume of 3M acetic acid (pH 5.2), 1 µL lineal polyacrylamide (LPA; Sigma-Aldrich), 

and 2 volumes of cold absolute ethanol (100%) at −80 °C for 1 h. After incubation, the solution 

was centrifuged at 15,890× g for 30 min at 4 °C, and the DNA pellet was washed once with cold 

70% ethanol and dried in air before being resuspended in 10 mM Tris (pH 8.8). 

Viral DNA from immunization material and blood of infected animals was isolated 
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using a modified protocol for total nucleic acid extraction using an automated magnetic bead-

based system (Taco-Mini, GeneReach, Taichung City, Taiwan). Removal of the DNA from 

BSL-3 biocontainment, if necessary, was possible after sample DNA was passaged three times 

on primary PAMs, and hemadsorption assays were performed in triplicate on the third passage to 

verify inactivation of the infectious virus. 

4.2.7 Illumina and Nanopore sequencing and data analysis 

Isolated ASFV genomic DNA was submitted for Illumina and Nanopore (ONT) 

sequencing to MicrobesNG (Birmingham, UK) or sequenced in house. Viruses recovered from 

high- and low-dose immunized animals were isolated after several limiting dilution passages in 

PAM. The corresponding viruses were subsequently grown in PAM and NGS sequenced. 

Libraries were prepared using either the NEBNext Ultra DNA Library Prep Kit (New England 

Biolabs, Ipswich, MA, USA) or the Nextera XT library prep kit (Illumina, San Diego, CA, 

USA). DNA libraries were run on Illumina MiSeq or NextSeq platforms as paired end reads (2 × 

250 or 2 × 150 bp). 

Illumina reads were analyzed as previously described (Pérez-Núñez et al 2020). Briefly, 

reads were trimmed using trimmomatic software (v0.39), and quality analysis was performed 

using FastQC software (v0.11.8). Reads were aligned to the parental Arm/07/CBM/c2 wild-type 

genome using samtools (v1.7), and indexed BAM files were viewed using IGV software 

(Integrative Genomics Viewer, v2.8.6) using the Arm/07/CBM/c2 wild-type genome as a 

reference. For variant analysis, GATK (v4.1.9.0) software was used, and variants were mapped 

to Arm/07/CBM/c2 ORFs using SNPEff software (Version 5.0E 2021-03-09) (Cingolani et al 

2012). 
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Quality control of the long ONT read sequencing data was performed using Nanoplot 

(https://github.com/wdecoster/NanoPlot, accessed on 23 March 2021). Assembly was performed 

using the totality of the long ONT reads. For that, we used the software CANU (Koren et al 

2017) (Version 1.9), an assembler designed for noisy long-read data from PacBio and NanoPore 

technologies. Only the contigs matching against ASFV were used for the final assembly. For the 

polishing stage, we used Racon (Vaser et al 2017) (Version 0.5) and Pilon (Walker et al 2014) 

(Version 1.23) software with the Illumina reads, mapped onto the polished contigs using BWA-

MEM (Li and Durbin 2009). After the whole process, we analyzed the total coverage of the 

assembly with Illumina and ONT reads. The Illumina reads were mapped with Bowtie2 software 

(Langmead and Salzberg 2012) (Version 2.3.5.1 64-bit), and the ONT reads with Minimap2. 

Finally, the genome coverage was calculated from the alignment using the 

GenomeCoverageBed4 tool (Quinlan and Hall 2010). 

4.2.8 Conventional PCR and Sanger sequencing 

Conventional PCR followed by Sanger sequencing was used for the assessment of the 

deletion of the MGF region in the 5′ end of the ASFV genome. Several specific primers were 

designed to: (i) flank the deleted region and (ii) amplify specific genes included in the 5′ end 

deleted region. The flanking region surrounding the 5′ end deletion was identified between the 

ASFV_G_ACD_00190 and MGF-360-11L genes, and the primers were designed as follows: 5′-

AGA TGA GGG GTG TGT GAC A-3′ and 5′-CCC GTG ATC TGT GCA AAG AG-3′. 

Primers corresponding to the genes MGF-110-1L, MGF-360-8L, and MGF-360-9L 

were designed as follows: 5′-AGG TTG GGA ACA TTC CAT CA-3′ and 5′-CAG AAT GCC 

CAC AAC ACA AC-3′; 5′-GCA CAT GAG TCG CCA CAT AC-3′ and 5′-GAG CGT GCC 

https://github.com/wdecoster/NanoPlot
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TGA GGA GTA TC-3′; and 5′-AGG CCC ACT TTA GCA TTT CA-3′ and 5′-GCA GCT AGG 

TGC CAA AGA AC-3′, respectively. 

Amplicons were purified from a 1% agarose gel with the Speedtools PCR Clean-Up 

kit (Biotools, Madrid, Spain). The purified product was subsequently sequenced using the Sanger 

method (Macrogen, Seoul, Republic of Korea). 

4.2.9 Quantitative PCR (qPCR) 

For initial confirmation of the deletion of the 5′ MGF region in Arm07∆PolX-GFP, 

2 × 106 COS-1 cells were seeded in DMEM supplemented with 2% FBS, and cells were infected 

at MOI = 2 with either Arm/07/CBM/C2 or the original Arm-∆PolX ASFV virus or mock 

infected. At 72 hpi, total DNA was harvested from cells using a Speedtools DNA extraction kit 

(Biotools). DNA was analyzed by qPCR using an ABI PRISM 7900HT SDS real-time PCR 

detection system (Applied Biosystems, Waltham, MA, USA) with SYBR green master mix 

(Promega). Gene expression levels were normalized to a housekeeping gene (18S rRNA), and 

these values were then normalized to the mock-treated sample. The primers used were 5′-GGA 

GAG GGA GCC TGA GAA AC-3′ and 5′-TCG GGA GTG GGT AAT TTG C-3′ for Macaca 

mulatta 18S rRNA detection, 5′-GTG CAC CTA TGC AAA TCA TTG-3′ and 5′-TTT TGT 

GAA GGT AAC TTA TTC CTT TG-3′ for ASFV MGF110_1L detection, 5′-GCT CGC TAT 

TTC CAT GCT CT-3′ and 5′-TGG TTT TCA AAG ACC TTA TTC TTA CA-3′ for ASFV 

MGF360_1L detection, 5′-GCA ATG ATT TTC ACC TAT TGA TAG AC-3′ and 5′-AAT CTA 

TGG CGA ACT TAT ACC AAA A-3′ for ASFV MGF360_4L detection, 5′-CAA TAA TGT 

GTT TGA ACT TCA CGA-3′ and 5′-CCA CTT TAG CAT TTC ATT CAT GTC T-3′ for ASFV 

MGF360_9L detection, 5′-AAA AAT GAT AAT GAA ACC AAT GAA TG-3′ and 5′-ATG 

AGG GCT CTT GCT CAA AC-3′ for ASFV CP204L (p32) detection, and 5′-AAT GTT GGG 
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CAG GAC GTG TT-3′ and 5′-ACT TAC GCT CCC GAC TTG C-3′ for ASFV O174L (PolX) 

detection. 

Alternative TaqMan probe-based quantitative PCR (qPCR) assays were performed 

on ASFV immunization material used in animal experiments as well as clarified blood collected 

from inoculated piglets in EDTA tubes. qPCR was performed on samples to detect B646L (p72), 

as described previously (Bastos et al 2003) with minor modifications (Sunwoo et al 2019). 

Additional primer and probe sequences used are as follows: MGF110-1L (Forward primer: 5′-

CAG TCC CAA CAG AAC CTA CAA-3′; Reverse Primer: 5′-GAG CTA GAG CTC CTG GAT 

CTA A-3′; and Probe: 5′-HEX-AGG TGC ACC-ZEN-AGT ATT CAA GCT CCT-3′-IABkFQ), 

MGF360-1L (Forward primer: 5′-AAG CTT TCC TCG CAC CTA AC-3′; Reverse primer: 5′-

ATC AGC TTT GGG TTG GTT ACT-3′; and Probe: 5′-HEX-TTT GGC ATA-ZEN-GGT CCT 

GGT GCA CTC-3′-IABkFQ), MGF360-4L (Forward primer: 5′-TCT CTC TAA GGC ACG 

GTC AA-3′; Reverse primer: 5′-ACG TCA TGA TGT TTC TTG CCT-3′; and Probe: 5′-HEX-

ACC TAA TTT-ZEN-ATT CCC AGG GCG TGC A-3′-IABkFQ), and MGF360-9L (5′-CCT 

CCA CAG CTT TCA CCA A-3′; Reverse primer: 5′-GTG GCA TAA TGG CCC TAT CA-3′; 

and Probe: 5′-HEX-AAC GGC ACA-ZEN-AAT CTT AAC GCG GC-3′-IABkFQ). qPCR was 

performed using PerfeCTa FastMix II (QuantaBio, Beverly, MA, USA) according to the 

manufacturer’s instructions with forward/reverse primers and probe at a final concentration of 

200 nM in a 20 µL reaction using 5 µL of DNA sample per well. All qPCR reactions were 

performed in duplicate with extraction and PCR positive and negative controls using a CFX96 

Real-Time System (Bio-Rad, Hercules, CA, USA) using the following thermocycling conditions: 

95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s and 60 °C for 1 min. Data were 

analyzed using Bio-Rad CFX Manager (Version 2.3) software using a regression model for Ct 
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determination. Quantification of DNA copy number (CN) for each assay was determined by 

performing qPCR on serial dilutions of a known quantity of commercially manufactured 

plasmids (Integrated DNA Technologies, Coralville, IA, USA) containing the respective target 

sequences to generate a standard curve necessary to convert Ct values to CN/mL. 

4.3 Results 

4.3.1 Generation of ASFV-Recombinant Virus Arm-∆PolX by CRISPR-Cas9 from 

the Virulent Arm/07/CBM/c2 Virus 

A modified CRISPR-Cas9 technology in COS-1 cells was used to generate recombinant 

ASF viruses. Here, the goal was to target and delete the O174L gene from the genome of a 

virulent ASFV virus, which encodes PolX, a DNA repair polymerase. 

The new recombinant ASFV Arm-∆PolX deletion virus was derived from Arm/07/ 

CBM/c2 (Pérez-Núñez et al 2020). Briefly, COS-1 cells were transfected with two specific 

vectors coding for: (i) ∆NLS-Cas9 nuclease with specific gRNAs targeting the O174L gene and 

(ii) the flanking regions of O174L with the target O174L gene replaced with the enhanced GFP 

(EGFP) reporter gene under the ASFV viral p72 promoter (Figure 4.1A). Transfected cells were 

selected with puromycin and then infected with wild-type Arm/07/CBM/c2 to generate the 

recombinant virus. The resulting recombinant virus was visualized by fluorescence microscopy 

and isolated by collecting the lysed cultures of GFP-positive COS-1 cells (Figure 4.1B). Specific 

PCR amplification confirmed the replacement of the O174L gene by a GFP cassette under the 

viral p72 promoter (Figure 4.1C). Analysis of the ASFV Arm-∆PolX genome by Illumina 

confirmed the absence of reads corresponding to the O174L gene. 

4.3.2 The recombinant Arm-∆PolX virus contains an extra 5’ end deletion 

Unexpectedly, a coverage plot analysis of NGS data from the Arm-∆PolX recombinant 
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virus revealed a significant drop in coverage corresponding to the 5′ end of the genome, with a 

low percentage of reads (0.04%) corresponding to nucleotides (nt) 1135 to 27,283 (Figure 4.2A). 

To verify that the observed deletion was not a sequencing artifact, we designed specific primers 

to amplify a region of 1.3 kilobases (kb) that would bridge the predicted deleted region in the 5′ 

end of the Arm07∆PolX-GFP genome (Figure 4.2B). Consistent with the NGS data indicating a 

large 5′ end deletion, we observed a band with the expected length of 1.3 kb (Figure 4.2C). 

Sanger sequencing confirmed a deletion of 26 kb in the 5′ end of the Arm-∆PolX genome. The 

deletion encompasses a total of 41 genes in the Arm07∆PolXGFP genome, mostly ASFV 

multigene family (MGF) members: MGF 360-1La, MGF 360-1Lb, MGF 360-2L, KP177R, 

L83L, L60L, MGF 360-3L, MGF 110-1L, ASFV G ACD 00090, MGF 110-2L, MGF 110-3L, 

ASFV G ACD 00120, MGF 110-4L, MGF 110-5L-6L, MGF 110-7L, ASFV G ACD 00160, 

285L, MGF 100-1R, ASFV G ACD 00190, MGF 110-9L, ASFV G ACD 00210, MGF 110-11L, 

MGF 110-14L, MGF 110-12L, MGF 110-13La, ASFV G ACD 00270, MGF 360-4L, ASFV G 

ACD 00300, MGF 360-6L, ASFV G ACD 00320, ASFV G ACD 00330, ASFV G ACD 00350, 

ASFV G ACD 00360, X69R, MGF 300-1L, MGF 300-2R, MGF 300-4L, MGF 360-8L, MGF 

360-9L, MGF 360-10L, and MGF 360-11L (Figure 4.2B). The 5′ deletion virus with the PolX 

deletion was designated Arm-∆PolX-∆MGF. Unexpectedly, this mutant grew similarly to the 

wild-type virus in PAM cells but displayed a slightly lower growth kinetic in COS cells 

(Supplementary figure A.1). 

To determine whether the lost 26 kb fragment in the 5′ end of the genome is caused 

by a deletion in the genome or a reordering of the genome, we sequenced the entire Arm∆PolX-

∆MGF recombinant virus genome using a combination of Illumina short-reads and Oxford 

Nanopore Technologies (ONT) long-reads. ONT long reads allow for de novo assembly of the 
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viral genome without inference of other reference genomes, allowing for the resolution of highly 

complex repeated sequences and the identification of genomic rearrangements. The Arm-∆PolX-

∆MGF ONT long-reads average length was determined to be 1669.3 nucleotides, and the 

resulting genome sequence was polished with Illumina reads, which are shorter but with a higher 

fidelity accuracy at the nucleotide level. The resulting viral genome had a total length of 166,644 

nucleotides. 

To assess the quality of this assembly, we aligned the reads from Arm-∆PolX-∆MGF 

sequencing, both from Illumina and ONT reads, against the generated assembly. Figure 4.2D 

shows that coverage with Illumina (blue) and ONT (red) reads is constant, with a read depth of 

log2 8 in both cases, indicating a high coverage for each base. Pairwise alignment between 

Arm/07/CBM/c2 parental genome and the assembled Arm-∆PolX-∆MGF sequence using 

Snapgene Software (Version 3.2.1) again showed a 26kb deletion in the 5′ end of the genome 

that was not due to rearrangement (Figure 4.2E). 

Despite the 26kb 5′-end deletion in the assembled Arm-∆PolX-∆MGF genome, we 

were able to PCR amplify four of the genes within the deleted 5′ end region: MGF-110-1L, 

MGF-110-13L, MGF-360-8L, and MGF-360-9L (Figure 4.3A, B). The identity of the amplified 

sequences was further confirmed by Sanger sequencing (Pérez-Núñez et al 2020), indicating that 

the virus stock contained two viral populations: (i) one lacking a 26 kb region of MGF genes 

within the 5′ end of the genome together with the PolX deletion (Arm-∆PolX-∆MGF) and (ii) the 

other representing a virus with a single PolX deletion only (Arm-∆PolX). To determine the 

proportion of these two viral populations within the initial virus stock, we used quantitative PCR 

(qPCR) to quantify the relative presence of several MGF genes in the virus stock compared to 

the wild-type Arm/07/CBM/c2 virus. The MGF110-1L, MGF360-1L, MGF360-4L, and 
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MGF360-9L genes were found in both the Arm/07/CBM/c2 wild-type and recombinant virus 

stock by qPCR, but the level of detection of these genes in the recombinant virus stock was 

around 1000× lower (Figure 4.3C). A viral gene used as a control (B602L) showed a similar 

level of detection in both the recombinant virus stock and the wild-type virus, indicating a 1000-

fold higher amount of virus containing the double deletion of both the O174L gene and the 26kb 

5′ genome segment (i.e., Arm-∆PolX-∆MGF) compared to virus possessing the O174L deletion 

alone (i.e., Arm-∆PolX). 

4.3.3 Immunization with the mixed Arm-∆PolX/Arm-∆PolX-∆MGF inoculum 

produces dose-dependent clinical outcomes related to viral virulence 

To evaluate the in vivo dynamics of the two viral populations and assess their degree 

of attenuation, an immunization study was carried out with the mixed inoculum in animals. Two 

separate groups of piglets were inoculated IM with 102 pfu (low doses) or 104 pfu (high dose) 

per animal, with five animals per group (Study #1; Table 2.1). The animals were observed for 14 

days for the development of clinical signs consistent with ASF. 

All piglets inoculated with the high dose of 104 pfu developed significant fever 

>40.6 °C between 4- and 6-days post-vaccination (DPV) (Figure 4.4A, supplementary table A.1). 

Additional clinical signs of ASF, including lethargy, diminished body shape, digestive issues, 

and inappetence, were observed in all pigs receiving the 104 pfu dose between 5 and 10 DPV 

(Figure 4.4F, supplementary table A.2). All pigs inoculated with the high dose of 104 pfu died or 

were humanely euthanized between 6 and 11 DPV (Figure 4.4B). qPCR performed on blood 

samples from these pigs indicated that all of them developed ASFV DNAemia with over 108 

CN/mL post-inoculation (Figure 4.4D). 

In contrast, piglets inoculated with the low dose of 102 pfu did not succumb to 
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fulminant disease or exhibit overt signs of acute ASF. While 4/5 pigs did develop fevers, the 

increases in body temperature were generally transient and did not persist for more than 4 days 

(Figure 4.4A, supplementary table A.1). The combined average body temperatures of pigs 

receiving the 102 pfu dose increased above normal limits on 5 DPV but otherwise remained 

within a normal range (Figure 4.4A). ASFV p72 DNA was detected in the blood of all pigs 

receiving the 102 pfu dose; however, the levels were lower compared to pigs receiving the 104 

pfu dose, with >108 CN/mL only detected in one pig (#2057) on 5 DPC and with one pig (#1866) 

fully clearing the infection by the end of this study (Figure 4.4C). Additionally, 

viremia/DNAemia showed a decreasing trend in all pigs in the low-dose group by the end of this 

study on day 14 (Figure 4.4C). Aside from fever, no other clinical signs indicative of ASF were 

observed for any of the pigs receiving the 102 pfu dose (Figure 4.4E, supplementary table A.2), 

in contrast to the high-dose group (Figure 4.4F), and all animals survived to the end of this study 

(Figure 4.4B). Overall, these results indicate that the Arm-∆PolX/Arm-∆PolX-∆MGF mix results 

in lethal ASF disease at a 104 pfu dose but is attenuated at a lower dose of 102 pfu with 100% 

survival under the experimental conditions used. 

To assess whether the relative proportion of Arm-∆PolX and Arm-∆PolX-∆MGF 

vaccine virus subpopulations shifted following inoculation, qPCR was performed to discriminate 

between the two recombinant viruses during viremia in the immunized animals. We used qPCR 

to quantify the amount of the ASFV genes B646L (p72), O174L (PolX), and the MGF members 

MGF360-1L, MGF110-1L, MGF360-4L, and MGF360-9L. The O174L gene is absent in both 

the Arm-∆PolX and the Arm-∆PolX-∆MGF viruses, while the MGF genes are absent in the 

Arm-∆PolX-∆MGF virus (Figure 4.5). 

Interestingly, in all pigs infected with the 104 pfu high dose of virus stock, roughly 
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equivalent levels of the p72 and MGF genes were detected at later time points postimmunization, 

indicating the Arm-∆PolX virus outcompeted the Arm-∆PolX-∆MGF virus in the high-dose 

group. In contrast, in pigs receiving the 102 pfu low dose, two of the animals (pigs #2056 and 

#2059) were negative for the MGF genes despite the detection of the p72 gene, indicating that 

only the double-deleted Arm-∆PolX-∆MGF virus was present in these pigs at 7 DPV. Three out 

of 4 MGF genes (except for MGF360-9L) were detected in pig #2057 at a level equivalent to the 

p72 gene, indicating that the single Arm-∆PolX-GFP virus was the dominant virus population in 

this pig. All four MGF genes were detected in the low-dose vaccinated pig #2055 at an 

approximately 1000-fold lower rate than the p72 gene, similar to the proportion observed in the 

inoculum. These results suggest higher attenuation of the double-deleted Arm-∆PolX-∆MGF 

mutant, since three out of four pigs who survived vaccination had qPCR results indicative of the 

presence of the double-deleted Arm-∆PolX-∆MGF virus at 7 DPC. 

4.3.4 Genetic characterization of virus obtained from immunized pigs 

To determine the genome stability of either Arm-∆PolX or Arm-∆PolX-∆MGF in vivo, 

we analyzed the whole ASFV genome from plasma samples of pigs #2268 and #2271, which 

both received the 104 high dose. Variant calling analysis compared to the Arm/07/CBM/c2 

reference sequence revealed that no single nucleotide polymorphisms (SNPs) or indels were 

detected in virus collected from pig #2268, and only two SNPs were detected in virus collected 

from pig #2271 (Table 2.2), indicating that the absence of PolX did not significantly increase the 

number of DNA mutations during in vivo infection. 

According to what we previously observed (Figure 4.5), a whole genome coverage plot 

using Illumina reads indicates the presence of 5′ MGF genes in the virus recovered from animal 

#2268 (Supplementary figure A.2). 
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4.3.5 Vaccination with purified Arm-∆PolX or Arm-∆PolX-∆MGF viruses confirms 

that PolX deletion alone does not lead to in vivo attenuation 

NGS sequencing confirmed the presence of the ∆PolX and ∆PolX-∆MGF deletions, as 

well as the absence of significant off-target mutations in the purified viruses (Supplementary 

figure A.3, supplementary tables A.3 and A.4). Subsequently, the purified Arm-∆PolX and Arm-

∆PolX-∆MGF viruses were used for a safety study in animals (Study #2; Table 4.1). Here, we 

first analyzed the attenuation of the two recombinant viruses and then their ability to induce 

protection against a virulent challenge. 

In the animal study #2 (Figure 4.6), markedly different clinical outcomes were seen after 

intramuscular (IM) vaccination with 102 HAD50 of either Arm-∆PolX or Arm-∆PolX∆MGF 

viruses. All 6 animals that received the 102 dose of Arm-∆PolX died with acute ASF by 10 DPV, 

whereas 5/6 animals inoculated with 102 of the Arm-∆PolX-∆MGF lived until virulent ASF 

challenge at 28 DPV (Figure 4.7A). Body temperatures for the Arm-∆PolX group tended to be 

higher than for the Arm-∆PolX-∆MGF group, with a statistically significant difference at 5 and 7 

DPV (Figure 4.7B). Similarly, clinical scores for the Arm-∆PolX group showed a rapid increase 

beginning at 5 DPV, which persisted until all animals died or were humanely euthanized, 

whereas animals receiving the Arm-∆PolX-∆MGF virus developed little to no clinical 

symptoms. Statistically significant elevations in clinical score were observed for the Arm-∆PolX 

group at 6, 7, and 8 DPV (Figure 4.7C). ASFV p72-specific qPCR values in the Arm-∆PolX 

animals were consistent with the observed lack of attenuation for the Arm-∆PolX virus. All 

animals that received the Arm-∆PolX had detectable levels of ASFV DNA in whole blood by 5 

DPV, with maximum values approaching 108 CN/mL. ASFV DNA levels were significantly 

higher in the Arm-∆PolX group compared to the Arm-∆PolX-∆MGF group at 5 and 7 DPV 
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(Figure 4.7D). In the Arm-∆PolX-∆MGF group, 5/6 animals had detectable levels of ASFV 

DNA in blood at 5 DPV, and all animals that survived vaccination maintained detectable levels 

of ASFV viral DNA until challenge at 28 DPV, albeit with a trend toward decreasing 

concentrations of viral DNA over time (Figure 4.7D). One animal in the Arm-∆PolX-∆MGF 

group (#291) did not develop detectable levels of ASFV DNA at any time point post-vaccination 

up to the time of challenge. These results indicate that a deletion of PolX by itself does not lead 

to attenuation, while the presence of the additional deletion at the 5′ end of the genome does 

produce attenuation at the 102-immunization dose. 

4.3.6 Immunization with Arm-∆PolX-∆MGF does not induce protection against 

virulent parental virus challenge 

To evaluate if immunization with Arm-∆PolX-∆MGF was able to induce protective 

immunity, five animals that survived immunization (5/6) were challenged with 102 HAD50 of 

the virulent parental Arm/07/CBM/c2 ASFV strain, with 6 additional animals serving as 

unvaccinated controls. A similar clinical course of disease was observed in both groups after 

challenge (Figure 4.8). All unvaccinated animals died at 8 DPC, whereas deaths in the 

Arm∆PolX-∆MGF group were staggered and occurred from 7–12 DPC; however, no statistically 

significant difference was present between both groups (Figure 4.8A). Animals in both groups 

were clinically healthy prior to, and at the time of, virulent challenge, then subsequently 

developed clinical symptoms characteristic of acute ASF. No significant differences in 

temperature or clinical scores were observed between unvaccinated and Arm-∆PolX∆MGF 

groups at any timepoint (Figure 4.8B, C). In the Arm-∆PolX-∆MGF vaccinated group, 4/5 

animals were qPCR positive for ASFV DNA prior to challenge, and the negative animal became 

positive by 5 DPC (Figure 4.8D). Unvaccinated animals began to show detectable levels of 
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ASFV DNA in blood at 3DPC, with all 6 animals showing qPCR positivity by day 7. No 

significant differences in viral DNA levels were seen between groups at any timepoint following 

the appearance of viremia in unvaccinated animals at 3 DPC. Since all animals showed evident 

signs, symptoms, and gross pathological lesions typical of acute ASF and there was no difference 

in clinical scores, survival time, or viral DNA levels after challenge between vaccinated animals 

and mock controls, histopathological evaluation of tissues after challenge was not performed. 

4.4 Discussion 

In this study, we generated a novel ASFV recombinant virus lacking the O174L gene 

encoding the viral polymerase PolX in COS-1 cells. While porcine PBMCs or macrophages have 

been used for LAV generation (Borca and Ramirez-Medina et al 2020; Chen et al 2020; Reis et 

al 2017; Gladue et al 2022; Teklue et al 2020), the use of primary cells for vaccine virus 

production lacks reproducibility, is expensive, and raises significant concerns regarding pathogen 

contamination and animal welfare. The COS-1 cell line is permissive for ASFV infection and 

could potentially be used for production and scale-up of an ASF LAV candidate (Gallardo et al 

2018; Monteagudo et al 2017; Pérez-Núñez et al 2022; Carrascosa et al 2011). However, the use 

of cell lines derived from animal species that are not natural hosts for ASFV might promote 

genetic alterations (e.g., deletions) in the ASF genome, as seen during the generation of the 

present recombinant virus. The appearance of large viral genome deletions and the presence of 

multiple viral subpopulations have previously been observed with wild-type ASFVs which were 

passaged in Vero cells (Krug et al 2015; Yanez et al 1995) or CV1 (Mazloum et al 2021) cell 

lines. Interestingly, genetic alterations on the 5′ end of the genome like those reported here have 

also been reported when a recombinant LAV candidate was grown in a porcine fetal kidney cell 

line (Borca and Rai et al 2021). The causes of these deletions, and specifically the deletion that 
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occurred during the generation and/or purification of the Arm-∆PolX mutant, are unknown. 

However, it could be pointed to errors during viral DNA replication driving aberrant homologous 

recombination as a hypothesis. The strong homology and sequence identity between MGF genes 

would favor the occurrence of deletions specifically in this area of the ASFV genome. This off-

target 5′ end deletion is not unprecedented, as the ends of the ASFV genome, particularly the 5′ 

end, are frequently deleted upon passage in cell lines, but not in primary porcine macrophages 

(Krug et al 2015; Yanez et al 1995; Borca and Rai et al 2021; Wang and Wang et al 2021). MGF 

members are known to play important roles in host immune response modulation but are 

dispensable for in vitro growth (O’Donnell et al 2015; Golding et al 2016; Li and Liu et al 2021). 

Therefore, we hypothesized that a recombinant ASFV virus harboring this extra-deletion on the 

5′ end would confer further attenuation in vivo. 

Viral genetic stability is a key issue involved in the generation of recombinant ASFVs 

in cell lines. Particular attention must be paid to unexpected off-target deletions/insertions/ 

duplications that may arise during the generation of a recombinant virus prototype. Here, we 

have developed an NGS analysis approach for the detailed genetic characterization of our 

recombinant prototype virus, Arm-∆PolX. Although minor genetic variations such as indels or 

SNPs were not detected, an unexpected deletion in the 5′ end of the genome was identified, 

encompassing 26 kb and more than 40 viral genes, some of which have been attributed to play a 

role in host immune response modulation (O’Donnell et al 2015; Li and Liu et al 2021; Neilan et 

al 2002; Zsak et al 2001). Analysis of the original stock by conventional PCR, coupled with 

Sanger sequencing and qPCR quantification, allowed us to determine that the virus stock was 

composed of two viral subpopulations—a major population containing deletions of both the 

PolX gene and the 26 kb 5′ genome fragment (Arm-∆PolX-∆MGF), and a second minor 
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population possessing only the single PolX gene deletion (Arm-∆PolX). Different virus 

population dynamics were observed in pigs inoculated with this original mixed virus stock at low 

and high doses. Animals that were inoculated with the low dose (102 pfu) showed dominant 

replication of the Arm-∆PolX-∆MGF virus, while in animals that were inoculated with the high 

dose (104 pfu), the Arm-∆PolX virus became the dominant population, despite this variant being 

a low proportion (1:1000) of the inoculum. This indicates a superior fitness of the single gene 

deletion mutant Arm-∆PolX over the double gene deletion mutant Arm-∆PolX-∆MGF in vivo. 

We hypothesize that this difference in fitness is due to the ability of the MGF genes, which are 

present in the single gene deletion mutant Arm-∆PolX, to modulate the host immune response 

(O’Donnell et al 2015; Li and Liu et al 2021; Neilan et al 2002; Zsak et al 2001).  

All animals inoculated with the high dose of virus stock died between 6 and 11 DPV, 

suggesting a correlation between high virulence and mortality and the presence of the single 

gene-deleted ∆PolX virus. This was confirmed by separately isolating and purifying the Arm-

∆PolX and Arm-∆PolX-∆MGF ASFVs and inoculating pure virus stocks into piglets as part of 

the second animal experiment. All animals that received purified Arm-∆PolX succumbed to a 

virus infection characteristic of virulent ASFV. In contrast, 5/6 animals that received the double-

deletion Arm-∆PolX-∆MGF virus alone survived vaccination, indicating reduced virulence for 

this double-deleted recombinant virus. The marker used to replace O174L in both prototypes, 

GFP, has been used in other LAV prototypes previously (Pérez-Núñez et al 2022) and has no 

relevance to ASFV virulence. However, despite attenuation, none of the animals receiving Arm-

∆PolX-∆MGF were protected against challenge with the virulent parental ASFV strain, 

indicating the attenuated Arm-∆PolX-∆MGF virus does not induce protective immunity. These 

results suggest that, although PolX may have a relevant function in vitro in maintaining the 
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integrity of the viral DNA during viral replication within the oxidative environment of the 

macrophage (Redrejo-Rodriguez et al 2013), this was not clearly evident in vivo; we did not find 

mutations or genomic rearrangements in the single gene-deleted ∆PolX viruses isolated from 

pigs at 7 DPV. Importantly, deletion of the PolX gene alone is insufficient to attenuate the virus, 

as evidenced by the mortality observed in animals infected with the single gene-deleted Arm-

∆PolX virus. These data were also recently confirmed with another genotype II ASFV virus, 

Georgia 2010, where the ∆O174L ASFV mutant presented a clinical form of the disease that is 

indistinguishable from that induced by the parental virulent strain (Ramirez-Medina and 

Velazquez-Salinas et al 2023). In contrast, pigs harboring the double gene deletion mutant Arm-

∆PolX/∆MGF at 7 DPV did not show clinical signs, indicating attenuation of the Arm-∆PolX-

∆MGF virus. 

The ASFV MGF genes encompass five different gene families containing around 

47 individual genes (Zhu et al 2021). Although the functions of a few individual proteins 

encoded by the MGFs have been described (Li and Liu et al 2021; Li and Yang et al 2021; Ding 

and Dang et al 2022a; Zhuo et al 2021), the functions of many still remain unknown. Certain 

MGF elements are absent from the naturally attenuated strains NH/P68 and OURT88/3, which 

both confer protection against homologous and heterologous challenge (Gallardo et al 2018; 

King et al 2011). Accordingly, attempts to generate LAVs derived from virulent strains with 

targeted deletions of these MGF genes, mainly within the MGF360 and MGF505 families, have 

been described (Chen et al 2020; O’Donnell et al 2015; Reis et al 2016). Most of the MGF360 

and MGF505 genes are present in our recombinant Arm-∆PolX-∆MGF virus, indicating the 

existence of new putative target genes for the development of novel LAVs. 

Previously, it has been described that after the adaptation of the LAV G-∆I117L to grow 
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in the PIPEC cell line, around 10 kb from the 5′ arm of the genome was deleted, although the 

new recombinant G-∆I177L/∆MGF maintained the same complete attenuation phenotype as the 

parental, as well as protection against virulent challenge. This deletion encompassed 8 genes that 

were deleted in our LAV prototype: MGF 360-6L, X69R, MGF 300-1L, MGF 300-2R, MGF 

300-4L, MGF 360-8L, MGF 360-9L, and MGF 360-10L (Borca and Rai et al 2021). Hence, 

these genes seem to be lost during adaptation of cell line growth, and their potential role in 

attenuation could not be excluded. In addition, the function of other genes also deleted in the 

Arm-∆PolX-∆MGF prototype has been described. Among them, some have been directly 

implicated in virulence, such as MGF 110-9L (Li and Liu et al 2021) or MGF 360-10L (Li D. 

and Peng et al 2023; Rathakrishnan et al 2022), while in others, it has been ruled out, as in the 

case of MGF 360-1L (Ramirez-Medina et al 2020) or MGF 110-5L-6L (Ramirez-Medina et al 

2022b). 

Deletion of MGF family genes in Arm-∆PolX-∆MGF occurring during generation or 

growth of the recombinant virus in COS-1 cells leads to attenuation of the recombinant virus if 

compared to Arm-∆PolX. However, their deletion does not lead to protection against virulent 

challenge. One possible explanation is that the in vivo growth of the Arm-∆PolX-∆MGF 

prototype does not trigger an effective immune response due to the low dose used. Indeed, 

previous work has shown that particular prototypes fail to protect with immunizations at low 

doses, such as 103, but are effective in protection at higher doses, such as 106 (Monteagudo et al 

2017), although in some cases, they may carry safety concerns. Since immunization with Arm-

∆PolX-∆MGF was performed at the dose of 102, it would not be ruled out that at higher doses 

protection against virulent challenges could be achieved, although it would remain to be 

determined whether the prototype under these conditions remains completely safe. 
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4.5 Conclusions 

In conclusion, our results demonstrate that deletion of the PolX gene alone in a prototype 

genotype II ASFV is not sufficient to abrogate ASFV virulence in vivo. Amplification of the 

single gene deletion Arm-∆PolX-virus in COS-1 cells led to an additional large 5′ end deletion 

encompassing multiple MGF genes, which did result in attenuation in vivo. However, 

immunization with the Arm-∆PolX-∆MGF virus did not induce protection against challenge with 

the virulent parental ASFV strain. Additional studies will be required to evaluate the 

phenomenon involved in the establishment of off-target deletions at the 5′ end of the ASFV 

genome during the generation of a recombinant virus by homologous recombination or via 

CRISPR/Cas9 technology and to determine which specific MGF element deletions are associated 

with an attenuated ASFV phenotype of the double-deletion mutant Arm-∆PolX-∆MGF. 
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4.6 Figures and tables for chapter 4 

Figure 4.1 Generation of the recombinant Arm-∆PolX virus 

 
(A) Schematic for the generation of Arm-∆PolX. Representation of the original wild-type 

Arm/07/CBM/c2 genome and the homologous recombination (HR) vector that contains the 

EGFP gene under the control of the p72 promoter and the flanking regions of the O174L gene 

(upper two images). The resulting recombinant Arm∆PolX virus is shown in the bottom genome 

schematic. (B) GFP-positive COS-1 cells were identified using fluorescence microscopy, 

indicating generation of the recombinant Arm-∆PolX virus. (C) Specific amplification of either 

GFP cassette (arrow) or O174L gene (arrowhead) from Arm-ΔPolX or pFL-O174L vector 

control, by PCR. 
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Figure 4.2 Analysis of the 5′ end deletion in Arm-∆PolX-∆MGF 

 
(A) Whole genome coverage plot using Illumina reads of the recombinant Arm-ΔPolX-ΔMGF 

virus mapped to the ASFV Arm/07/CBM/c2 genome. (B) Genomic map of Arm07 showing the 

putatively deleted region in the 5′ end of the genome. (C) PCR amplification of 1,260 bp 
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amplicon confirming the 5′-end GAP. (D) Whole genome coverage plot using Illumina (above) 

or ONT (below) reads of the recombinant Arm-ΔPolX-ΔMGF virus mapped to the de novo 

assembled genome of Arm-ΔPolX-ΔMGF. (E) Pairwise alignment between the Arm/07/CBM/c2 

parental genome and Arm-ΔPolX-ΔMGF using Snapgene Software (Version 3.2.1). 
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Figure 4.3 Map and qPCR of 5' MGF deletions 

 



162 

(A) Genomic map of Arm/07/CBM/c2 showing the putatively deleted region in the 5′ end of the 

genome and the four MGF genes targeted for PCR and qPCR analysis (blue). (B) PCR 

amplification of the indicated genes from DNA of wild-type Arm/07/CBM/c2 (WT), Arm-∆PolX 

(∆), or negative control (C-). (C) DNA detection by qPCR of MGF110-1L, MGF360-1L, 

MGF360-4L, MGF360-9L, B602L, and O174L (PolX) genes in wild-type Arm/07/CBM/c2 and 

the recombinant virus stock. Significance is denoted as * p < 0.05, ** p < 0.01, and *** p < 

0.001. 
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Figure 4.4 Clinical safety profile study of pigs inoculated with the mixed Arm-∆PolX-/Arm-

∆PolX-∆MGF inoculum 

 
(A) Average daily temperatures of pigs receiving a 102 (blue) or 104 (orange) pfu dose of the 

mixed Arm-∆PolX-/Arm-∆PolX-∆MGF inoculum, revealing an increase in average body 

temperature in pigs receiving the higher dose. (B) Survival analysis of piglets receiving a 102 

(blue) or 104 (orange) pfu dose of the mixed Arm-∆PolX-/Arm-∆PolX-∆MGF inoculum. (C,D) 

Quantitative PCR (qPCR) was performed on pig blood to detect ASFV the B646L (p72) gene in 

pigs receiving the 102 pfu (C) or 104 pfu (D) dose of the Arm-∆PolX-/Arm-∆PolX-∆MGF mix. 

(E,F) Clinical scores of pigs receiving the 102 pfu (E) or 104 pfu (F) dose of the Arm-∆PolX-

/Arm-∆PolX-∆MGF mix. Total scores were calculated based on several parameters, including 

fever (0–4), liveliness (0–3), body shape (0–3), respiratory function (0–3), neurological signs (0–

3), skin lesions (0–3), ocular/nasal discharge (0–3), and digestive signs (0–3). 
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Figure 4.5 Quantitative PCR (qPCR) to detect various ASFV genes 

 
qPCR was performed to detect the B646L (p72), MGF360-1L, MGF110-1L, MGF360-4L, 

MGF360-9L, and O174L (PolX) genes. Samples tested are: (i) wild-type Arm/07/CBM/c2 and 

the mixed Arm-∆PolX/Arm-∆PolX-ΔMGF virus stock used in the in vivo studies; (ii) blood 

collected on 7 DPV from pigs receiving the 102 pfu dose of the virus stock (Study #1); and (iii) 

blood collected on 7 DPV (or 5 DPV; pig #2199) from pigs receiving the 104 pfu dose of the 

virus stock (Study #1). The relative amount of the B646L (p72) gene in relation to MGF genes 

provides insight into the relative amount of the single gene-deleted Arm-∆PolX virus versus the 

double-deleted Arm-∆PolX-∆MGF virus present in the respective pigs’ blood at the indicated 

time point. 

  



165 

Figure 4.6 Overview of vaccination and challenge experiment 

 
Piglets were divided into three groups of 6 animals each. Groups 1 and 2 were vaccinated IM 

with 102 HAD50 Arm-ΔPolX or Arm-ΔPolX-ΔMGF, with group 3 serving as unvaccinated 

controls. After 28 days, the surviving vaccinated animals and controls were challenged IM with 

102 HAD50 Arm/07/CBM/c2. Necropsies were performed at the time of animal death or were 

scheduled for 14 days post-challenge for any animals surviving the challenge. Scheduled blood 

collections were performed on days listed in red. 
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Figure 4.7 Arm-ΔPolX-ΔMGF is attenuated in vivo while Arm-ΔPolX retains its virulence 

 
(A) Survival curves for Arm-ΔPolX and Arm-ΔPolX-ΔMGF vaccine groups. Curves were 

compared using the Mantel–Cox test. (B) Daily body temperatures for Arm-ΔPolX and Arm-

ΔPolX-ΔMGF vaccine groups. (C) Daily clinical scores for Arm-ΔPolX and Arm-ΔPolX-ΔMGF 

vaccine groups. (D) qPCR values for Arm-ΔPolX and Arm-ΔPolX-ΔMGF groups from 

vaccination to challenge. Graphs were compared using multiple Mann–Whitney tests, and 

significant differences were noted at specific timepoints. For all panels, significance is denoted 

as * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4.8 Arm-ΔPolX-ΔMGF does not protect against a homologous virulent challenge 

 
(A) Survival curves for Arm07ΔPolX-ΔMFG vaccinated and unvaccinated animals. Curves were 

compared using the Mantel–Cox test. (B) Daily body temperatures for Arm-ΔPolX-ΔMGF and 

unvaccinated animals. (C) Daily clinical scores for Arm-ΔPolX-ΔMGF and unvaccinated 

animals. (D) qPCR values for Arm-ΔPolX-ΔMGF and unvaccinated animals. All graphs were 

compared using multiple Mann–Whitney tests but no significance differences at specific 

timepoints were found. 
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Table 4.1 Outline of the in vivo study designs 

Study Pig ID Vaccine Virus 
Immunization 

Dose 
Challenge Virus 

Challenge Virus 

Dose 

Study #1 

Safety Study 

2055 

Mixed population 

Arm-∆PolX/Arm-

∆PolX-∆MGF 

102 pfu 

intramuscular 

None Not applicable 

2056 

2057 

2059 

1866 

2268 

104 pfu 

intramuscular 

2271 

2082 

2191 

2199 

Study #2 

Safety and efficacy 

Study 

292 

Purified 

Arm-∆PolX 

102 pfu 

intramuscular 

Not applicable 

(All animals died 

prior to challenge) 

Not applicable 

294 

295 

298 

300 

302 

291 

Purified  

Arm-∆PolX-∆MGF 

102 pfu 

intramuscular 
Arm/07 

102 HAD50 

intramuscular 

293 

296 

297 

299 

301 

Unvaccinated Not applicable Arm/07 
102 HAD50 intra-

muscular 

304 

305 

308 

309 

311 
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Table 4.2 Illumina sequencing statistics and variant analysis of virus recovered from 

vaccinated animals #2271 (7 DPV) and #2268 (5 DPV) compared to Arm/07/CBM/c2 

genome 

Vaccinated Animal Mean Coverage SNP Indels  

#2268 85.7 0 0  

#2271 101.2 2 0  
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Chapter 5 - Concluding Remarks 

ASFV remains a significant threat to global pork production in part due the lack of 

effective, commercially available vaccines in non-endemic countries. The complex biology of 

ASFV has made progress toward vaccine development frustratingly slow. While it is well 

established that protective immune responses against individual ASFV isolates can be achieved, 

knowledge of specific details including critical viral proteins, the role of virus-specific 

antibodies, the significance of CD8+ lymphocyte populations, and the immune parameters which 

are predictive of protection, is incomplete. Also, reliable protection against heterologous ASFV 

strains has remained elusive. Additionally, host immune responses are a major driving force for 

ASFV pathogenesis, but the differences between protective, non-protective and pathological 

immune responses to ASFV infection are ill-defined. Finally, the large variability in genome 

content and virus virulence which can exist between different virus isolates makes it difficult to 

draw broad conclusions on ASFV biology from individual studies.  

The work presented here represents a multiyear effort to gain additional insight in the 

realm of ASFV immunology and the relevance of specific proteins to ASFV virulence. In 

Chapter 2, the progression of acute ASF in domestic pigs was assessed using multiple techniques 

to identify immunological changes associated with fatal ASFV infection to enhance our 

understanding of ASFV pathogenesis. Changes in the host transcriptome could be identified in 

blood as early as 1 DPC. While early changes were related to downregulation of processes in 

protein synthesis and peptide metabolism, changes late in infection were characterized by 

significant enrichment of innate and antiviral immune pathways. In plasma, IFN-α was the first 

cytokine to become significantly elevated following infection, and this coincided with the onset 

of clinical disease in infected animals. Prior to death, significant increases of proinflammatory 



171 

cytokines TNF-α and IL-12p40 became apparent in plasma. While plasma levels of the anti-

inflammatory cytokine IL-10 rose sharply shortly before death, this was not accompanied by any 

change in levels of immunoregulatory TGF-β1. Progressive lymphopenia was primarily 

mediated by decreases in B and NK cell populations, and CD4+CD8+ double positive T cells 

were the only T cell subset to significantly increase from baseline during ASFV infection. 

Monocyte and macrophage populations followed a wavelike trend, with decreases during early 

infection followed by a brief recovery then terminal decline. Mature CD203a+ macrophages, 

which were a very minor cell population prior to ASFV challenge, showed a highly significant 

abrupt spike at 7 DPC, immediately prior to death. Overall, these results show acute ASF is 

characterized by the rapid development of a massive proinflammatory response which coincides 

with the onset of clinical disease, coupled with minimal or insufficient activation of 

immunoregulatory pathways and negative feedback loops. 

Chapter 3 examines the role of host CD1d in ASFV biology in pigs. The identification of 

CD1d as a cellular receptor for ASFV internalization by CME led to the hypothesis that 

disruption of the CD1D gene in domestic pigs would impact ASFV replication and disease 

progression. To evaluate this, we infected CD1d KO pigs created through a CRISPR-Cas9 

system with virulent genotype II ASFV MNG19 strain. The lack of porcine CD1d had minimal 

impact on disease progression or virus replication, indicating it is not an essential host factor for 

ASFV replication. 

In Chapter 4, the ASFV protein PolX was evaluated for its potential role in virus 

replication and virulence in pigs. This protein is encoded by the viral O174L gene and functions 

in maintaining viral genome integrity; it has previously been shown to be nonessential for ASFV 

replication in cell culture (García-Escudero et al 2003; Redrejo-Rodríguez et al 2013). We 
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hypothesized that deletion of O174L from the ASFV genome would promote the accumulation 

of deleterious mutations during virus replication, potentially leading to virus attenuation. To test 

this hypothesis, we inoculated pigs with different doses of an Armenia 2007 ASFV lacking the 

PolX gene (Arm-∆PolX) along with a second mutant lacking both the PolX gene and multiple 

MGF elements (Arm-∆PolX-∆MGF). Our results show PolX is dispensable for ASFV replication 

and virulence in pigs. While the Arm-∆PolX-∆MGF virus was attenuated in domestic pigs, Arm-

∆PolX induced lethal disease and outcompeted Arm-∆PolX-∆MGF when viruses were co-

administered. The deletion of PolX did not produce an increase in viral genome mutations during 

virus replication, and animals inoculated with Arm-∆PolX-∆MGF were not protected from 

challenge with homologous parental Armenia 2007. These results provide valuable insight into 

the role of PolX during in vivo ASFV infection and indicate that targeted deletion of PolX is not 

a successful avenue for ASFV vaccine development. 

Additional research into ASFV biology and basic immunology are needed to develop 

rationale vaccines to combat the ongoing threat posed by this pathogen. Determination of 

correlates of protection is critical to develop safer, subunit or vectored ASFV vaccines and the 

identification of additional viral genes essential for ASFV virulence is needed for the 

development of safer MLVs. In particular, viral genes which modulate the immunological 

processes governing ASFV pathogenesis are ideal targets for the generation of attenuated ASF 

viruses. Additional knowledge into the specific immune responses associated with negative 

outcomes following ASFV infection or vaccination could enable rational vaccine design. Finally, 

detailed knowledge on the host factors critical for ASFV replication in pigs could facilitate the 

development of genetically modified, ASFV resistant or resilient pigs; further investigation in all 

of these areas is urgently warranted. 
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Appendix A - Supplementary Material for Chapter 4 

Supplementary figures for chapter 4 

Figure A.1 Arm/07/CBM/c2 and Arm-∆PolX-∆MGF growth in PAM or COS-1 cells 

 
PAM or COS-1 cells were infected with either Arm/07/CBM/c2 WT or Arm-∆PolX-∆MGF at 

MOI= 2. At the indicated times post infection, total virus was recovered and titrated by HAD 

assay as indicated in Materials & Methods. 
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Figure A.2 Whole genome coverage plot using Illumina reads of the virus recovered from 

animal #2268 mapped to the ASFV Arm/07/CBM/c2 genome  
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Figure A.3 Whole genome coverage plots using Illumina reads of the isolated viruses Arm-

ΔPolX (A) and Arm-ΔPolX-ΔMGF (B) mapped to the ASFV Arm/07/CBM/c2 genome 
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Supplementary tables for chapter 4 

Table A.1 Daily body temperatures (˚C) of pigs in the initial in vivo safety Study #1 

 

Table A.2 Clinical sign scores of pigs in the initial in vivo safety Study #1 
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Table A.3 Illumina sequencing statistics and variant analysis of isolated viruses Arm-

ΔPolX mapped to Arm/07/CBM/c2 genome 

Position Variant Gene Effect 

14005 ACC → AC/A MGF 110-14L Frameshift. Fusion 

protein with MGF 

110-11L 

21575 C → CG Intergenic region - 

 

Table A.4 Illumina sequencing statistics and variant analysis of isolated viruses Arm-

ΔPolX and Arm-ΔPolX-ΔMGF mapped to Arm/07/CBM/c2 genome 

Position Variant Gene Effect 

39769 AT → A Intergenic region - 

80844 G → GA M448R Frameshift. 

Lys203STOP. 

106814 C → A B117L Gly74Val 

185703 A → G Intergenic región - 

186119 A → T MGF 360-19R Lys34STOP 
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