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1.1. Porcine circovirus type 2  

1.1.1. History of porcine circoviruses  

In 1982, Tischer et al. described a small virus which chronically and noncytopathically infected 

the porcine PK-15 cell line (ATCC-CCL31) [1]. Antibodies against this virus were only 

detected in pigs. Interestingly, all known animal viruses at that time did not exhibit the similar 

physicochemical properties of this virus. Similarities existed only with several plant pathogens 

comprising the group of geminiviruses. This virus was named porcine circovirus (PCV). Before 

this designation, PCV was initially discovered in 1974 as a potential picornavirus-like agent, 

supposedly containing an RNA genome [2]. It turned out later that the viral nucleic acid was a 

circular single-stranded DNA (Figure 1A) [1]. The diameter of PCV particles was shown to be 

17 ± 1.3 nm (Figure 1B). Later, serological surveys in several countries revealed a high 

prevalence of anti-PCV antibodies in the swine population [3-7]. Despite this, no swine 

diseases could be associated with this virus neither in the field nor under experimental 

conditions [3, 8, 9]. Hence, it was generally accepted that PCV is non-pathogenic to pigs [3, 7, 

8].  

 

Figure 1. Electron micrograph of (A) PCV DNA (black arrow head) in comparison to that of 

bacteriophage Ф174 DNA (white arrow head) and (B) purified PCV particles. Bar = 100 nm. Figure 

was adapted from Tischer et al. (1982) [1] and G. Misinzo, PhD thesis, Ghent University.  

In 1997, a new virus, which exhibited a similar morphology as the PK-15 originated PCV, was 

first identified in pigs affected with postweaning multisystemic wasting syndrome (PMWS) 

[10]. In 1991, PMWS was first reported in Western Canada [11, 12], and it took several years 

before the etiological virus was successfully isolated. Despite the morphological similarity, the 

new DNA virus and the early-identified PCV exhibited distinct genetic and antigenic 

characteristics [13-17]. Therefore, the PK-15 originated PCV was designated as porcine 
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circovirus type 1 (PCV1) and the new DNA virus was named as porcine circovirus type 2 

(PCV2) [13, 16]. Retrospective serological studies performed on archived samples confirm 

PCV2 infections from 1962 in Germany, 1969 in Belgium, 1970 in the United Kingdom, 1973 

in Ireland and 1985 in Spain and Canada [18-23]. This demonstrated that PCV2 circulated 

years prior to its identification. 

In 2016, a new porcine circovirus, which is genetically divergent from the previous PCVs, was 

identified by metagenomic analysis from sows with clinical signs resembling those observed 

during porcine dermatitis and nephropathy syndrome (PDNS) outbreaks [24]. This virus was 

named porcine circovirus type 3 (PCV3). The first retrospective investigation demonstrated the 

presence of PCV3 in approximately 65% of the clinical samples with lesions that were 

representative of PDNS and PMWS from 2010 till 2016 [24]. To date, PCV3 presence has been 

reported in the United States [24], China [25, 26], South Korea [27], Thailand [28], Brazil [29], 

Italy [30], England [31], Spain [32], Sweden [33] and Poland [34]. Interestingly in Sweden, 

PCV3 was detected in samples that were collected in 1993 [33]. Nowadays, PCV3 is 

considered as a potential pathogen associated with PMWS, PDNS, and reproductive failure in 

pigs [24-26, 34]. 

1.1.2. Taxonomy of porcine circoviruses 

PCVs have small, circular and single-stranded DNA (ssDNA) genomes. They are classified in 

the family of Circoviridae according to the International Committee on Taxonomy of Viruses 

(ICTV) (Table 1) [35]. Members of this family are further divided into two genera, Circovirus 

and Cyclovirus [36]. The genus Gyrovirus which was historically classified in the family 

Circoviridae has been reassigned to the family Anelloviridae, a separate lineage of animal 

viruses that also contains circular ssDNA genomes [36]. Members of the genera Circovirus 

and Cyclovirus are distinguished by the position of the origin of replication relative to the 

coding regions and by the length of the intergenic regions. Viruses of the genus Circovirus 

have only been identified in vertebrates with PCV1 as prototype species, whereas members of 

the genus Cyclovirus have been identified in both vertebrates and invertebrates with human-

associated cyclovirus 8 as prototype species [37]. Besides PCVs, the genus Circovirus includes 

barbel circovirus, bat associated circovirus, beak and feather disease virus, canary circovirus, 

canine circovirus, chimpanzee faeces associated circovirus, duck circovirus, European catfish 

circovirus, finch circovirus, goose circovirus, gull circovirus, human faeces associated 

circovirus, mink circovirus, pigeon circovirus, raven circovirus, starling circovirus, swan 
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circovirus and zebra finch circovirus. Members of the genus Cyclovirus are predominantly bat-

associated, dragonfly-associated and human-associated viruses 

(www.ictv.global/report/circoviridae; last accessed on February 26th, 2019). 

Table1. Characteristics of the family Circoviridae [35]. 

Virion Non-enveloped, icosahedral T=1 symmetry, 15-25 nm diameter 

Genome Monopartite, circular, single-stranded DNA of 1.7-2.1 kb 

Replication Rolling circle replication 

Translation From at least two mRNAs encoding the replication-associated and capsid proteins 

Host Range Circovirus: mammals, birds and fish; Cyclovirus: unconfirmed for most species 

Taxonomy More than 70 species in the genera Circovirus and Cyclovirus  

Besides the family Circoviridae, six different families consist of ssDNA viruses as well. They 

are divided based on their genome nature (linear or circular) and host range. Members of the 

Parvoviridae family have linear genomes while those of other families have circular genomes. 

The Inoviridae and Microviridae infect bacteria; the Anelloviridae infect vertebrates; the 

Parvoviridae infect vertebrates and invertebrates; and the Geminiviridae and Nanoviridae 

infect plants (https://talk.ictvonline.org/ictv-reports/ictv_9th_report/ssdna-viruses-

2011/w/ssdna_viruses; last accessed on February 26th, 2019).  

1.1.3. Structural and genomic organization of porcine circoviruses 

PCVs are small non-enveloped icosahedral viruses with a diameter of 17±1.3 nm [1]. The 

virion has a T = 1 structure which is comprised of 12 flat pentameric morphological units 

(Figure 2) [38]. Each unit consists of five capsid protein subunits. The PCV2 subunit folds like 

a canonical viral jelly roll which was first described for tomato bushy stunt virus [39, 40]. The 

fold is a β-sandwich composed of two sheets and each sheet is formed with four antiparallel β-

strands. The eight β-strands are connected with short (four to nine residues) or long (21 to 36 

residues) loops (Figure 2). The long loops stabilize the capsid together with the neighbouring 

loops and are related with the capsid surface features [40]. The capsid has a thickness of about 

2.5 nm, while the inner surface of the protein shell has a radius of about 7.5 to 8 nm [38]. On 

both the interior and exterior surface of the capsid exist interactions between the sulfate anions 

and arginine residues. The exterior sulfate interaction sites may serve as the binding sites of 
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PCV2 with heparan/chondroitin sulfate, while the interior ones may represent the phosphate 

binding sites of the packaged ssDNA genome [40]. The covalently closed circular PCV2 

genome is inside the protein shell and has a radius of about 6.5 nm [38]. The structure of PCV3 

virion has not been described yet. 

 

Figure 2. The diagram of PCV2 CS virus like particles (VLPs) is an assumed biological molecule 

(biological assembly) (taken from PDB accession no. 3R0R). Sixty capsid proteins form an icosahedral-

shaped PCV2 virion (left). Stereoscopic representation of a ribbon diagram of the PCV2CS VLP is 

shown (middle). The secondary structures of the PCV2 capsid protein is exhibited in a ribbon diagram, 

with the N and C termini labelled using blue and red spheres, respectively (right). CS: consensus 

sequence. Khayat et al. (2011) [40].  

The PCV genome contains stem-loop structures at the origin of DNA replication where a well-

conserved nonanucleotide motif is present [41]. The genome size of PCV1 is 1758-1760 bp, 

while the PCV2 genome is 1766-1769 bp (Figure 3) [16, 42]. The overall nucleotide sequence 

homology within PCV1 or PCV2 isolates is greater than 90%, while the homology between 

PCV1 and PCV2 is only 68 to 76% [15, 17]. PCV1 and PCV2 have a similar genome 

organization, possessing 11 computationally predicted overlapping open reading frames (ORFs) 

[15]. The three major ORFs in PCV1 and PCV2 are ORF1, ORF2 and ORF3.  

ORF1 is located clockwisely on the positive strand of the PCV genome (Figure 3). It is 

conserved between PCV1 and PCV2, with 83% nucleotide identity and 86% amino acid 

identity [16, 17, 43, 44]. ORF1 encodes two viral replication-associated proteins, Rep (35.7 

kDa) and its alternatively spliced frame-shift variant Rep’ (20 kDa) [45-48]. They initiate the 

transcription and are thus essential for viral replication [45-48]. Mutations in either Rep or Rep’ 

abolish 99% of the viral protein synthesis and the subsequent viral DNA replication is 

completely shut down [49, 50]. Rep consists of 312 amino acids (aa) for PCV1 and 314 aa for 

PCV2, while rep’ comprises of 168 aa and 178 aa for PCV1 and PCV2, respectively [15].  
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ORF2 is located counter-clockwisely on the negative strand of the viral genome (Figure 3). 

This region is more variable compared with ORF1, with only 67% and 65% homology at 

nucleotide and amino acid levels, respectively [15-17, 42, 51, 52]. ORF2 encodes the sole 

structural capsid protein (Cap, 27.8 kDa) [53]. The capsid protein plays an important role in 

the pathogenesis of PCV2 [15, 53, 54]. Mutation of even one or two amino acids in the Cap 

may alter the virulence and antigenicity of PCV2 [55, 56]. The capsid protein consists of 230-

233 aa for PCV1 and 233-236 aa for PCV2 [15, 53, 55, 57]. 

ORF3 is located counter-clockwisely on the complementary strand and is embedded within 

ORF1 (Figure 3) [15-17]. It encodes a non-structural protein which shares 62% amino acid 

identity between PCV1 and PCV2 [15, 16]. PCV2 ORF3 protein is not only responsible for the 

induction of apoptosis in vitro through the activation of caspase 3 and 8 pathways [58], but is 

also involved in viral pathogenesis in vivo. An ORF3-deficient PCV2 mutant is less pathogenic 

in mice than the wildtype PCV2 [59], and the abrogation of the ORF3 function attenuates PCV2 

in pigs [60]. Interestingly, the ORF3 of the non-pathogenic PCV1 is more toxic to different cell 

types and induces more apoptosis than PCV2 ORF3 [61]. The ORF3 protein consists of 206 aa 

(23.2 kDa) for PCV1 and 104 aa (11.9 kDa) for PCV2.  

 

Figure 3. Genomic organisation of PCVs. The three major open reading frames (ORFs) are shown with 

arrows. ORF1 is located clockwisely on the positive strand and encodes Rep and Rep’ (red arrows). 

ORF2 is located counter-clockwisely on the negative strand and encodes the capsid protein (green 

arrows). ORF3 of PCV1 and PCV2 is located counter-clockwisely on the negative strand and overlaps 

with ORF1, while ORF3 of PCV3 is oriented clockwisely on the same strand as ORF1, with two 

possible start codons resulting in different lengths. Figure was adapted from Fux et al. (2018) [62] and 

D. Saha, PhD thesis, Ghent University. 
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PCV3 has the largest ambisense genome among PCVs of 1999-2001 bp (Figure 3) [24, 62, 63]. 

Three putative ORFs have been proposed. ORF1 is the largest one and encodes a predicted 

297-aa protein, rep. The second putative Cap ORF, in the opposite orientation from rep, 

encodes a 214-aa protein which is 36-37% identical to PCV2. The third ORF, oriented on the 

same strand as the predicted rep ORF, encodes a 231-aa protein. The initiation codon for ORF3 

is unclear [24]. A start codon with TCG (nucleotide position 1900-1902) would result in a 231 

aa protein (ORF3231), whereas a methionine codon (ATG, nucleotide position 62-64) would 

yield a 177 aa protein (ORF3177) [24, 62]. More research needs to be done to uncover the 

pathogenesis of this virus. 

1.1.4. Phylogeny of PCV2 

Phylogenetic analysis using PCV2 complete genome or solely ORF2 sequence gives little 

difference amongst strains/isolates [64, 65]. Although PCV2 can undergo recombination 

mainly within the first part of the ORF1 region, the high identity of ORF1 gene within virus 

strains provides a lower phylogenetic signal. Therefore, the ORF2 gene alone can serve as the 

phylogenetic and epidemiologic marker for comparative analysis of PCV2 [64, 65]. 

Based on phylogenetic analysis of PCV2 genomic or ORF2 sequences, PCV2 can be divided 

into six subtypes (PCV2a-f) (Figure 4; PCV2f is not included in the figure). PCV2a and PCV2b 

have been documented worldwide [66]. PCV2a was the most prevalent genotype until 

approximately 2003 while since 2004 PCV2b became the predominant one [67]. This indicates 

an obvious genotype shift from PCV2a to PCV2b, which was described in several countries 

[67-73]. This shift on genotype prevalence coincided with the advent of the most severe 

outbreaks of PCVAD. However, under experimental conditions, the virulence of PCV2a and 

PCV2b does not differ significantly [74, 75]. PCV2c was detected in archived swine serum 

samples in Denmark with only three cases, and recently it was found in a feral pig in Brazil 

[70, 76]. This genotype is likely of minor importance. PCV2d strains can be traced back to 

1998 in Switzerland and is now widespread in many countries, suggesting a genotype shift 

from PCV2b to PCV2d [77-81]. PCV2d is divided into 2 subclades, PCV2d-1 and PCV2d-2 

[79]. The majority of PCV2d-1 strains were circulating during 1999-2011 while PCV2d-2 was 

first identified in 2006, indicating that PCV2d-1 is a possible ancestor of PCV2d-2 [79]. The 

fifth genotype, PCV2e, was first discovered in Mexican pigs and then in the United states in a 

retrospective study, with the earliest sequence dating back to 2006 [82, 83]. The last genotype, 

PCV2f, was first identified in China and is also present in Croatia, India and Indonesia [84]. 
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Figure 4. Phylogenetic trees of PCV2 based on the Neighbor-Joining method in the study of Liu et al. 

(2018) (left) and in the study of Bao et al. (2017) (right). Left: Ninety-five ORF2 genes of PCV2 Fujian 

isolates and representative PCV2 sequences in GenBank were used for phylogenetic analyses. Right: 

Twenty-three PCV2 isolates together with 54 reference sequences were used to construct the 

phylogenetic tree based on the ORF2 gene. PCV2a and PCV2f isolates in the study were indicated with 

solid triangles and circles, respectively [84, 85]. 

In Belgium, the presence of PCV2 infections was demonstrated in 1969 based on a 

retrospective serological analysis of PCV2 antibodies in domestic and feral pig populations 

[23]. Large PMWS outbreaks have never been described in Belgium [86, 87]. It is thought that 

the use of Piétrain boars for the production of hybrid fattening pigs forms the basis of this low 

susceptibility. Until now, based on the published information, only four Belgian strains were 

isolated from PMWS-affected piglets: strains 1206 and VC2002-K39 were identified as 

PCV2b, strain VC2002-K2 as PCV2d-1 and strain 4D4 as a recombinant strain of VC2002-K2 

and VC2002-K39 [55, 57, 79, 86, 88]. This published information may be an underestimation 

of the total number of PMWS strains and true prevalence of PMWS in the field. Despite 

continuous reports of newly emerging strains and global genotype shifts, there is little 

information available regarding the molecular epidemiology of PCV2 in Belgium. In this thesis, 

the genotypic evolution of PCV2 in Belgium from 2009 till 2018 will be described. 
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1.1.5. PCV2 associated diseases and genetic susceptibility among breeds 

The first reported disease that is associated with PCV2 is PMWS [10]. Pigs affected with 

PMWS exhibit typical severe growth retardation or wasting and other syndromes including 

lethargy, respiratory distress, dark-coloured diarrhoea, palpable or visible lymphadenopathy, 

pale skin and occasionally icterus [89-92]. In PMWS-affected farms, morbidity varies from 5 

to 20%, and mortality can reach up to 80% [89, 90, 93]. Besides PMWS, PCV2 is also related 

with other clinical diseases which include PDNS [94], reproductive failure [95-99], enteritis 

[100-102], proliferative and necrotising pneumonia (PNP) [103, 104] and respiratory diseases 

[105]. Based on the clinical and laboratorial findings, these disease cases are termed as PCV2 

systemic disease (PCV2-SD), PCV2 reproductive disease (PCV2-RD), PCV2 enteric disease 

(PCV2-ED), PCV2 lung disease (PCV2-LD). Together with PCV2 subclinical infection 

(PCV2-SI), they are collectively designated as PCV2-associated disease (PCVAD) or porcine 

circovirus diseases (PCVD) (Figure 5) [106, 107]. The inclusion of associated in the name is 

appropriate because PCV2 is linked with these diseases (as shown by the presence of PCV2 

antigens/nucleic acids in diseased pigs), but PCV2 is not the single cause of these diseases 

(except reproduction failure) as infection with PCV2 alone in most cases does not reproduce 

overt clinical disease [108].  

  

Figure 5. PCV2 associated diseases (PCVAD). Based on the clinical and laboratorial findings, PCVAD 

is divided into five categories: PCV2 systemic disease (PCV2-SD), PCV2 reproductive disease (PCV2-

RD), PCV2 enteric disease (PCV2-ED), PCV2 lung disease (PCV2-LD) and PCV2 subclinical infection 

(PCV2-SI). 
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PCV2 serological studies demonstrated that PCV2 infections occur all over the world [109]. 

However, the prevalence of clinical diseases is much lower, indicating that the subclinical 

infection is the most common form of PCV2 infection [107]. Progression from the subclinical 

infection to PCVAD is multifactorial, and not all pigs that are infected with PCV2 will develop 

clinical PCVAD [106]. The main factors that contribute to the disease progression include viral 

factors, immunomodulation, management-related factors and host factors [106]. Viral factors 

include possible differences in the virulence among PCV2 strains of same/different genotypes. 

Epidemiological studies indicated that PCV2b may be more virulent than PCV2a, because 

PCV2b is most frequently isolated from naturally occurring PMWS [70, 72, 73]. However, 

PMWS has been experimentally reproduced with both genotypes and several experimental 

studies have shown that PCV2a and PCV2b are equally pathogenic [74, 110, 111]. Pigs infected 

with heterologous (PCV2a/PCV2b or PCV2b/PCV2a) or homologous (PCV2b/PCV2b) strains 

developed clinical disease, and the severity of the clinical disease was significantly higher in 

pigs inoculated with the heterologous strains than homologous ones [112]. In contrast, in 

another study clinical disease could not be reproduced in pigs following dual infection with 

homologous (PCV2a/PCV2a) or heterologous strains (PCV2a/PCV2b) [113]. Consequently, 

no clear link has been established yet between a certain genotype and PMWS. 

Immunomodulation includes immunostimulation and immunosuppression [106]. The former 

can be achieved either by co-infections with pathogens, such as porcine parvovirus (PPV) [114], 

porcine reproductive and respiratory syndrome virus (PRRSV) [115, 116], Mycoplasma 

hyopneumoniae (Mhyo) [117] or by injection with immunostimulating products such as 

keyhole limpet hemocyanin and vaccines [118, 119]. However, immunostimulation does not 

always assure the enhanced level of PCV2 replication and/or PMWS [120-122]. 

Immunosuppression that is induced by cyclosporine or dexamethasone also results in an 

increased level of PCV2 replication in pigs without the development of clinical form of PMWS 

[123-125]. Interleukin-10 (IL-10)-induced immunosuppression is also associated with the 

development of clinical form of PMWS [126, 127]. Management-related factors, such as high 

stocking density and prevailing environmental conditions like temperature fluctuation within 

the pen, were also linked to the development of PMWS [128, 129]. 

Host genetics appears to influence the outcome of PCV2 infections. All breeds of pigs appear 

to be susceptible to PCV2 infection [91]. However, experimental studies have shown that 

Landrace pigs develop more severe lymphoid lesions and eventually clinical diseases, 

compared to Duroc, Large White and Piétrain pigs [130, 131]. A field study described a 
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significantly less frequent occurrence of PMWS-like clinical signs in purebred conventional 

Hampshire boars than in purebred conventional Yorkshire or Landrace boars [132]. Zhou and 

colleagues tested for the presence of PCV2 antibodies in sera collected from 46 swine farms in 

Zhejiang Province, and found a higher seroprevalence in Landrace sows than in Yorkshire and 

Duroc sows, although not significantly [133]. In the same year, McIntosh and colleagues 

detected PCV2 DNA in semen from Duroc and Landrace boars but not from Large White and 

Meishan synthetic pigs [134]. In PMWS-affected farms, the offspring from boar line purebred 

Piétrain showed the lowest post-weaning mortality and the highest body weight, whereas that 

from boar line 25% Large White x 75% Duroc exhibited the highest post-weaning mortality 

and the lowest body weight [135]. However, the same protective effect on the offspring by 

using Piétrain as boar line was not confirmed in another study [136]. In summary, the above-

mentioned observations are indicative for a genetic background effect on PCVAD clinical 

expression, but so far there is no specific knowledge on the mechanisms of susceptibility or 

resistance against the disease. Although experimental animal infection models are the golden 

method to study this issue, it is affected by multiple uncontrolled factors and is thus not always 

reproducible. This situation will be simplified in this thesis by examining the susceptibility of 

PCV2 target cells from different breeds, hopefully providing new insights into the complex 

pathogenesis of PCVAD. 

1.1.6. PCV2 and the immune system 

The interaction of PCV2 with the host immune system is an important factor influencing the 

progression of PCV2 infection towards PCVAD. The complexity of PCVAD is well illustrated 

by the lack of a consistent model to reproduce the disease under experimental conditions. A 

majority of studies based on the inoculation with PCV2 alone only achieved subclinical 

infections [137-139]. The most successful model to reproduce clinical diseases is to activate 

the host immune system, either by dual infections with PCV2 or another swine pathogen, such 

as PPV, PRRSV, Mhyo or adjuvants like Freund’s adjuvant and keyhole limpet hemocyanin 

or immune stimulation by vaccination [116-118, 131, 140]. It is postulated that the activation 

of the immune system increases PCV2 replication and could be a key factor for triggering the 

clinical diseases. However, even in the presence of these factors, reproducible results are 

difficult to obtain [115, 120, 140-143]. Concanavalin A, a plant lectin, could enhance PCV2 

replication both in vitro and in vivo however without any clinical signs [144]. Interestingly, a 

retrospective study of pigs with naturally occurring cases of PCV2 systemic disease revealed a 
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heterologous co-replication of PCV2a/2b isolates [145]. Until now, no unique trigger or 

molecular mechanism of immune suppression or stimulation has been identified so far. 

Pigs suffering from PMWS display severe lymphocytic depletion, affecting T- and B-

lymphocyte populations in lymphoid tissues and in the blood. The degree of depletion had a 

direct correlation with the amount of PCV2 antigens in tissues (Figure 6) [146-149]. Co-

infection with PRRSV has been shown to further worsen immune cell depletion [150]. Lin and 

colleagues found that 61 of 96 selected immune genes that were up-regulated during PCV2 

infection are mainly involved in the activation of dendritic cells and B- and T-lymphocytes 

[151]. Examination of the T-lymphocyte surface markers in neonatal pigs with and without 

PMWS revealed a state of activation with a higher level and an earlier expression of MHC-II 

on T and B cells and with a higher level of CD25 [interleukin-2 (IL-2) receptor] expression in 

diseased pigs [149]. Some studies report� an increase of pro-apoptotic gene expression and 

markers [152-155], whereas others contradict the role of apoptosis in PCV2 pathogenesis [141, 

156, 157]. Also, it is reported that PCV2 replication in a lymphoblastoid cell line could result 

in lysis of infected cells [158]. Moreover, virus interaction with follicular dendritic cells seems 

to interfere with maturation, survival and depletion of B cells [159]. This suggests that PCV2 

infection of dendritic cells and macrophages could indirectly lead to lymphocyte depletion in 

tissues observed in diseased pigs. At present, it is still not clear whether this lymphocytic 

depletion is a direct result of viral replication in lymphoid tissues [160, 161], or the indirect 

consequence of infection such as host cell apoptosis [152], decreased cellular proliferation 

[157], or the disruption of cell signalling pathways in response to infection [162]. 

 

Figure 6. PCV2-induced lymphoid depletion in the tonsils. PCV2 antigen was stained in brown by 

immunohistochemistry (IHC). The severity of lesions was positively correlated with the amount of 

PCV2 antigens, ranging from none (IHC score of 0) to severe (IHC score of 3). Opriessnig et al. (2007) 

[106].  
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Still, this lymphocytic depletion is generally believed to be the main cause of the slower and 

weaker PCV2-specific antibody response observed in PWMS-affected pigs when compared to 

subclinically PCV2-infected pigs [138, 163-166]. More specifically, PMWS-affected animals 

lack an efficient neutralizing antibody response [165, 166], but it is not known whether this 

impaired humoral immune response is a cause or a consequence of the high PCV2 loads that 

are observed in PMWS-affected pigs. PMWS also affects the cellular immune response. 

Examinations of cytokine mRNA profiles in serum and lymphoid organs from PMWS-affected 

pigs revealed a usual finding of high levels of IL-10 expression [126, 127, 167-169]. 

Interestingly, IL-10 is expressed at higher levels in bystander compared to PCV2-infected cells, 

suggesting that IL-10 production is the result of a paracrine action [126, 127]. Ex vivo data 

indicate that PMWS-affected animals also have elevated IL-10 levels in serum [169, 170]. In 

subclinically PCV2-infected pigs, a transient IL-10 response develops during the viremia phase 

of the infection [139, 171]. In vitro, stimulation of PBMCs from PMWS pigs with PCV2 results 

in high levels of IL-10. However, when stimulated with mitogen or superantigen, those PBMCs 

from PMWS pigs are less able to produce IL-2, IL-4 and IFN-γ, and exhibit a reduced 

proliferation activity compared with PBMCs from healthy pigs [167], indicating an altered 

pattern of response of lymphocytes. Regarding other cytokines, PCV2 has the ability to induce 

strong IL-1β and IL-8 responses in PBMC of both naïve and PCV2-infected pigs [171], a fact 

consistent with the chronic inflammatory nature of PMWS. 

In summary, the immune deregulation promoted by PCV2 infection is complex. The 

underlying mechanisms by which the vast majority of pigs effectively overcome the infection 

while some animals are unable to counteract the immunological imbalance induced by PCV2 

remain to be elucidated. 

1.1.7. Interaction of PCV2 with host cells 

In naturally PMWS-affected pigs and experimentally PCV2-inoculated pigs, PCV2 antigens 

and/or nucleic acids were found in various cell types including monocyte/macrophage lineage 

cells, dendritic cells, lymphocytes, hepatocytes, enterocytes, renal and alveolar epithelial cells, 

vascular endothelial cells, smooth muscle cells and fibroblasts [93, 160].  

1.1.7.1. PCV2 target cells 

PCV2 can infect pigs prenatally (embryonic and foetal development) and postnatally and the 

cellular tropism of PCV2 changes with age of pigs [109, 172]. Embryos remain resistant to 

PCV2 infection as long as they are protected by the zona pellucida (ZP) [173]. After hatching, 
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the hatched blastocysts are susceptible to PCV2 infection [173]. This infection in embryos 

induces embryonic death, subsequent resorption in the uterus, and return to oestrus in the 

majority of sows [174]. In foetuses, PCV2 targets cardiomyocytes, hepatocytes and cells of the 

monocyte/macrophage lineage [172, 175]. Extensive PCV2 replication in the heart leads to 

heart failure, which results in the development of ascites, hydrothorax, hydropericardium, 

oedema, congestion and finally death and mummification of the foetuses [176, 177]. With the 

increasing age of the foetuses (after 70 days of gestation), PCV2 replication decreases 

considerably, due to the development of the adaptive humoral immune response in foetuses 

and the reduced mitotic activity of the cells with the progression of gestation. Indeed, cells 

from the early foetal life exhibit more mitotic activity than those from the late foetal life or 

postnatal life [172, 178], and PCV2 needs cellular DNA polymerases of actively dividing cells 

to replicate its genome [179, 180]. In postnatal piglets, PCV2 mainly infects cells of the 

monocyte/macrophage lineage and lymphoblasts in various lymphoid organs and sporadically 

in enterocytes, pneumocytes, bronchial, bronchiolar, biliary, pancreatic acinar and ductular and 

renal tubular epithelial cells, hepatocytes, striated and smooth muscle cells, fibroblasts, neurons 

and vascular endothelial cells [114, 152, 160, 181, 182].  

In PCV2-affected lymphoid organs, lymphocyte depletion and monocyte infiltration are 

frequently observed. The depletion of lymphocytes can be caused by the lysis of infected 

lymphocytes due to high viral replication [160, 161], apoptosis [152], decreased cellular 

proliferation [157], or the disruption of cell signalling pathways [162]. Then, monocytic cells 

infiltrate into the lymphocyte-depleted areas and take up virus particles [106, 183]. However, 

they have problems to clear the virus, as demonstrated by the large amounts of PCV2 antigens 

in the cytoplasm of infiltrating monocytic cells [144, 160]. It is hypothesized that the ability of 

monocytes to take up and clear the virus from the body may be a critical step in protecting the 

animal from disease. Thus, PCV2 entry and the viral outcome in primary porcine monocytes 

will be examined in this thesis. In contrast to the non-productive infection of PCV2 in cells of 

the monocytes/macrophage linage, lymphoblasts are fully susceptible targets of PCV2 [144, 

160, 183]. The larger the number of blasts, the faster and higher the primary replication of 

PCV2 in its host [183]. The degree of PCV2 replication in lymphoblasts may affect the disease 

outcome. However, the detailed mechanism of PCV2 entry and replication in the T-

lymphoblasts is not known yet and will be studied in this thesis. 

Dendritic cells play a central role in the initiation of immune defenses, which makes them an 

ideal target for virus evasion from the immune response. It has been shown that PCV2 can 
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persist in monocyte-derived dendritic cells without replication or cell death inductions. 

Myeloid dendritic cell maturation is not affected by the presence of PCV2, neither their ability 

to express cell surface molecules or to process and present antigens to T-lymphocytes. 

However, the interaction of PCV2 with follicular dendritic cells seems to interfere with the 

maturation, survival and depletion of B cells.  

1.1.7.2. PCV2 replication cycle  

Although PCV2 genome is small, with less than 2000 bp in length, and the virion simply 

consists of the viral genome and capsids, it is a slow grower. One single PCV2 replication cycle 

takes approximately 30 to 36 h in PK-15 cells and cells of the monocytic cell line 3D4/31 

(Figure 7) [88, 184]. 

 

Figure 7.  Life cycle of PCV2 in a cell of the monocytic cell line 3D4/31. PCV2 uses 

glycosaminoglycans as attachment receptors, after which the clathrin-mediated endocytosis pathway is 

exploited for virus entry. Virion disassembly is mediated by serine proteinase in an acid environment. 

After disassembly, the ssDNA genome is transported into the nucleus and converted by host enzymes 

into a dsDNA intermediate. The Rep and Cap mRNAs are transcribed and the proteins are synthesized 

and imported into the nucleus. Rep/Rep’ bind to the dsDNA and initiate rolling-circle replication (RCR). 

Viral egress may occur through nuclear disintegration and cell lysis. H. Nauwynck (2018) [185].  
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PCV2 attachment to PK-15 cells and cells of the monocytic cell line 3D4/31 is mediated by 

heparan sulfate and chondroitin sulfate B [186]. When added onto these cells in vitro, PCV2 

sticks randomly in large amounts to the entire cell surface and reaches saturation already at 30 

min post-incubation [187, 188]. However, a saturable binding of virions to the cell surface does 

not necessarily result in virus uptake, as some viruses require interactions with more than one 

cell-surface molecule to be internalized.  

Internalization of PCV2 via endocytosis is very inefficient and cell-type dependent. In the 

monocytic cell line 3D4/31, only 50% of the cells internalizes PCV2 particles and this 

internalization takes hours (70% of the particles at 3 h). The process is clathrin-dependent and 

requires actin polymerization for further infection [188]. In the epithelial cell lines PK15, SK 

and ST, PCV2 is internalized slowly in a time-dependent manner. This internalization occurs 

via two pathways: a clathrin-mediated one and a dynamin-and cholesterol-independent, but 

actin- and small GTPase-dependent one. Interestingly, the former pathway does not lead to a 

full infection, while the latter does [187]. PCV2 internalization and infection in the porcine 

monocytic cell line 3D4/31 and epithelial cell lines can be enhanced by the treatment of cells 

with interferon-gamma (IFN-γ) before/after PCV2 inoculation or with interferon-alpha (IFN-

α) after PCV2 inoculation. In dendritic cells, PCV2 enters via clathrin-mediated endocytosis 

and this process is actin-driven [162]. 

After PCV2 is internalized, it is present in an early endosome and moves in an endosome along 

polymerized microtubules via dynein [189]. Then, the endosome with the virus undergoes an 

acidification. Just like the internalization, the disassembly process of PCV2 fully depends on 

the host cells used. In the monocytic cell line 3D4/31, PCV2 needs an acid environment for 

virion disassembly [188], whereas in the epithelial cell lines PK15, SK and ST, blocking the 

pH drop enhances PCV2 replication [190]. By using protease inhibitors, it was shown that 

serine proteases are involved in the disassembly of PCV2 in the 3D4/31 cells and the epithelial 

cell lines [190]. Hence, it is suggested that different serine proteases which are active at low 

pH (in the 3D4/31 cells) and at neutral pH (in the epithelial cell lines) are involved in PCV2 

disassembly.  

Upon virion disassembly, the PCV2 genome is released and transferred into the nucleus [191]. 

PCV2 genome penetration in the nucleus is normally achieved only by inclusion in the daughter 

nuclei at the end of host cell mitosis [179]. Glucosamine can enhance this process and thus 

increases PCV2 replication [179]. In the cell nucleus, PCV2 genome replicates via a rolling-
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circle replication mechanism where Rep and Rep’ are essential [191, 192]. Cyclin A, which 

transfers the Rep protein from the nucleus to the cytoplasm, decreases PCV2 DNA replication 

[193]. Zinc finger protein 265 can interact with the Rep protein to enhance transcription and 

splicing [194]. Due to a lack of its own DNA polymerases, PCV2 fully depends on cellular 

DNA polymerases to replicate its genome [179, 180]. The expression of Cap protein in PK-15 

cells is detected between 6 and 12 h post inoculation (hpi) in the cytoplasm and it relocates to 

the nucleus between 12 and 24 hpi. Rep is always found in the nucleus of the cells and the 

initial detection is between 12 and 24 hpi [88]. It is hypothesized that Rep may guide Cap 

subunits to the right subnuclear compartment for further assembly or Rep might simply drive 

genome encapsidation, by displacing the viral strand towards adjacent capsid subunits, thus 

facilitating genome packaging and replication as well [195]. This phenomenon is reported for 

beak and feather disease virus, where Rep nuclear localization depends solely on a cytoplasmic 

interaction with Cap, after which both shuttle to the nucleus [196]. Finally, assembled virions 

translocate to the cytoplasm of PK-15 cells, followed by a release of progeny virus from 30 to 

36 hpi [88, 184, 197]. Viral egress may occur through nuclear disintegration and cell lysis [88].  

Interesting to note is that PCV2 strains which originated from cases of reproductive failure and 

those from cases of PMWS or PDNS show different replication patterns in PK-15 cells [88]. 

In addition, these two different groups of strains have different neutralizing epitopes, since the 

monoclonal antibodies (mAbs) that neutralized PMWS-origin strains do not differentiate these 

strains from the reproductive failure-origin strains in the immunoperoxidase monolayer assay 

(IPMA) [55]. Thus, it is suggested that these two groups of PCV2 strains use different entry 

pathways to enter host cells. At present, entry studies have only used PCV2 strain Stoon1010 

which was isolated from a PMWS-affected piglet, and it is not known if reproductive failure-

origin PCV2 strains have a different entry pathway or not. In this thesis, the entry features of 

PCV2 strain 1121 which was isolated from aborted fetuses will be studied in primary porcine 

monocytes, and the replication characteristics of PCV2 strain 1121 and Stoon1010 will be 

analyzed and compared in porcine T-lymphoblasts. 

  



Introduction 

19 
 

1.2. Virus entry by endocytosis 

Endocytosis is a basic cellular process of eukaryotic cells to internalize a variety of molecules, 

such as extracellular materials, ligands, and plasma membrane proteins and lipids [198]. This 

process first requires mechanisms for selection at the cell surface. Next, the plasma membrane 

must be induced to bud and pinch off. Finally, these vesicles need to be delivered to the right 

location in the cytoplasm and then to fuse with their target organelle [199, 200]. Endocytosis-

involved cellular processes include nutrient uptake, synaptic vesicle recycling, regulation of 

cell surface expression of signalling receptors, remodelling of the plasma membrane and 

generation of cell polarity [198]. Due to the diversity of endocytosed molecules during these 

processes, endocytosis occurs by various modes including phagocytosis, macropinocytosis, 

clathrin-mediated endocytosis, caveolae-mediated endocytosis and clathrin- and caveolae-

independent endocytosis (Figure 8) [200].  

 

Figure 8. Pathways of entry into mammalian cells. These pathways differ with regard to the size of 

endocytic vesicle, the nature of the cargo (ligands, receptors and lipids) and the mechanism of vesicle 

formation. Large particles can be taken up by phagocytosis, whereas fluid uptake occurs by 

macropinocytosis. Both processes are dependent on actin, and the size of formed vesicles are much 

larger compared with the other endocytic pathways. Clathrin and caveolin are essential for the vesicle 

formation of the respective pathways. Clathrin and caveolae-independent pathway can be dynamin-

dependent or -independent. Cargo entering via phagocytosis are transported to lysosomes. Apart from 

that, most internalized cargoes are delivered to the early endosomes (EEs), either by a direct transfer 

via vesicles or by a first traffic to intermediate compartments, such as the caveosome or glycosyl 
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phosphatidylinositol-anchored protein enriched early endosomal compartments (GEEC), and then to 

the EE. Mayor et al. (2007) [199]. 

Viruses are intracellular parasites. Their small size, simple structure and lack of any metabolic 

or motile activities determine their dependency on host living cells for their survival and 

replication [201]. Once a virus gets inside a cell, it hijacks the cellular processes to produce 

virally encoded proteins that will replicate the virus’s genetic material. Newly synthesized 

proteins and genetic material are translocated and assembled into new virus particles in the cell 

[202]. To complete their replication cycle, viruses must overcome a series of cellular barriers. 

The plasma membrane of a host cell represents the first physical barrier that viruses must 

overcome to gain entry [203]. Some enveloped viruses such as herpes simplex virus type 1 

(HSV-1), Sendai virus and human immunodeficiency virus (HIV) are able to penetrate into 

cells by direct fusion with the plasma membrane, whereas the majority of viruses take 

advantage of endocytic pathways to gain entry into host cells and initiate infection [203].  

1.2.1. Advantages for virus to use endocytic pathways 

Endocytosis offers strong advantages for virus internalization, penetration, and productive 

infection [201, 203-205]. Once endocytosed, the incoming viruses inside the endocytic vesicles 

are transferred fast from the periphery to the perinuclear area of the host cell, which is favorable 

for further infection. This not only helps viruses to traverse the cellular barriers imposed by the 

cortical cytoskeleton and the highly structured cytoplasm [206, 207], but also allows viruses to 

exploit the molecular motors which are normally recruited to endocytic vesicles [208]. 

Moreover, the maturation of endocytic organelles is usually accompanied with gradually 

changing conditions, such as a decreasing pH and a change in redox environment. These 

changes are advantageous for viruses to set their time for penetration and uncoating. Timing is 

critical. Viruses must disassemble/get out from the endosomes at an early (pH 6.5-6.0) or late 

stage (pH 6.0 to 5.0) [209]. If not, they will be delivered to the hydrolytic lysosome which is a 

degradative compartment and a dead-end for most viruses [210, 211]. Furthermore, the 

presence of specific proteases in the endosomal compartments, such as furin and cathepsins, 

provides necessary proteolytic activation of certain viruses [212, 213]. Virus entering through 

intracellular endocytic vesicles leaves no viral components exposed on the cell surface, thus 

likely escaping from the detection by the host’s immune responses [201, 203, 204]. Taken 

together, endocytosis is so advantageous that, viruses such as HSV-1 and HIV-1 which are 

capable of entering cells directly by fusion with the plasma membrane, often prefer to use 

endocytic pathways for a productive entry [214-216]. 
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1.2.2. Mechanisms of endocytosis and their role in virus entry 

Numerous virus families utilize endocytosis to infect host cells, mediating virus internalization 

as well as trafficking to the site of replication [217]. Several internalization pathways have been 

described, differing in the size of the endocytic vesicles, the nature of the cargo and the 

mechanism of vesicle formation. They include phagocytosis, macropinocytosis, clathrin-

mediated endocytosis, caveolae-mediated endocytosis and clathrin- and caveolae-independent 

pathways [218]. Once internalized within primary endocytic vesicles, the incoming viruses 

followed the endosomal pathways for trafficking within the cytoplasm to find the correct site 

for replication.  

The specific internalization pathway chosen by a virus depends on the characteristics of the 

virus and the host cell type [219]. Individual viruses within a family, or the same virus in 

different cell types, may use different internalization routes. The specific endocytosis pathway 

co-opted by the virus also depends on the virus size and shape, with larger viruses such as 

mimivirus requiring internalization through actin-dependent phagocytosis [220], and long 

tubule like viruses such as Ebola utilizing macropinocytosis [221]. The most common form of 

viral internalization is through clathrin-mediated endocytosis; this pathway internalizes 

Influenza A virus (IAV), vesicular stomatitis virus (VSV), and many others [204]. Several non-

enveloped viruses, such as simian virus 40 (SV40) [222] and polyoma virus [223], enter host 

cells through caveolae-mediated endocytosis [224]. Other novel endocytic pathways, which 

are clathrin- and caveolae-independent, have also been identified [225-227], but remain poorly 

characterized due to the relative lack of known marker proteins. 

1.2.2.1. Phagocytosis 

Phagocytosis (cell eating) refers to internalization of large particles (˃0.5 µm), such as bacteria, 

parasites and cell debris, with the active protrusion of lamellipodia (sheet-like plasma 

membrane protrusions that are formed by actin polymerization at the leading edge of motile 

cells) [218, 220, 228]. It usually occurs in specialized mammalian cells (so-called professional 

phagocytes, e.g., dendritic cells and macrophages) that engulf large and essential particles 

[229]. Phagocytosis is initiated by the interaction between ligands (pathogens, cells, particles, 

etc.) and cell surface receptors which are called pattern recognition receptors. The receptor’s 

engagement leads to particle/microorganism internalization through an actin-dependent 

mechanism [230]. The plasma membrane is transiently reorganized to the region in contact 

with the cargo particle and form a tight-fitting endocytic vacuole around the particle. This 
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intracellular membrane-bound compartments are phagosomes. The formation of phagosomes 

is not only dependent on actin, but also requires dynamin [231-233]. Indeed, dominant negative 

forms of dynamin II inhibit phagocytosis at the stage of membrane extension around particles 

[218, 234, 235]. 

Viral entry by this pathway typically involves the formation of large extracellular projections, 

and the internalized virus is taken into a phagosome [229]. Actually, it was thought that viruses 

are too small to use phagocytosis to enter host cells. This vision changed in 2006, during an 

entry study of HSV. The virions were found to be associated with plasma membrane 

protrusions followed by a phagocytosis-like uptake, with re-arrangement of actin cytoskeleton 

and trafficking of the virions in large phagosome-like vesicles. This phenomenon represented 

a phagocytosis-like entry mechanism of HSV into both professional and nonprofessional 

phagocytes [236]. In 2008, Acanthamoeba polyphaga mimivirus, a giant double-stranded DNA 

virus with a diameter of 750 nm that grows in amoeba, was demonstrated to use phagocytosis 

to enter macrophages (Figure 9) [220]. The huge size of mimiviruses may explain why they 

have evolved to make use of this unusual mechanism.  

 

Figure 9. Acanthamoeba polyphaga mimivirus enters macrophages through phagocytosis. After 

binding to macrophages, APMV induces phosphoinositide 3-kinase (PI3K) activation and F-actin 

polymerization, after which virus particles are engulfed. The formation of the endocytic vacuole 
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involves F-actin (blue), clathrin (red) and dynamin-II (yellow). APMV internalization is inhibited by 

cytochalasin D�(CytoD; an inhibitor of F-actin), Ly294002 (an inhibitor of PI3K) and the dominant-

negative form of the dynamin II (dynII-K44A). It is not affected by 5-(N-ethyl-N-isopropyl)-Amiloride 

(EIPA; an inhibitor of macropinocytosis), chlorpromazine and dominant-negative form of Eps15 

(EΔ95/295). The mechanism of APMV replication after entry remains unknown. Ghigo et al. (2008) 

[220]. 

1.2.2.2. Macropinocytosis 

Macropinocytosis (cell drinking) is a non-specific endocytic process by which cells take up 

fluids, solute, membrane, ligands, and smaller particles that attach to the plasma membrane in 

large vacuoles [237]. It shares several features with phagocytosis, including large vacuole size, 

transient activation, actin dependency, cellular factors and regulatory components [204]. But 

unlike phagocytosis which is limited to a few cell types, most cells are capable of 

macropinocytosis and it is the major endocytic pathway in epithelial cells, fibroblasts, 

neutrophils and macrophages [238, 239]. Activation of this pathway does not depend on ligand 

binding to a specific receptor. Instead, it occurs as a transiently-triggered response to cell 

stimulation and is operational for a limited time [217, 237]. When triggered, it leads to intense 

actin and microfilaments modulation and dramatic, cell-wide membrane ruffling [204, 240]. 

When membrane ruffles (in the form of lamellipodia, filopodia or blebs) fold back onto the 

plasma membrane, fluid-filled cavities that close by membrane fusion are formed and are called 

macropinosomes (Figure 10) [239, 241]. The size and shape of macropinosomes are irregular, 

since their formation is not guided by a particle or a cytoplasmic coat. Macropinocytotic 

mechanisms depend on actin remodelling, rho GTPase, Arf6, PI3K [242, 243] and Rac-

dependent kinase PAK1 [217]. This pathway can be specifically inhibited using amiloride, a 

blocker of Na+/H+ exchange [244]. Once moving deeper into the cytoplasm, macropinosomes 

will acidify and interact with the endosomal pathway [245]. This capability makes them 

possible routes of entry for a wide variety of acid-activated viruses [217]. 
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Figure 10. The formation of macropinosomes. (a) The plasma membrane protrusions can take the form 

of planar lamellipodia, circular ruffles or blebs, depending on the cell type and the nature of ligand. 

Actin is shown in blue lines, and the red lines represent the portion of the protrusion involved in the 

formation of macropinosomes. (b) To form a macropinosome, lamellipodia fold back on the plasma 

membrane to form a cave-like invagination; the individual protrusions in circular ruffles combine 

together to close off; the closure of bleb-associated macropinosomes may involve the formation of a 

vacuole next to the retracting bleb. These processes are followed by membrane fission events. Stars 

represent the sites of closure. (c) After closure, macropinosomes move further into the cytoplasm. 

Mercer et al. (2009) [246]. 

When macropinocytosis is exploited by viruses, interactions between viral proteins and cell 

receptors activate intracellular signaling and actin rearrangements, which will form ruffles or 

filopodia on the external surface of the host cell. The ruffles then close up to form 

macropinosomes, which carry the virus into the cytosol [229]. In this way, macropinocytosis 

serves as a direct means of virus internalization. Viruses using this direct entry of 

macropinocytosis include vaccinia virus mature virions, HSV-1, species B human adenovirus 

serotype 3, echovirus 1, group B Coxsackieviruses, Kaposi’s sarcoma-associated herpesvirus 
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and HIV-1 [246-248]. The best-characterized one is that of vaccinia virus [249]. The 

association of vaccinia virus mature virions with cells triggers the formation of large transient 

plasma membrane blebs, and the bleb retraction process promotes the uptake of vaccinia and 

fluid [250]. Additionally, the membrane of vaccinia is enriched in phosphatidylserine, a 

physiological ligand which specifically trigger the macropinocytic clearance of apoptotic 

debris [251, 252]. Therefore, it is suggested that vaccinia virions mimic apoptotic bodies to 

elicit macropinocytosis in host cells [249]. HIV-1, an enveloped and single-stranded RNA 

lentivirus, enters primary human macrophages and brain microvascular endothelial cells 

through macropinocytosis. However, this entry may be inefficient because most of the HIV-1 

virus particles are degraded [253]. 

1.2.2.3. Clathrin-mediated endocytosis 

Cellular uptake via clathrin-mediated endocytosis was first observed in the 1960’s, using 

transmission electron microscopy (TEM) [254]. This pathway is involved in the uptake of 

nutrients essential for cells, such as iron-laden transferrin, cholesterol-laden low-density 

lipoproteins, growth factors, antigens, and recycling receptors [255]. It is mainly characterized 

by the basket-shaped clathrin-coated vesicles. The formation of these vesicles requires several 

molecules, such as small G-proteins (Rab5, Arf6, etc.), adaptor proteins (AP2, AP180, etc.), 

accessory proteins (Eps15, amphiphysin, dynamin, endophilin, actin, etc.) and 

phosphatidylinositols. Clathrin-mediated endocytosis occurs in three steps (Figure 11). The 

first step is the assembly of a clathrin-coated pit and bud formation on the cytoplasmic face of 

the plasma membrane by recruiting adaptor and accessory proteins. The second step is the 

maturation of clathrin-coated pits. This process involves actin, dynamin and endophilin. The 

resulting constricted pits are still associated with the cytoplasmic face of the plasma membrane. 

The third step is fission. This is a GTP-dependent process and requires dynamin, an atypically 

large and modular GTPase [218]. Then, the clathrin-coated vesicles get off the membrane and 

move further to the cytoplasm where the uncoating happens [200, 218, 255]. The contents in 

the uncoated vesicles are then delivered to early endosomes (EEs). Inhibition of clathrin-

mediated endocytosis is possible by treatment of cells with drugs such as chloropromazine 

[256], or using dominant-negative expression constructs, including Eps15 [257] and K44A-

dynamin [258]. 
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Figure 11. Illustration of the clathrin-mediated endocytosis and core components involved. The process 

includes assembly of a clathrin-coated pit by recruiting adaptor and accessory proteins, maturation of 

the pit and membrane fission before moving further to the cytoplasm. The core components consist of 

clathrin triskelions, heterotetrameric AP2 complexes and dynamin. Clathrin triskelions are composed 

of three clathrin heavy chains (CHC) and three tightly associated light chains (CLC), which assemble 

into a polygonal lattice and deform the plasma membrane into a coated pit. Heterotetrameric AP2 

complexes are recruited to the plasma membrane by the α-adaptin subunits, where they mediate clathrin 

assembly through the β2-subunit, and interact directly with cargo through their µ2 subunits. Dynamin, 

multidomain GTPase, is recruited and assembled around the necks of coated pits to mediate membrane 

fission. Conner et al. (2003) [218]. 

Clathrin-mediated endocytosis is a continuous process, and it is usually rapid and efficient for 

virus entry [210]. Through this pathway, the surface-bound virus can enter cells within minutes 

after attachment, followed by delivery to EEs within 1-2 min [204]. For instance, after 

attachment of dengue virus to the cell surface, it only takes 3.5 minutes for 50% of the particles 

to localize to the EEs [259]. Probably due to this high efficiency in virus entry, clathrin-

mediated endocytosis is the most commonly used endocytic pathway by viruses including VSV, 

IAV, Semliki forest virus (SFV), sindbis virus, reovirus, dengue virus, adenovirus 2 and 

adenovirus 5 [234]. Time-lapse movies show two general behaviours. Some viruses, such as 
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dengue virus, enter pre-existing clathrin-coated pits [259], whereas others, such as reovirus, 

VSV and IAV, induce the formation of clathrin-coated pits at their site of binding [260-262]. 

Clathrin-coated vesicles have a diameter of 60-200 nm [263, 264], but as shown for VSV, the 

vesicles can be deformed to fit larger particles [265]. This reflects as well that viruses have 

evolved to use clathrin-mediated endocytosis very efficiently.  

1.2.2.4. Caveolae-mediated endocytosis 

Caveolae-mediated endocytosis acts via caveolae to internalize extracellular ligands and 

bacterial toxins, recycle membrane components and transcytose numerous transduction signals 

[266]. Caveolae are flask-shaped invaginations (50-80 nm in diameter) [267]. The formation 

of caveolae is driven by polymerization of caveolin proteins. Caveolin is synthesized in the 

endoplasmic reticulum and then transported to the Golgi apparatus, where it is oligomerized 

and interacts with cholesterol and glycosphingolipid-rich lipid raft domains to form caveolae 

[205, 267]. The newly formed caveolae are then exported from the Golgi to the plasma 

membrane [267]. Small caveolae vesicles fuse with EEs or with each other to form caveosomes 

that have a neutral pH. Internalization via caveolae is not a constitutive process and only occurs 

upon cell stimulation [268].� In most cells, even after activation, caveolae are only slowly 

internalized (half-time, t1/2 ˃ 20 min) [218]. After internalization, the cargo passes through EEs 

and late endosomes, often followed by vesicle-mediated transport to the endoplasmic reticulum 

(ER) or Golgi system [204]. Dynamin, actin, and Src kinase are involved in the caveolae-

mediated endocytosis [267, 269, 270]. Inhibition of this pathway can be achieved using sterol-

binding drugs that sequester cholesterol that is essential for caveolae formation. Such drugs 

include nystatin, filipin and methyl-β-cyclodextrin (mβCD).  

Although not as efficient and rapid as the clathrin-mediated endocytosis, caveolae-mediated 

endocytosis has emerged as a route of entry for SV40 [271], polyomavirus [272], ebolavirus 

[273] and echo 1 virus [274]. Viruses internalized via this pathway are fist delivered to the pH-

neutral caveosomes in the cytoplasm. Following a second activation step, the virions are then 

transported by caveolin-free, microtubule-dependent vesicles trafficking to the ER [271]. Once 

in the ER, some exploit specific ER thiol oxidoreductases and related proteins to initiate 

uncoating and use components of the ER-associated protein degradation pathway for 

penetration into the cytosol [275-277]. Uptake and forward movement in this pathway are slow 

and asynchronous. Depending on the virus and the cell type, the penetration event in the ER 

can occur as late as 6-12 h after internalization [275]. The best-studied virus that exploits 
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caveolae-mediated endocytosis for entry is SV40 (Figure 12). To enter cells, SV40 interacts 

with gangliosides and the major histocompatibility complex class I antigen (MHC-I) [222, 278]. 

This leads to its sequestration into caveolae [234]. Once the virus is in caveolae, a signal 

transduction cascade is initiated by the activation of tyrosine kinases. This activation induces 

local phosphorylation, actin accumulation around the caveolae, dynamin II recruitment and 

activation of caveolae endocytosis [234]. Later on, SV40 virus is delivered to the caveosomes 

and then transported to the ER via dynein-dependant microtubule-mediated transport. After a 

transfer of the virus from caveosomes to the ER, SV40 enters the host cell cytosol and reaches 

the nucleus [266]. The ER-escaping mechanism is still unknown.  

 

Figure 12. Entry of SV40 is mediated by caveolae-mediated endocytosis. This process is divided into 

six steps. (1) Binding and rolling of SV40 virus particles along the cell membrane until they are trapped 

in actin-linked caveolae; (2) A signal transduction cascade triggered by SV40 particles that leads to 

local protein tyrosine phosphorylation and depolymerization of the cortical actin cytoskeleton; (3) 

Recruitment of actin monomers to the virus-loaded caveolae and formation of an actin patch; (4) 

Recruitment of dynamin to the virus-loaded caveolae and a burst of actin polymerization on the actin 

patch; (5) Release of virus-loaded caveolae vesicles from the membrane and move into the cytosol; (6) 

Recovery of the cortical actin cytoskeleton to its normal pattern. Pelkmans et al. (2002) [224]. 
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1.2.2.5. Clathrin- and caveolae-independent endocytosis 

Beyond the established roles of phagocytosis, macropinocytosis, clathrin- and caveolae-

mediated endocytosis, there exists ill-defined routes of clathrin- and caveolae-independent 

endocytosis in cells [217]. These pathways can be further defined by their dependency on 

various molecules such as cholesterol, dynamin II, small GTPases or tyrosine kinase and 

possibly involve non-caveolae lipid rafts. The interleukin-2 (IL-2) receptor is perhaps the best 

characterized marker of these pathways. Based on dominant-negative approaches in caveolin-

negative T cells, IL-2 receptor uptake and delivery to late endosomes (LEs) and lysosomes is 

clearly independent of clathrin, yet requires dynamin and specialized membrane domains [279]. 

Internalization of viruses through these pathways have in common the lack of detectable coats 

by electron microscope (EM), the lack of dependency on clathrin and caveolin and the transfer 

of virus to the endosomal network [204]. So far, viruses that use these pathways include 

rotavirus [280], lymphocytic choriomeningitis virus (LCMV) [281], IAV [282], human 

papillomavirus 16 (HPV-16) [225], PCV2 [187] and feline infectious peritonitis virus (FIPV) 

[226]. The endocytic mechanism of rotavirus is dynamin II dependent and somewhat sensitive 

to cholesterol depletion, suggesting a role for lipid rafts [280]. In the case of IAV, the process 

operates in parallel with clathrin-mediated endocytosis and serves as a pathway of productive 

entry [261, 282, 283], but there is little detailed information available. Endocytosis of LCMV 

occurs in smooth, non-coated pits [281, 284] and requires cholesterol but not clathrin, caveolin, 

dynamin II, and actin [281, 285]. Interestingly, a large fraction of the viruses is directly 

transferred to LEs, where membrane fusion is activated by the low pH [281]. Bypassing 

conventional EEs may provide cell surface components a fast route to degradation without 

recycling [204]. 

1.2.3. The endosomal network 

Once internalized into primary endocytic vesicles, the incoming cargo will be processed by the 

highly-coordinated endosomal system for molecular sorting, recycling, degradation, storage, 

processing and transcytosis (Figure 13) [286]. The main organelles of the endocytic pathway 

are EEs, maturing endosomes (MEs), LEs, recycling endosomes (REs) and lysosomes.  
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Figure 13. The endosomal network. Early endosomes (EEs) are complex organelles with several 

different domains (tubular and vacuolar) which are usually located in the periphery of the cytoplasm. 

The vacuolar domains can dissociate and move to the perinuclear region in a microtubule-mediated and 

dynein-dependent manner. The maturing endosomes (MEs) are intermediate organelles between EEs 

and late endosomes (LEs), which undergo further acidification before conversion to LEs. LEs fuse with 

each other and eventually with lysosomes, generating endolysosomes in which active degradation takes 

place. The end points of such degradation processes are lysosomes, where proteases and hydrolases are 

deposited. The majority of incoming membrane components undergo recycling to the plasma membrane. 

However, membrane proteins destined for degradation are first tagged with monoubiquitins, then 

recognized by ubiquitin-binding components of the endosomal sorting complex required for transport 

(ESCRT) machinery, and finally sequestered into intraluminal vesicles (ILVs). ILVs are formed by 
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inward budding of EEs and LEs. They fill the lumen of the vacuolar domains, forming multi-vesicular 

bodies, and are eventually degraded in lysosomes. Mercer et al. (2010) [204]. 

The first encountered compartment is the EEs which are slightly acid (pH 6.5-6.0) and have a 

pleiomorphic tubular-vacuolar structure. The tubular domains contain most of the endosomal 

membrane and give rise to recycling vesicles and vesicles for transport to the REs and to the 

trans-Golgi network (TGN). The vacuolar domains contain most of the volume, the 

intraluminal vesicles (ILVs) and larger endocytosed particles [204]. EEs are characterized by 

Rab5 and early endosome antigen 1 (EEA1) proteins [199]. As a major sorting station, the EEs 

are responsible for selective vesicular transport of the internalized cargo to distinct targets: the 

plasma membrane (Rab4), LEs (Rab7), REs (Rab22) and the TGN (Rab9) [204]. Moreover, 

the action of specific protein kinases is likely to be crucial for correct endocytic trafficking 

[217]. The MEs are a class of intermediate organelles between EEs and LEs, which serve as 

precursors for LEs. The LEs have an increased regular oval shape and a more acidic 

environment (pH 6.0-5.0) [286]. They contain many internal vesicles, leading to the term multi-

vesicular bodies [287]. LEs are generated close to the cell surface and will mature to lysosomes 

while moving towards the nuclear periphery. Fusion events occur between LEs, and between 

LEs and lysosomes (endolysosomes). Lysosomes are highly acid (pH<5.0) and are 

characterized by lysosomal-associated membrane protein 1 (LAMP-1). They contain various 

degradative proteases and hydrolases, which are delivered by communication of endosomes 

with the trans-Golgi network [288]. Macropinosomes can also deliver their cargo to lysosomes 

by fusing with LEs, endolysosomes, or lysosomes. Before this can occur, they also undergo a 

maturation process similar to endosomes. Defects in endosome and macropinosome maturation 

inhibit the productive entry of many viruses [289-293]. 

The majority of viruses are acid-activated, which means that viral penetration and infection 

depend on exposure of viruses to low pH [211]. Penetration is the transfer of viral genome and 

accessory proteins through the barrier of a cellular membrane into the cytosol. For enveloped 

viruses, penetration involves membrane fusion, while for nonenveloped viruses, it involves 

membrane lysis and formation of transmembrane pores of different sizes [201]. Therefore, the 

endocytic network provides a free and fast “ride” for viruses to transit deeper into the cell and 

to penetrate into the cytosol. For viruses that penetrate from EEs, the pH threshold is 6.5 to 6.0. 

This is the case for rhabdo- and alpha viruses that undergo acid-activated fusion in EEs where 

the pH is about 6.2 [294]. When the pH threshold is below 6.0, as it is for IAV, delivery to late 

compartments is required [201]. For such late penetrating viruses, timing becomes critical, due 
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to the risky inactivation of viruses by proteases prior to penetration [295]. Interestingly, new 

studies suggest that some incoming viruses can take advantage of cellular factors to adjust their 

pH threshold so that fusion can occur earlier [296]. For the Lassavirus, this occurs when the 

virus interacts with an intracellular receptor, LAMP-1, a glycoprotein in the 

endosome/macropinosome membrane [297]. In some cases, acid pH alone is not sufficient to 

induce fusion. As for Ebola virus, Severe acute respiratory syndrome-related coronavirus 

(SARS-CoV) and the non-enveloped mammalian reoviruses, proteolytic cleavages in viral 

proteins by acid-dependent endosomal proteases, in particular cathepsins L and B, are also 

needed to trigger the change to the penetration-competent state [212, 213, 298]. For avian 

leukosis virus, both interaction of the viral envelope protein with a specific receptor [299, 300] 

and low pH [301] are required for fusion. Taken together, virus can rely on the specific 

environmental cues of the endosomal network to initiate fusion/penetration reactions [201]. 

�  
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1.3. Transcriptomic signature study 

1.3.1. Transcriptomic technologies and transcriptome databases 

Transcriptomic technologies are used to study an organism’s transcriptome, the sum of all of 

its RNA transcripts [302]. There are two key contemporary techniques in the field: microarrays 

and RNA sequencing (RNA-Seq). Microarrays quantify a set of predetermined sequences, via 

their hybridization to an array of complementary probes [303]. Transcript presence are 

recorded with single- or dual-channel detection of fluorescent tags. Microarrays generate 

thousands of transcripts simultaneously at a greatly reduced cost and labour [304]. RNA-Seq 

captures and quantifies all transcripts present in an RNA extract, using a combination of a high-

throughput sequencing methodology and computational methods [305]. It can identify genes 

within a genome or identify which genes are active at a particular point in time. The read counts 

of RNA-Seq can accurately model the relative gene expression level. RNA-Seq is constantly 

and dramatically improved with the development of high-throughput sequencing technologies 

[306]. 

Transcriptomic studies generate large amounts of data that has potential applications far 

beyond the original aims of an experiment. As such, raw or processed data can be deposited 

into public databases to ensure their utility for the broader scientific community [302]. These 

public databases include Gene Expression Omnibus (GEO) [307], ArrayExpress [308], 

Expression Atlas [309], RefEx [310], NONCODE [311] and Genevestigator [312]. For 

instance, the GEO supported by the National Center for Biotechnology Information (NCBI) 

database, accepts raw and processed data with written descriptions of experimental design, 

sample attributes, and methodology for studies of high-throughput gene expression and 

genomics. It does not only provide access to these data, but also offer various Web-based tools 

and strategies that enable users to easily locate data, as well as to visualize and analyze the data 

relevant to their specific interests [307]. These public databases provide great convenience for 

researchers, bioinformaticians and statisticians to revisit and reanalyze these complex data 

generated by genomic experiments. 

1.3.2. Bioinformatics analysis 

Irrespective of the technology used, analysis of high-throughput data typically yields a list of 

differentially expressed genes. This list is extremely useful in identifying genes that may have 
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roles in a given phenomenon or phenotype. However, due to the complexity of huge amounts 

of data, it is often difficult to analyze and come to a conclusion and provide mechanistic 

insights into the biological condition being studied. In other words, the challenge no longer lies 

in obtaining differential gene expression profiles, but rather in interpreting the results in a 

biological way [313]. Traditional strategies for gene expression analysis have focused on 

identifying individual genes that exhibit big differences between two states of interest. 

Although useful, they fail to detect biological processes, since they are not sensitive enough to 

detect the relatively small alterations in the expression level of genes [314]. Although changes 

are subtle at the level of individual genes, they can lead to the difference in phenotypic 

expression when these changes are distributed across an entire biological network, such as 

metabolic pathways, transcriptional programs, and stress responses. Another approach is thus 

developed by grouping long lists of individual genes into smaller sets of related genes. In this 

way, the complexity of analysis is reduced. Therefore, analysis of co-regulated changes in sets 

of functionally related genes (gene sets), rather than individual genes, has become an important 

strategy to identify subtle yet biologically meaningful differences in gene expression [314-

316].  

1.3.2.1. Gene Ontology (GO) knowledge databases 

In line with the requirement of grouping functionally-related genes, a large number of 

knowledge bases have been developed to help with this task. These knowledge bases, such as 

Gene Ontology (GO) [317] or Kyoto Encyclopedia of Genes and Genomes (KEGG) [318], 

describe biological processes, components or structures, in which individual genes and proteins 

are known to be involved in, as well as how and where gene products interact with each other. 

GO is the most renowned and comprehensive library that annotates and classifies genes and 

proteins on the basis of their function across all species. More specifically, the project aims to: 

1) maintain and develop its controlled vocabulary of gene and gene product attributes; 2) 

annotate genes and gene products, and assimilate and disseminate annotation data; 3) provide 

tools for easy access to all data provided by the project, and to enable functional interpretation 

of experimental data using the GO, for example via enrichment analysis (Figure 14). It provides 

terms (i.e., GO terms, a collection of controlled vocabularies describing the biology of a gene 

product in any organism). These terms are classified under three categories: (1) the biological 

process, refers to a biological function that a gene product participates (examples are: “signal 

transduction” or “cell growth”); (2) the molecular function, defined as the biochemical activity 
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(including specific binding to ligands or structures) of a gene product (examples are: “enzyme”, 

“transporter” or “ligand”); (3) cellular component, refers to the place in the cell where a gene 

product is active (it includes terms as “ribosome” or “proteasome”, specifying where multiple 

gene products would be found) [317].  

 

Figure 14. Scheme of a typical functional enrichment analysis. A sample (gene expression profile data) 

and reference set (gene set database) are compared to highlight the most frequent (i.e. enriched) features 

within the sample set. Manzoni et al. (2018) [319]. 

1.3.2.2. Approaches for functional pathway analysis 

Analyzing high-throughput molecular measurements at the functional level is very appealing 

for two reasons. First, grouping thousands of genes by the pathways they are involved in, 

reduces the complexity to just several hundred pathways for analysis. Second, compared with 

a simple list of different genes, identifying active pathways that differ between two conditions 

is more powerful in explaining the mechanistic processes for the phenotype of interest. The 

explanatory hypothesis should be further validated in replication studies or functionally 

interrogated in laboratory experiments. There are a large number of functional pathway 

analysis methods available which can be grouped into three categories (Figure 15) [313]. 
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Figure 15. Overview of existing pathway analysis methods. The data generated using a high-throughput 

technology (e.g. microarray, RNAseq) in an experiment, together with functional annotations (pathway 

database) of the corresponding genes, are the input of all pathway analysis methods. While over-

representation analysis (ORA) methods require that the input is a list of differentially expressed (DE) 

genes, functional class scoring (FCS) methods use the entire data matrix as input. In addition to 

functional annotations of a genome, pathway topology (PT)-based methods utilize the number and type 

of interactions between gene products, which may or may not be a part of a pathway database. The 

result of every pathway analysis method is a list of significant pathways in the condition under study. 

Khatri et al. (2012) [313]. 

Over-Representation Analysis (ORA) Approaches 

The first generation of functional pathway analysis is over-representation analysis (ORA) 

approaches. ORA was developed under the immediate need for functional analysis of 

microarray gene expression data and the emergence of GO during that period. It statistically 

evaluates the differentially expressed (DE) genes in a particular pathway among a large dataset 

[313]. The analysis goes into three steps. First, an input list of the DE genes is created using a 

certain threshold or criteria. This cut-off is strict in selecting the DE genes and therefore the 

results are strongly dependent on the chosen threshold. Then, for each pathway, input genes 

that are part of the pathway are counted. Finally, every pathway is tested for over- or under-

representation of input genes in the list. The most commonly used tests are based on the 

hypergeometric, chi-square, or binomial distribution [320, 321]. Many of the ORA tools differ 

very slightly from each other as they use the same statistical tests as well as overlapping 
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pathway databases. ORA has several limitations. It assumes that each gene or pathway is 

independent of the other ones and uses only the most significant genes and discards the others. 

Thus, it cannot fully fulfil the goal of gene expression analysis which is to look into how 

interactions between gene products influence gene expression profiles [313]. 

Functional Class Scoring (FCS) Approaches 

Functional class scoring (FCS) is based on the hypothesis that, although large changes in 

individual genes can have significant effects on pathways, weaker but coordinated changes in 

sets of functionally- related genes (i.e., pathways) can also have significant effects. It comprises 

methods, which first score genes and then transform gene-level scores into pathway-level 

scores. Specifically, analysis can be done in three steps. First, all individual genes in an 

experiment are scored based on their differential expression, using a gene-level statistic 

including correlation of molecular measurements with phenotype [322], ANOVA [323], Q-

statistic [324], signal-to-noise ratio [314], t-test [323], and Z-score [325]. This ‘no-cutoff’ 

strategy takes all genes from a microarray experiment without selecting significant genes. 

Second, the scores of all genes in one pathway are analyzed by a single pathway-level statistic. 

Such statistic includes the Kolmogorov-Smirnov statistic [314], sum, mean, or median of gene-

level statistic [326], the Wilcoxon rank sum [327], and the maxmean statistic [328]. The final 

step in FCS is to assess the statistical significance of different pathways. When computing 

statistical significance, there are two ways. One approach is to permutes class labels (i.e., 

phenotypes) for each sample and compares the set of genes in a given pathway with itself, 

while ignoring the genes that are not in the pathway (self-contained null hypothesis). The other 

way is to permutes gene labels for each pathway, and compares the set of genes in the pathway 

with a set of genes that are not in the pathway (competitive null hypothesis) [328-330]. 

Representative FCS analysis methods include Gene Set Enrichment Analysis (GSEA) [331], 

which identify classes of genes that are significant based on permutation of sample labels 

(Figure 15), and Generally Applicable Gene-set Enrichment (GAGE) [329] which tests the 

significance of gene sets based on permutation of gene labels or a parametric distribution. 

Pathway Topology (PT)-Based Approaches 

Pathway topology (PT)-based methods are essentially the same as FCS methods in that they 

perform the same three steps as FCS methods. The key difference is that FCS methods consider 

only the number of genes in a pathway to identify significant pathways, omitting any 
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knowledge of the gene and protein interactions, while PT-based analysis takes into account the 

graphical structure and/or topological measures of the genes and thus uses pathway topology 

to compute gene-level statistics [313].   

1.3.3. Gene signatures - categories, databases and clinical applications 

The majority of the studies exploring gene expression data results in one or more gene 

signatures which are related with biological conditions. These signatures are powerful tools 

that can reveal a range of biologically and clinically important characteristics of biological 

samples. In recent years, signatures have been developed to differentiate distinct subtypes of 

tumors, identify important cellular responses upon stimulation, predict clinical outcomes in 

cancer, and model the activation of signaling pathways [332]. The power of gene expression 

signatures derives from their ability to connect an in vitro experimental state with an in vivo 

one in a quantitative manner. Commonly, the term gene expression signature has been used in 

two ways.  

In one way, the signature is comprised of a set of genes that share a common pattern of 

expression. Because of this, these signatures are often called gene sets. While public databases 

such as ArrayExpress [308] and GEO [307] have been developed to capture gene expression 

data, databases for collections of gene signatures are developed. The largest collections of gene 

signature are available in Molecular Signatures Database (MSigDB) [333], which currently 

contains around 8,0000 genes including positional, curated, motif and computational gene. It 

also contains specialized gene sets for oncogenic and immunologic signatures that were 

extracted from literatures. To overcome redundancy among datasets and heterogeneity within 

a dataset, a new MSigDB collection of “hallmark” gene sets is generated [334]. The hallmarks 

summarize information across multiple gene sets by emphasizing genes that display coordinate 

expression and represent well-defined biological processes. Because of a reduction of variation 

and redundancy, MSigDB provides a better delineated biological space for enrichment 

analysis. GeneSigDB contains 560 standardized gene lists which are extracted and manually 

curated from the published literature [335]. Drug Signatures Database (DSigDB) is a collection 

of drug and small molecule-related gene sets based on quantitative inhibition and/or drug-

induced gene expression changes data [336]. The Lists of Lists-Annotated (LOLA) database 

contains 47 gene lists (v1.2, October 2009) and gene list input format is limited to EntrezGene 

or Affymetrix probeset identifiers [337]. SignatureDB provides 147 published and non-

published gene signatures related to haematopoietic cells [338]. The number of cancer gene 
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signatures in Cancer Genes is 26, of which 4 are from the published literature [339]. 

ImmuneSigDB is a compendium of ~5,000 well-annotated signatures generated by analysis of 

389 published studies of cell states and perturbations in the mouse and human immune systems 

[340]. These databases in turn serve as “backend annotation databases” for various enrichment 

tools that are developed to analyze gene sets by looking for shared functions or characteristics.  

The second type of signature relates to the magnitude of increase or decrease in gene expression 

of a biological phenotype under conditions [341-344]. These signatures are often developed 

from experimental conditions that precisely control the phenotype of interest, for instance, the 

activation of a cell signaling pathway or the response of cells to a defined stimulus. Since the 

signature is comprised of a quantitative measure of the expression levels of genes that define 

the phenotype, it allows a direct measurement of the phenotype, rather than an indirect 

inference through co-regulation of genes in a gene set. Tools such as GSEA will help link prior 

knowledge to newly generated data and thereby help uncover the collective behavior of genes 

in states of health and disease [314]. 

The clinical applications of gene signatures are classified as prognostic, diagnostic and 

predictive signatures. Prognostic refers to predicting the likely outcome or course of a disease. 

A prognostic biomarker of the associated phenotype or condition is able to classify similar ones 

based on one/multiple specific gene signature(s). It can also demonstrate its association and 

reproducibility with the outcomes of the condition. The validation of its association needs be 

performed using an independent group of patients [345]. A diagnostic gene signature serves as 

a biomarker that distinguishes phenotypically similar medical conditions yet different in 

severity (mild, moderate or severe phenotypes) [346]. A predictive gene signature is similar to 

a predictive biomarker, where it predicts the effect of treatment in patients that exhibit a 

particular disease phenotype. It can be used as a target for therapy [347]. 

In this thesis, a novel collection of porcine gene signatures (PorSignDB), which describes in 

vivo porcine tissue physiology, will be generated by revisiting and analyzing a large volume of 

porcine transcriptomic studies. This database will then be interrogated against a PCV2 patient 

study and the PMWS disease signature will be generated, providing a better understanding of 

how PCV2 establishes subclinical persistence and how it switches to clinical diseases. 

�  
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Porcine circovirus type 2 (PCV2) is a very small circular single-stranded DNA virus that circulates 

endemically in swine populations. Three major PCV2 genotypes (PCV2a, PCV2b and PCV2d) 

have been identified globally. The genotypic shift from PCV2a to PCV2b around 2003 and the 

recent shift from PCV2b to PCV2d have been linked with large scales of outbreaks of porcine 

circovirus associated diseases (PCVAD) in pig farms. However, the driving force behind PCV2 

evolution among genotypes or within each genotype was not clear. In this thesis, it is the purpose 

to analyse PCV2 evolution by studying genotype-specific amino acid changes using Belgian 

isolates, and by studying strain-specific replication characteristics using two Canadian PCV2a 

strains. Moreover, the PCV2 pathogenesis was studied at cellular and transcriptomic levels. 
Out of PCVAD, the most prominent disease associated with PCV2 is post-weaning multisystemic 

wasting syndrome (PMWS). The severity of PMWS varies among breeds. Pathologic hallmarks 

in wasting pigs include an elevated viral load and progressive lymphocytic depletion and monocyte 

infiltration in lymph nodes, which drastically compromises the immune system with often fatal 

outcome. Monocytes mainly take up virus particles but this rarely leads to productive viral 

infection. In contrast, lymphoblasts are fully susceptible targets. The larger the number of blasts, 

the faster and higher the primary replication of PCV2 in its host. How PCV2 enters these two types 

of target cells and what the outcome is are not studied yet.  

Pigs with PMWS however, are nearly always presented with concurrent microbial infections, 

which suggests a crucial role for superinfections in triggering PMWS. PCV2 infection alone 

generally results in a restricted low-level replication without clinical signs. What activates PCV2 

replication and hampers the anti-PCV2 specific immunity is still unknown. Furthermore, while 

many studies have shown that superinfection can trigger PMWS, mechanistic insights are lacking. 

These days, on-line repositories of large data sets of the transcriptomic architecture of biological 

systems are increasingly available. They include those describing both clinical and subclinical 

infections of PCV2-affected lymphoid tissue, which can serve as a tool for integrative 

transcriptional analyses of lymph node host responses to PCV2 viral infections. 

The aims of the present thesis are: 

(1) To determine genotypic evolution of PCV2 in Belgium from 2009 till 2018, thus filling the 

geographical genetic gap of the global PCV2; 
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(2) To characterize mechanisms of PCV2 entry and the viral outcome in primary porcine 

monocytes and lymphoblasts, and the role of monocytes in PCV2 genetic susceptibility; 

(3) To understand why PCV2 normally causes subclinical infection, and how it switches to clinical 

disease, by an integrated analysis of large volumes of porcine transcriptomic data. 
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Summary 

Porcine circovirus type 2 (PCV2) is the primary causative agent of porcine circovirus-associated 

diseases (PCVAD). Three major PCV2 genotypes (PCV2a, PCV2b and PCV2d) have been 

identified globally. Despite their worldwide distribution, the genotypic evolution of PCV2 in 

Belgium has not been determined before. In this study, 319 samples from domestic pigs that suffer 

from diseases which may be associated with PCV2 were collected from 2009 to 2018 and analyzed 

by virus isolation/titration. The overall percentage of PCV2 in PCVAD-suspected cases was 15.7% 

(50/319). The phylogenetic analysis of the ORF2 gene from 43 PCV2 samples showed that there 

were three distinct genotypes prevalent in Belgium: PCV2a (3/43), PCV2b (31/43) and PCV2d 

(9/43). The three PCV2a strains were isolated in 2009, while the 31 PCV2b strains were 

exclusively isolated from 2009 till 2013. Of the 9 PCV2d strains, 6 PCV2d-1 strains were isolated 

in 2009 and 2010, whereas 3 PCV2d-2 sequences were identified in 2018. This indicated that 

PCV2b replaced PCV2a and was the predominant genotype from 2009 till 2013, and that PCV2d-

2 became the most common one in 2018. Sequence comparison among the 43 PCV2 isolates 

showed that they had 89.7-100% nucleotide-sequence and 88.5-100% amino-acid-sequence 

identities. Three-dimensional analysis of genotype-specific amino acids revealed that most of the 

mutations were on the outside of the cap protein and a few conserved ones on the inner side. 

Mutations towards more basic amino acids were found on the upper and tail parts of two 

connecting capsid proteins which form one big contact region, most probably involved in receptor 

binding. The lower part was relatively conserved. This polarity change together with the formation 

of an extruding part drove the virus to a more efficient glycosaminoglycan receptor binding. Taken 

together, these results showed a genotype shift from PCV2a to PCV2b and later on from PCV2d-

1 to PCV2d-2, and a PCV2 evolution towards a better receptor binding capacity. 
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Introduction 

Porcine circovirus type 2 (PCV2) is one of the most widespread viruses that cause economically 

relevant infections of swine. After its first identification in the late 1990s, PCV2 is linked with a 

variety of disease manifestations, such as postweaning multisystemic wasting syndrome (PMWS), 

porcine dermatitis and nephropathy syndrome (PDNS), porcine respiratory disease complex 

(PRDC), and reproductive failure [1-4]. All these PCV2-related diseases are collectively termed 

PCV2-associated diseases (PCVAD) [5]. Retrospective serological studies performed on archived 

samples confirmed PCV2 infections from 1962 in Germany, 1969 in Belgium, 1970 in the United 

Kingdom, 1973 in Ireland and 1985 in Spain and Canada [6-11]. This demonstrates that PCV2 

circulated years prior to its identification.  

PCV2 belongs to the Circovirus genus of the family Circoviridae. It is an icosahedral and non-

enveloped DNA virus, with a diameter of only 17 nm. The single-stranded circular PCV2 genome 

is comprised of 1766-1768 nucleotides (nt) [12]. It contains two major open reading frames (ORFs): 

ORF1 encodes two replication-associated proteins (Rep and Rep’), which are essential for the 

multiplication of the PCV2 genome but absent in the assembled virion; ORF2 encodes a viral 

capsid protein (Cap), which is the only structural protein. The capsid protein determines the 

antigenicity and virulence of PCV2 [13-16]. Mutation of one or two amino acids in the Cap protein 

may already affect the virulence and pathogenicity of PCV2 [17, 18]. In addition, ORF2 alone can 

serve as phylogenetic and epidemiologic marker for comparative analysis of PCV2 [19]. 

Based on phylogenetic analysis of PCV2 genomic or ORF2 sequences, PCV2 can be divided into 

six subtypes (PCV2a-f). PCV2a and PCV2b have been documented worldwide [20]. PCV2a was 

the most prevalent genotype until approximately 2003 while since 2004 PCV2b became the 

predominant one [21]. This indicates an obvious genotype shift from PCV2a to PCV2b, which was 

described in several countries [21-27]. This shift on genotype prevalence coincided with the advent 

of the most severe outbreaks of PCVAD. However, under experimental conditions, the virulence 

of PCV2a and PCV2b does not differ significantly [28, 29]. PCV2c was detected in archived swine 

serum samples in Denmark with only three cases, and recently it was found in a feral pig in Brazil 

[24, 30]. However, this genotype is likely of minor importance. PCV2d strains can be traced back 

to 1998 in Switzerland and is now widespread in many countries, suggesting a genotype shift from 

PCV2b to PCV2d [31-35]. PCV2d is divided into 2 subclades, PCV2d-1 and PCV2d-2 [33]. The 
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majority of PCV2d-1 strains were circulating during 1999-2011 while PCV2d-2 was first 

identified in 2006, indicating that PCV2d-1 is a possible ancestor of PCV2d-2 [33]. The fifth 

genotype, PCV2e, was first discovered in Mexican pigs and then in the United states in a 

retrospective study, with the earliest sequence dating back to 2006 [36, 37]. The last genotype, 

PCV2f, was first identified in China and is also present in Croatia, India and Indonesia [38]. 

In Belgium, the presence of PCV2 infections was demonstrated in 1969 based on a retrospective 

serological analysis of PCV2 antibodies in domestic and feral pig populations [11]. Large PMWS 

outbreaks have never been described in Belgium [39, 40]. It is thought that the use of Piétrain 

boars for the production of hybrid fattening pigs forms the basis of this low susceptibility. Recent 

work has demonstrated a more efficient uptake and disintegration of PCV2 by monocytes from 

purebred Piétrain than those from purebred Landrace and Large White, which may in part explain 

this better resistance [41]. Until now, based on the published information, only four Belgian strains 

were isolated from PMWS-affected piglets: strains 1206 (isolated in 2004) and VC2002-K39 

(isolated in 2009) were identified as PCV2b, strain VC2002-K2 (isolated in 2009) as PCV2d-1 

and strain 4D4 (isolated in 2009) as a recombinant strain of VC2002-K2 and VC2002-K39 [16, 

33, 39, 42, 43]. This published information may be an underestimation of the total number of 

PMWS strains and true prevalence of PMWS in the field. Despite continuous reports of newly 

emerging strains and global genotype shifts, there was little information available regarding the 

molecular epidemiology and evolution of PCV2 in Belgium. The objectives of this study were to 

provide information on the genotypic evolution of PCV2 in Belgium from 2009 till 2018. 
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Materials and methods 

2.1 Sample collection 

A total of 319 samples (lungs, kidneys, spleen, lymph nodes, serum or a mix of organs) were 

collected from unthrifty pigs with clinical signs of PCVAD in different regions of Belgium from 

2009 to 2018. These samples were submitted for diagnostic analysis to the Laboratory of Virology, 

Faculty of Veterinary Medicine, Ghent University. A piece of tissue samples was homogenized 

for virus titration and DNA extraction, and the rest of the samples was stored at -70°C. 

2.2 Virus isolation and titration 

Twenty percent (w/v) suspensions of each tissue sample or pools were made in cold PBS. 

Afterwards, the PCV2 titers were determined by virus titration on PK-15 cells as described 

elsewhere [44]. The virus titers were expressed as log10TCID50/g of tissue (TCID50 = tissue culture 

infectious dose with 50% endpoint). Samples were categorized into three groups with high (≥ 4.5 

log10TCID50/g), medium (3-4.5 log10TCID50/g), and low (≤ 3 log10TCID50/g) virus titers according 

to the previous criteria [45]. The detection limit of this technique was 10
1.7 TCID50/g tissue [46]. 

2.3 DNA extraction, PCR and sequencing  

Total DNA was extracted from tissue homogenates or serum using QIAamp Cador Pathogen mini 

kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The viral DNA extracted 

from PCV2 strain 1121 virus stock and double distilled water were used as positive and negative 

controls during PCR analysis, respectively. To amplify ORF2 gene, a conventional PCR assay was 

performed using the primer pairs listed in Table 1. PCR reaction (25 µl) contained 5 µl of 5 x PCR 

Buffer, 0.2 µl of 100 mM dNTPs, 1 µl of 10 µM primers each, 5 µl of DNA template, 0.5 µl of 

Herculase II fusion DNA polymerase, and 13.3 µl water. The thermal cycling program for the PCR 

reaction was 94°C for 2 min, then 30 cycles of 94°C for 15 s, 54°C for 30 s, and 68°C for 1 min 

(ORF2-fw/rev) or for 2 min (pgPCV2-fw/rev), followed by 68°C for 10 min. The amplification 

products were examined by agarose gel electrophoresis and were visualized by ethidium bromide 

staining and UV light. The amplicons were sent to GATC (Constance, Germany) for Sanger 

sequencing. The sequences of the DNA fragments were then assembled using EditSeq program of 

the DNASTAR version 7.0 (DNASTAR Inc., Madison, WI, USA).   
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Table 1. Primers used in this study to amplify the PCV2 ORF2 gene. 

 

2.4 Bioinformatics analysis 

Forty-three ORF2 nucleotide sequences obtained in this study (Table 3) and 29 published PCV2 

ORF2 sequences available in GenBank (Table 4) were included in the phylogenetic analysis. All 

sequences were aligned using the Clustal W method of the MegAlign program of the DNASTAR 

version 7.0. Nucleotide and amino acid sequence similarities were analysed based on the aligned 

dataset. A phylogenetic tree was constructed using the neighbour-joining method in MEGA 7 

software [47]. Reliability of the neighbour-joining tree was calculated using 1000 bootstrap 

replicates. Nucleotide sequences obtained were deposited in GenBank and assigned with accession 

numbers. 

2.5 Three-dimensional (3D) mapping of amino acids in PCV2 Cap protein 

The accurate 3D structures of PCV2 Cap protein of different genotypes were predicted using 

iterative threading assembly refinement (I-TASSER) server 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) based on the sequence of a PCV2a strain 

(Fh17; GenBank No. AY322004), a PCV2b strain (1206; GenBank No. EF990644) and a PCV2d 

strain (K2; GenBank No. EF990645) [48-50]. The structures of Cap protein were displayed with 

PyMOL software (South San Francisco, CA, US).  

  

Primer set 
Forward primer  

(5’ to 3’) 
Reverse primer (5’ to 3’) Product  Reference 

ORF2-fw/rev gcgcacttcttttcgttttcag gaatgcggccgcttatcacttcgtaatggttt
ttattattca 756 bp [16, 41] 

pgPCV2-
fw/rev ggctgtggcctttgktac tgtrgaccacgtaggcctcg 1598 bp  [16, 41] 
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Results 

3.1 Epidemiology of PCV2 in Belgium from 2009 till 2018 

The total number of collected cases and virus isolation positive cases of each year are shown in 

Table 2. Of the 319 clinical samples, 50 samples (16%) were positive for PCV2 by virus 

isolation/titration. The total samples were then categorized by virus titer (log10TCID50/g) [45]. 

Eight percent of the samples (25/319) contained large amounts of infectious PCV2 (≥ 4.5 

log10TCID50/g), 1% of the samples (3/319) contained moderate amounts of infectious PCV2 (3-

4.5 log10TCID50/g), 7% of the samples (22/319) contained low amounts of infectious PCV2 (≤ 3 

log10TCID50/g) and 84% of the samples (269/319) were negative for PCV2 isolation.  

Table 2. Number of total collected samples, PCV2 isolation-positive cases, PCR-examined cases and PCV2 

genotypes identified each year in 319 samples collected from 2009 to 2018 in Belgium. 

 
3.2 PCR analysis of PCV2 ORF2 sequences 

A total of 43 samples were subjected to DNA extraction and PCR amplification of the ORF2 gene. 

The distribution of these PCR-examined samples in each year is shown in Table 2. Sixteen PCV2 

isolates from 2009 were randomly selected for further PCR analysis from the 26 PCV2-titration 

positive cases due to a relatively large sample size; all PCV2 isolates from 2010 till 2017 (12 

isolates in 2010, 4 isolates in 2009, 4 isolates in 2010, 4 isolates in 2013 and 0 isolates in 2014-

2017) were analyzed by PCR; 3 out of 6 serum samples collected in 2018 that were PCR-positive  
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Table 3. Information on PCV2 PCR-positive isolates collected in Belgium from 2009 to 2018.  
 

No. Isolates 
(Cases) 

Collection 
year 

Sample  PCV2 titers 
(log10TCID50/g 
tissue) 

Accession No. Genotype 

1 09V003 2009 mixed organs 4.7 MK005834 2b 
2 09V005 2009 lung 2.0 MK005831 2a 
3 09V019 2009 spleen 4.5 MK005835 2b 
4 09V026 2009 lymph node ≥ 5.5 MK005832 2a 
5 09V042 2009 lung + lymph node ≥ 5.5 MK005836 2b 
6 09V089 2009 organs foetus positive* MK005833 2a 
7 09V117-1 2009 lung 4.3 MK005837 2b 
8 09V117-2 2009 lung ≥ 5.5 MK005838 2b 
9 09V118 2009 spleen 4.7 MK005839 2b 
10 09V141 2009 lung 5.0 MK005840 2b 
11 09V153 2009 lymph node ≥ 5.5 MK005841 2b 
12 09V178 2009 lymph node 3.0 MK005842 2b 
13 09V257 2009 spleen 2.0 MK005843 2b 
14 09V408 2009 lung 3.2 MK005844 2b 
15 09V410 2009 kidney 2.0 MK005845 2b 
16 09V448 2009 lymph node 5.5 MK005865 2d-1 
17 10V005 2010 lymph node 4.7 MK005846 2b 
18 10V008 2010 lung 2.5 MK005847 2b 
19 10V009 2010 spleen + lymph node 4.7 MK005866 2d-1 
20 10V059 2010 lymph node 2.5 MK005848 2b 
21 10V139 2010 lung 3.0 MK005849 2b 
22 10V147 2010 lymph node 4.5 MK005850 2b 
23 10V149 2010 lung + lymph node 5.5 MK005867 2d-1 
24 10V183 2010 lymph node + heart 2.0 MK005851 2b 
25 10V232 2010 lymph node ≥ 5.5 MK005852 2b 
26 10V513 2010 lung 2.5 MK005868 2d-1 
27 10V532 2010 spleen + lung 2.0 MK005869 2d-1 
28 10V542 2010 lymph node 2.0 MK005870 2d-1 
29 11V012 2011 lymph node 5.3 MK005853 2b 
30 11V152 2011 spleen 1.7 MK005854 2b 
31 11V300 2011 lung ≥ 5.5 MK005855 2b 
32 11V519 2011 lung positive* MK005856 2b 
33 12V001 2012 organs foetus 2.8 MK005857 2b 
34 12V042-1 2012 mixed organs 4.5 MK005858 2b 
35 12V042-2 2012 mixed organs 4.5 MK005859 2b 
36 12V042-3 2012 mixed organs 4.5 MK005860 2b 
37 13V067 2013 lung ≥ 5.5 MK005861 2b 
38 13V068 2013 spleen 5.0 MK005862 2b 
39 13V069 2013 lymph node ≥ 5.5 MK005863 2b 
40 13V071 2013 spleen 5.0 MK005864 2b 
41 18V047 2018 serum negative MH287045 2d-2 
42 18V126 2018 serum negative MK005871 2d-2 
43 18V152 2018 serum negative MK005872 2d-2 
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Note: positive* means that the sample was positive for virus isolation, but the corresponding virus titer was not 

recorded. 

 
were further analyzed. The detailed information of these PCR-examined samples is shown in Table 

3, including the code, year of isolation, tissue origin, PCV2 titer and GenBank accession number. 

The complete ORF2 sequences were 702 or 705 base pairs (bp) in length. 

3.3 Phylogenetic and homology analyses of PCV2 ORF2 sequences 

Genetic and phylogenetic analyses were performed using ORF2 sequences of 43 Belgian PCV2 

isolates and 29 reference sequences (Table 4) retrieved from GenBank by neighbour-joining 

method.  

Table 4. Information of reference strains used in this study. These sequences were obtained from Genbank. 
 

No. Isolates Collection or  
submission year 

Country Accession No. Genotype 

1 Eng-1970 1990 UK KJ408798 PCV1 
2 XFD-Beijing 2010 China KC447455 PCV1 
3 NMB 2008 US GU799575 PCV1 
4 FJ 2004 China AY556474 PCV2a 
5 type-C 1998 Canada AF109398 PCV2a 
6 Pingtung-4 2002 China AY180396 PCV2a 
7 SPA1 1999 Spain AF201308 PCV2a 
8 Fh17 2003 France AY322004 PCV2a 
9 Imp.1121 2000 Canada  AJ293868 PCV2a 
10 Imp.1010-Stoon 1998 Canada AF055392 PCV2a 
11 No.33 2001 Japan AB072301 PCV2a 
12 VC2002-k39 2007 Belgium EF990646 PCV2b 
13 1206 2007 Belgium EF990644 PCV2b 
14 HD 2005 China AY916791 PCV2b 
15 QZ0401 2004 China AY691169 PCV2b 
16 NL_Control_1 2003 Netherlands AY484407 PCV2b 
17 AUT5 2003 Austria AY424405 PCV2b 
18 Fd3 2003 France AY321984 PCV2b 
19 DK1990 2007 Denmark EU148505 PCV2c 
20 DK1987 2007 Denmark EU148504 PCV2c 
21 DK1980 2007 Denmark EU148503 PCV2c 
22 VC2002-k2 2008 Belgium EF990645 PCV2d-1 
23 798-1 2008 Japan AB462384 PCV2d-1 
24 PCV2-UFV1 2013 Brazil KJ187306 PCV2d-2 
25 22625-33 2012 US JX535296 PCV2d-2 
26 GDYX 2012 China JX519293 PCV2d-2 
27 BDH 2008 China HM038017 PCV2d-2 
28 CN/Hebei 2017 China MF139082 PCV3 
29 US/MN2016 2016 US KX898030 PCV3 
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The phylogenetic tree showed that the 43 PCV2 sequences obtained could be classified into three 

distinct genotypes (Figure 1). Three of the 43 (7%) PCV2 isolates belonged to genotype 2a, 31 of 

the 43 (72%) isolates to genotype 2b and 9 of the 43 (21%) isolates to genotype 2d. PCV2c, PCV2e 

and PCV2f genotypes were not detected in the sample set. 

 

 

Figure 1. Phylogenetic analysis of PCV2 isolates based on ORF2 sequences obtained in this study (▲) 

together with the reference sequences from GenBank. The neighbor-joining tree was constructed by 

molecular evolutionary genetics analysis (MEGA) software version 7.0. The PCV1 and PCV3 sequences 

provided an outgroup to root the tree.  
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The genotype distribution of the 43 Belgian PCV2 isolates from 2009 till 2018 is listed in Table 2. 

All three samples of PCV2a genotype were collected in 2009. Two of them clustered with an 

isolate in Canada (GenBank No. AF109398), while one of them clustered with an isolate from 

France in 2003 (GenBank No. AY322004). PCV2b was the most common genotype found from 

2009 to 2013, with relatively limited genetic diversity. PCV2d formed an independent cluster 

which was further subdivided into two separate subclades, PCV2d-1 and PCV2d-2. Interestingly, 

PCV2d-1 isolates were found in 2009 (1/6) and in 2010 (5/6), while in 2018 all PCV2d sequences 

clustered in the PCV2d-2 clade (3/3). Furthermore, one strain 10V009 from the PCV2d-1 clade 

clustered with the VC2002-K2, the first isolated Belgian PCV2d-1 strain [15, 33, 39]. 

The length of the ORF2 of PCV2a and PCV2b was 702 bp, while that of PCV2d was 705 bp 

resulting in an additional amino acid, lysine, at the 3’-terminus of the capsid protein. Pairwise-

sequence comparisons revealed that the complete ORF2 sequences of 43 PCV2 isolates shared 

89.7-100% nucleotide sequence and 88.5-100% amino acid sequence identities. For each genotype, 

the homology of nucleotide and amino acid sequences were as follows; for the PCV2a isolates 

(n=3): 94.9-99.9% and 95.4-100%; for the PCV2b isolates (n=31): 95.2-100% and 94-100% and 

for the PCV2d isolates (n=9): 97.7-100% and 97.0-100% (Table 5). The PCV2d sequences 

exhibited the lowest variability among the three Belgian PCV2 genotypes. Despite this highest 

homology, the Belgian PCV2d genotype could be separated into two subtypes. The ORF2 gene of 

6 PCV2d-1 isolates demonstrated 97.9-99.4% nucleotide sequence and 97.0-99.1% amino acid 

sequence identities whereas that of 3 PCV2d-2 sequences had 97.7-100% and 97.0-100% identities. 

3.4 Amino acid analysis of PCV2 Cap sequences 

The amino acid alignment of the capsid protein encoded by the ORF2 gene was further conducted 

for the 43 PCV2 strains in this study (Figure 2). Amino acid comparisons among the 43 PCV2 

isolates and 21 reference strains revealed that a greater diversity was found in three major regions 

(53-91, 121-136 and 169-217) and at three major positions (151, 232 and 234). Moreover, certain 

amino acids only appear in strains of one but not the other two genotypes, and these amino acids 

were listed in Table 6. For instance, 10 amino acid residues (75N/K, 76L, 86T, 88K, 89I, 91I, 

123I/V, 136Q, 190S/T, 232N/K, indicated in red) were only found in clusters of PCV2a isolates; 

15 (11K/R, 29F/L, 82K/P, 85H/G, 89L/R, 112P/T, 141S/Y, 169A/S, 188H/Q, 190A, 206V,  
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Table 5. Percent of nucleotide and amino acid sequence similarity of ORF2 among reference strains and PCV2 isolates in our study by pairwise 
comparison. 

 

   Nucleotide (nt) and amino acid (aa) identities of strains (%) 

  Type C 
(AF109398) 
(PCV2a) 

Isolates in      
our study 
(PCV2a) 

1206 
(EF990644) 
(PCV2b) 

Isolates in      
our study 
(PCV2b) 

VC2002-K2 
(EF990645) 
(PCV2d-1) 

Isolates in      
our study 
(PCV2d-1) 

BDH 
(HM038017) 
(PCV2d-2) 

PCR-isolates in      
our study 
(PCV2d-2) 

Type C (AF109398)     
(PCV2a) 

nt 100 95.2 - 97.5 93.5 91.9 - 94 92.3 91.2 - 92.3 92.1 92.1 
aa 100 93.1 - 96.2 91.9 88.8 - 93.8 89.4 88.1 - 89.4 88.8 88.8 

          
Isolates in our study 
(PCV2a) 

nt - 94.9 - 99.9 92.6 - 93.3 91.5 - 95.2 90.0 - 93.7 89.7 - 94.2 90.2 - 93.4 90.0 - 93.6 
aa - 95.7 - 100 90.6 - 91.9 89.3 - 94.9 88.9 - 90.2 87.2 - 90.6 87.6 - 89.7 87.6 - 90.2 

          
1206 (EF990644)    
(PCV2b) 

nt - - 100 98.3 - 99.6 93.6 93.4 - 94.6 94.3 94.2 - 94.3 
aa - - 100 95.3 - 99.6 93.2 93.2 - 94.4 93.6 93.6 

          
Isolates in our study 
(PCV2b) 

nt - - - 95.2 - 100 92.3 - 94.7 92.6 - 95.4 93.2 - 95.4 93.0 - 95.4 
aa - - - 94.0 - 100 91.5 - 94.9 91.0 - 96.2 91.9 - 95.3 91.9 - 95.3 

          
VC2002-K2 (EF990645) 
(PCV2d-1) 

nt - - - - 100 97.9 - 99.3 98 97.9 

aa - - - - 100 97.4 - 99.1 98.3 97.9 - 98.3 
          
Isolates in our study 
(PCV2d-1) 

nt - - - - - 97.9 - 99.4 97.9 - 98.4 97.7 - 98.3 
aa - - - - - 97.0 - 99.1 97.4 - 99.1 97.0 - 100 

          
BDH (HM038017)   
(PCV2d-2) 

nt - - - - - - 100 99.9 
aa - - - - - - 100 99.6 - 100 

          
PCR-isolates in our study 
(PCV2d-2) 

nt - - - - - - - 97.7 - 100 

aa - - - - - - - 97.0 - 100 
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Figure 2. Multiple sequence alignment of Cap proteins of PCV2 isolates obtained in this study (▲) and reference stains obtained from GenBank.  
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Table 6. Total variable amino acids produced by amino acid alignment of Cap protein 43 Belgian PCV2 isolates 
and 21 reference strains. 
 

 

PCV2a   PCV2b   PCV2d-1  PCV2d-2 
Isolates 
in our 
study 

Reference 
strains*   Isolates in 

our study 
Reference 
strains   Isolates in 

our study 
Reference 
strains   

PCR-
isolates in 
our study 

Reference 
strains 

Position (n=3) (n=8)  (n=31) (n=7)  (n=6) (n=2)  (n=3) (n=4) 
10 R R  R R  2G/4R R  R R 
11 R R  1K/30R R  R R  R R 
29 L L  1F/30L L  L L  L L 
47 1A/2T 1A/1S/6T  T T  T T  T T 
53 F F  F F  I I  I I 
57 V V  2V/29I 3V/4I  V V  V V 
59 R 2R/6A  R R  1A/1R/4K A  K K 
63 1S/2T 1S/3R/4T  1T/9R/21K 3K/4R  R R  R R 
68 A A  A A  N N  N N 
72 L 3L/5M  3L/28M M  M M  M M 
75 1N/2K 1T/3K/4N  N N  N N  N N 
76 L 1L/7I  I I  I I  I I 
77 D 1N/7D  1D/30N N  N N  N N 
80 V 1L/7V  1V/30L L  L L  L L 
82 P P  1K/30P P  P P  P P 
85 G G  1H/30G G  G G  G G 
86 T T  S S  S S  S S 
88 K K  P P  P P  P P 
89 I I  1L/30R R  L L  L L 
90 S S  1T/30S S  T T  T T 
91 I 1V/7I  V V  V V  V V 
96 Y Y  1N/30Y Y  Y Y  Y Y 
112 T T  1P/30T T  T T  T T 
121 S 3S/5T  1T/30S S  T T  T T 
123 1I/2V 1I/7V  V V  V V  V V 
130 V 2F/6V  1F/30V V  V V  V 1I/3V 
131 1I/2P 1I/3T/4P  12P/19T T  T T  T T 
134 T 1P/7T  T T  N N  N N 
136 Q 1Q/7L  L L  L L  L L 
141 Y Y  1S/30Y Y  Y Y  Y Y 
151 1P/2T 1T/7P  T 1P/6T  1T/5P P  T T 
169 1S/2G S  1A/30S S  1W/5R R  1R/2G 2R/2G 
185 1M/2L 2M/5L  12M/19L L  L L  L L 
188 Q Q  1H/30Q Q  1P/5Q Q  Q Q 
190 1S/2T S  A A  T T  T T 
191 1R/2G 1K/1G/2A/3R 1R/30G G  G G  G G 
200 T 1A/6T  T 1I/6T  3P/3T T  T T 
206 K K  1V/30I I  I 1K/1I  I I 
207 Y Y  Y Y  1H/5Y Y  Y Y 
210 D D  1D/2G/28E E  2D/4E D  D D 
215 V V  1G/1I/29V V  I I  I I 
216 T T  T T  1A/5T T  T T 
217 M M  11L/20M M  M M  M M 
222 R R  1T/30R R  R R  R R 
232 K 1N/6K  N N  N N  N N 
234 - -  - -  K K  K K 
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Note: (a) PCV2a reference sequences: AY556474, AF109398, AY180396, AF201308, AY322004, AJ293868, 
AF055392, AB072301. (b) PCV2b reference sequences: EF990646, EF990644, AY916791, AY691169, AY484407, 
AY424405, AY321984. (c) PCV2d reference sequences: EF990645, AB462384 (PCV2d-1); KJ187306, JX535296, 
JX519293, HM038017. The unique amino acids of PCV2a isolates against the other two genotypes are indicated in 
red, PCV2b isolates in blue and PCV2d isolates in green. 
* One reference strain PCV2a-AF109398-Canada1998 only have partial Cap sequence (positon 1-168) deposited on 
GenBank.  
-, Dashes indicate amino acid residues at this position are absent among these PCV2 genotypes. 
 
210D/G/E, 215G/I/V, 217L/M and 222T/R, indicated in orange) in PCV2b isolates, and 12 (10G/R, 

53I, 59A/K/R, 68N, 130I/V, 134N, 169W/R/G, 188P/Q, 200P/T, 207H/Y, 215I and 216A/T, 

indicated in green) in the clusters of PCV2d (Table 6). Among these variable amino acids, some 

mutations were limited to a few strains, such as 11K/R among PCV2b isolates, with K present in 

one out of 31 PCV2b isolates and R in the rest 30 strains. These mutations seldom reflect the whole 

picture of PCV2 genotypic evolution, and thus is of little importance.  

Other mutations were present in all or at least the majority of the strains of that genotype, such as 

57V/I among PCV2b isolates, with V present in two out of 31 PCV2b isolates and I in the other 

29 strains. These mutations may represent the general evolutionary trace of that genotype, and is 

thereby of great importance. Such mutations were selected and presented in Table 7. Amino acids 

at these important mutation sites were mapped on the corresponding 3D structure of the Cap 

protein of PCV2a (strain Fh17), PCV2b (strain 1206) and PCV2d (strain K2) (Figure 3). Different 

colour codes were used for different amino acid sites, and the same colour was used for the same 

amino acid site across the three different genotypes. On the inner side of the Cap protein where 

the Cap protein interacts with the viral genome, three mutations at positions 53 (F-F-I), 121 (S-S-

T) and 215 (V-V-I) were found on the β-sheet structure across the three genotypes (PCV2a-

PCV2b-PCV2d). These mutations are conserved and less likely to induce any changes, since F, I 

and V belong to the hydrophobic amino acids, and S and T to the polar amino acids. Because the 

amino acids of the inner part of the Cap protein that interact with the viral genome are conserved, 

it became clear that the inner β-sheets are essential in the PCV2 morphogenesis and stability of the 

structure. Interestingly, most of the amino acid mutations were found on the outside of the Cap 

protein where the Cap protein interacts with the environment. On the upper part of the Cap protein, 

mutations were found in amino acids at positions 59, 206 and 63 that were very close to each other 

and formed a large surface area (A/K/S for PCV2a, R/I/R for PCV2b, and A/K/R for PCV2d). It 

is obvious that this area became more basic with the evolution from PCV2a to PCV2b and PCV2d, 

due to the formation of a cluster of basic polar amino acids (K + R). A single amino acid at position 
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169 (S-S-R) followed this trend as well. This indicated that this area of the PCV2 capsid was 

evolving towards more positive charges which may lead to a more efficiently binding to the 

negatively-charged glycosaminoglycan (GAG) receptors. Another large surface area where 

mutations were found was formed by amino acids at positions 57, 68 and 134, which is V/A/T for 

PCV2a, I/A/T for PCV2b, and V/N/N for PCV2d. Compared with PCV2a and PCV2b, this area 

of PCV2d increased its polarity by adding a second polar amino acid (NN) instead of a non-polar

amino acid (A, I or V). In this way, a better environment is created for receptor binding by 

hydrogen bonds. Similarly, a single mutation of the amino acid at position 131 (I-T-T) also shifted 

from a hydrophobic amino acid (I) to a polar one (T), which fitted in this hypothesis as well. 

Table 7. Genotype-specific amino acid residues in the Cap protein of 43 Belgian PCV2 isolates (PCV2a: 3 

isolates; PCV2b: 31 isolates; PCV2d-1: 6 isolates; and PCV2d-2: 3 PCR-isolates) and 21 reference strains 

(PCV2a: 8 strains; PCV2b: 7 strains; PCV2d-1: 2 strains; and PCV2d-2: 4 strains).  

Position 

PCV2a   PCV2b   PCV2d-1  PCV2d-2 
Isolates 
in our 
study 

Reference 
strains*    Isolates in 

our study  
Reference 
strains   Isolates in 

our study 
Reference 
strains   

Isolates 
in our 
study 

Reference 
strains 

53 F F  F F  I I  I I 
57 V V  2V/29I 3V/4I  V V  V V 
59 R 2R/6A  R R  1A/1R/4K A  K K 
63 1S/2T 1S/3R/4T  1T/9R/21K 3K/4R  R R  R R 
68 A A  A A  N N  N N 
77 D 1N/7D  1D/30N N  N N  N N 
80 V 1L/7V  1V/30L L  L L  L L 
86 T T  S S  S S  S S 
88 K K  P P  P P  P P 
89 I I  1L/30R R  L L  L L 
90 S S  1T/30S S  T T  T T 
91 I 1V/7I  V V  V V  V V 
121 S 3S/5T  1T/30S S  T T  T T 
131 1I/2P 1I/3T/4P  12P/19T T  T T  T T 
134 T 1P/7T  T T  N N  N N 
151 1P/2T 1T/7P  T 1P/6T  1T/5P P  T T 
169 1S/2G S  1A/30S S  1W/5R R  1R/2G 2R/2G 
190 1S/2T S  A A  T T  T T 
206 K K  1V/30I I  I 1K/1I  I I 
210 D D  1D/2G/28E E  2D/4E D  D D 
215 V V  1G/1I/29V V  I I  I I 
232 K 1N/6K  N N  N N  N N 
234 - -  - -  K K  K K 
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Figure 3. Three dimensional mapping of critical amino acids presented in Table 7 on capsid of PCV2a, 

PCV2b and PCV2d. The 3D structures of capsid were generated using I-TASSER server and displayed 

with PyMOL.  

Together, this suggested that, with mutations of amino acids at the upper part of the Cap protein, 

PCV2 evolved to search for a way and to create a better environment for a more efficient binding 

with glycosaminoglycans (GAGs). On the lower part of the Cap protein, there were three large 

surface areas which were formed by groups of mutated amino acids among three genotypes. The 

first one (V/D/S for PCV2a, I/N/A for PCV2b, and L/N/T for PCV2d) was formed by amino acids 

at positions 80, 77 and 190; the second one (V/S/I for PCV2a, L/S/V for PCV2b, and L/T/V for 

PCV2d) was formed by amino acids at positions 80, 90 and 91; and the last one (T/K/I for PCV2a, 

S/P/R for PCV2b, and S/P/L for PCV2d) was formed by amino acids at positions 86, 88 and 89. 

Mutations in the former two areas were generally conserved, since the mutated amino acids were 

replaced by ones with similar biochemical properties; mutations in the last area resulted in a loss 

of the basic positively charged polar amino acid. This meant that there were less changes in the 

lower part of the capsid protein. On the “tail” part of the Cap protein, an amino acid at position 

232 changed from a basic polar K for PCV2a to a polar neutral N for both PCV2b/d. For PCV2d, 

there was an extra basic polar amino acid K at position 234, while this amino acid K at position 

234 was absent for PCV2a/b. Moreover, the surface of the basic polar amino acid K at position 

234 was very close to that of the polar amino acid N at position 232 for PCV2d. It was inferred 

that the polar amino acid N at position 232 could extend further from the capsid surface, thus 

projecting the neighbouring positively charged K to the outer environment to search for/enhance 

the initial, non-specific interaction of the virus with negatively charged heparan/chondroitin sulfate 

on the cell membrane during PCV2 infection.  

In conclusion, the amino acid motifs were multivariate in the Cap sequences of these 43 Belgian 

PCV2 isolates. From an evolutionary point of view, most amino acid mutations were found on the 

outer surface of the Cap protein, with the upper and tail parts of the Cap protein consisting of more 

basic amino acid clusters and the lower part being more conserved but somewhat less basic; the 

amino acids at the inner part were conserved to interact with the viral genome and maintain the 

stability of the PCV2 virion.  
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Discussion 

In Belgium, the first retrospective serological study was performed on archived samples from 

nursery pigs, fattening pigs and young sows by IPMA, showing that the presence of PCV2 dates 

back to 1985 [40]; another detailed serological survey of PCV2 antibodies in domestic and feral 

pig population later in Belgium showed the evidence of PCV2 infections in 1969 [11]. Apart from 

these serological studies, little genetic information of PCV2 strains in Belgium was available. In 

the present study, we examined the molecular epidemiology of PCV2 strains circulating in 

Belgium, by evaluating the frequency of the virus detection, the genotype distribution and their 

heterogeneity from archived diagnostic samples during the period 2009-2018. This study is the 

first report on the molecular characterization of Belgian PCV2 strains. 

Despite the early presence of PCV2 in 1969, Belgian farms were rarely affected by PMWS-related 

problems. In three Belgian farms with a history of PMWS, the percentage of PMWS positive 

piglets was very low (2%) compared to those described in the United Kingdom (up to 22%), United 

States (up to15%), France (11%) and Spain (up to 30%) [39, 51-54]. Until now, only four Belgian 

PCV2 strains were isolated from PMWS-affected piglets. Strains 1206 and VC2002-K39 were 

identified as PCV2b, strain VC2002-K2 as PCV2d-1 and strain 4D4 as a recombinant strain of 

VC2002-K2 and VC2002-K39 [43]. The successful application of vaccinationNimproved biosafety 

measures, and better hygiene may explain the decreased number of samples that were sent for 

PCV2 diagnosis in our lab from 2014 to 2018. Another reason could be that PCV2 diagnosis 

became a routine test of an increasing number of labs, leading to the distribution of the samples to 

other labs instead of our lab in that period. 

In this study, three PCV2 genotypes (PCV2a, 2b and 2d) were identified in Belgium, with a clear 

predominance of PCV2b from 2009 till 2013 and of PCV2d in 2018. Samples from 2014 to 2017 

were negative for virus isolation and thus were not submitted for further PCR analysis. Only three 

cases of PCV2a were detected exclusively in 2009 in our study, indicating that this genotype has 

lost its importance in Belgium. This agrees with the fact that PCV2a was the most dominant 

genotype in pig population worldwide before 2003 [33]. During the period of 2003-2004, a global 

shift occurred from genotype 2a to 2b. This agrees with the predominance of PCV2b from 2009 

till 2013 in Belgium. In 2018, PCV2d, especially PCV2d-2, was the only detected circulating 
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subtype in Belgium in our study. The emergence and spread of PCV2d-2, which appears to be 

replacing PCV2b, has been suggested in several studies [33, 55]. PCV2d-1 was only found in 2009 

(1/6) and 2010 (5/6) in Belgium. This is in line with the global trend in the identification of PCV2d-

1 between 1999 and 2011 and confirms the proposal that PCV2d-1 is a possible ancestor of 

PCV2d-2 [33]. The emergence of PCV2d-1 concurred with the spread of PCV2b, indicating that 

PCV2b and PCV2d bifurcated early and evolved independently in the pig population [33]. These 

findings generally indicate a genotype shift from PCV2a to PCV2b and from PCV2d-1 to PCV2d-

2. The limited timeframe of our study and the absence of PCV2 genetic data between 2014 and 

2017, made it difficult to determine the exact genetic changes in Belgium during that period. 

In our study, 16% of the investigated cases (50/319) were found positive for PCV2 by virus 

titration. Virus titers ranged from 1.8 log10TCID50 per gram tissue to more than 5.5 log10TCID50 

per gram tissue, with 8% of the samples (25/319) being highly positive (≥ 4.5 log10TCID50/g) [45]. 

High virus titers were found in one out of three PCV2a isolates (33%), 19 out of 31 PCV2b isolates 

(61%) and half of PCV2d-1 isolates (50%). The information for PCV2d-2 isolates is missing since 

virus isolation and titration from these serum samples was unsuccessful. The similar proportion of 

high virus titers within the three genotypes suggests that pigs infected with PCV2a or PCV2b or 

PCV2d may have a similar chance to develop high PCV2 titers in tissues. Interestingly, previous 

findings demonstrated that PCV2a and PCV2b induced similar pathological lesions and replicated 

to similar high titers in both foetuses and conventional specific-pathogen-free (SPF) pigs, and that 

PCV2d strains from the US exhibit similar virulence to the classical PCV2a and PCV2b strains 

[28, 29, 56]. In contrast, PCV2d stain “BDH” (GenBank No. HM038017) was rated more virulent 

than classical PCV2a and PCV2b strains in another study [57]. The increased virulence of PCV2d 

was inferred to be possibly related with the extra positively charged lysine (K) at position 234 

projecting from the capsid surface, which interacts non-specifically with the negatively charged 

heparan sulfate or chondroitin sulfate B on the cell membrane, thus enhancing virus binding to the 

cell surface during PCV2 infection [58]. It is reported that PCV2 attachment is mediated by 

heparan sulfate and chondroitin sulfate B, because blocking the interaction of PCV2 with these 

molecules dramatically impairs PCV2 internalization [59].  

It is interesting to note that the first genotype shift from PCV2a to PCV2b during the period of 

2003-2004 predates the vaccination against PCV2 using PCV2a-type commercial vaccines (first 
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registration in 2007; Circovac®-Merial). This genotype shift/evolution is probably mainly driven 

by infection immunity which is present on all farms. Although the recent genotype shift from 

PCV2b to PCV2d happened in the presence of widespread vaccination with the PCV2a-type 

vaccines, this change might also have happened without vaccination. It is still unknown whether 

or not vaccination plays a major role in PCV2 evolution. Research on this issue is extremely 

challenging because of the difficulty in recruiting a large number of farms where vaccination has 

not been applied despite PCV2 circulation. Kekarainen and colleagues reported the role of 

vaccination in affecting the genetic variability of PCV2. However, they included a low number of 

strains collected from non-vaccinating farms [60]. In addition, there is not an exclusive PCV2 

sequence that could be linked with vaccination [60]. Furthermore, the highest rate of PCV2 

nucleotide substitution (1.2 x 10-3 substitutions/site/year) among the single-stranded DNA viruses 

may contribute to PCV2 genetic evolution [61]. Therefore, it is very well possible that the 

population immunity against circulating wild type PCV2 viruses are the main driving forces behind 

the genotype evolution. Since PCV2 capsid protein is immunogenic, mutations on the capsid 

protein may explain the direction of PCV2 genotypic evolution. Mapping genotype-specific amino 

acids on the 3D structure of the Cap protein of different genotypes is of great interest. It helps to 

catch the real locations of amino acids on the Cap protein, thus revealing the possible effect of 

amino acid mutations on the structure of the virion and on the interaction of virions with the 

environment (e.g. receptors). In the current study, the amino acids in the inner part were conserved 

to interact with the viral genome and maintain the stability of PCV2 virion, and most amino acid 

mutations were found on the surface of the Cap protein. Mutations on the upper part of the Cap 

protein consisted of more basic amino acid clusters and the lower part more conserved but 

somewhat less basic. The tail was extended with one amino acid and remained basic. It is very 

well possible that the capsid protein collected several mutations to evade from the host immunity. 

In its immune evasion search, a selection was made towards a better binding to its GAG receptors. 

This may explain the grouping of basic amino acids in an area composed of the “head” of one 

capsomere and the “tail” of the neighbouring capsomere and the longer extended basic “tail” 

(Figure 4A+4B).  

Interestingly, together with the work of Khayat et al. [62], it turns out that amino acids at positions 

59 and 63 were located on loop BC, and the amino acid at position 206 on loop HI. Loop BC and 

loop HI define the knob-like protrusions extending furthest from the capsid surface. Increased and 
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concentrated basic polar amino acids at these protrusions could make it easier to bind to the 

negatively charged GAGs [62]. Moreover, the surface structure that was formed by these basic 

polar amino acids was evolving as well (Figure 4C). For PCV2a, the only basic amino acid (K) at 

position 206 is in a groove with two “hands” on sides, which possibly makes the K difficult to  

 
Figure 4. Hypothetical model on the evolutionary amino acid mutations on the “head” and “tail” of the Cap 

protein. (A) Surface mapping of amino acid mutations on the head (positions 59, 206 and 63) and tail 

(positions 232 and 234) of the Cap protein across three genotypes. (B) The trimeric subunits representing 

the changes mentioned above. The head of one capsomere is close to the tail of the neighbouring capsomere. 

The trimer was generated by SYMMDOCK server [63]. (C) On the head part of the Cap protein, with the 

evolution from PCV2a to PCV2b, more basic amino acids (R+K) appeared; for PCV2d, the basic amino 

acids (R+K) were closer and concentrated, with R serving as a “decoy” amino acid to bind negatively 
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charged glycosaminoglycan (GAG) and K in the groove together with two “hands” on the two sides 

catching and further tightening this binding. The 3D structures of capsid were generated using I-TASSER 

server and displayed with PyMOL.    

reach by the GAGs. For PCV2b, it evolved to two basic amino acids (R) at positions 63 and 59, 

but they were separated by the hydrophobic amino acid (I) at position 206. For PCV2d, two basic 

polar amino acids (R at position 63 and K at position 206) were next to each other, resulting in a 

concentrated cluster of basic polar amino acids. The basic polar amino acid (R) at position 63 

serves as a “decoy” for binding with the GAGs, while the basic polar amino acid (K) at position 

206 together with two “hands” on the two sides forms a groove to catch and further tight this 

binding (Figure 4C). The “tail” part, which is the C termini of the Cap protein, extends itself on 

the surface of the capsid protein [62]. Undoubtedly, an extra basic polar amino acid (K) at position 

234 on the C termini for PCV2d but not for PCV2a/b, increased its chance to bind to the GAGs. 

From an evolutionary point of view, PCV2 evolved itself by grouping basic amino acids on the 

“head” and “tail” of the capsid protein, thus projecting these basic amino acids on the surface of 

the virion to search for/enhance the initial and non-specific interaction with negatively charged 

GAGs. 

Comparison of the complete ORF2 sequences of 43 Belgian PCV2 isolates revealed 89.7-100% 

nucleotide homology and 88.5-100% amino acid sequence identity. Amino acid comparisons 

showed that a greater diversity was found in the regions 53-91, 121-136 and 169-217 and at the 

positions 151, 232 and 234. This is similar with the non-conserved regions demonstrated in another 

report [32]. Notably, these regions are more or less overlapped with the immunorelevant epitopes 

(residues 65-87, 113-139 and 193-207) identified using pepscan analysis [63]. Frequent mutations 

in these regions may change the antigenic features of PCV2 and help the virus to avoid the host 

immune system, thus promoting virus propagation under field conditions. Specifically, position 59 

is a critical amino acid that is part of the neutralizing epitope [17]; positions 131 and 190 are 

important for determining neutralization activity [18]; region 163-180 is suggested as a decoy 

epitope resulting in the production of non-neutralizing antibodies against PCV2 [64, 65]. Position 

233 is critical in maintaining effective binding between the epitope and antibody, which is 

conserved among all genotypes in our study [66]. Interestingly, a pair of signature motifs in the 

ORF2 (aa position 86-91) of PCV2 which was described to distinguish viruses of genotype 2a 

(peptide sequence 86TNKISI91) from strains of genotype 2b (86SNPRSV91), can also distinguish 
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viruses of genotype 2d (86SNPLTV91) in our study [23, 32]. Thus, amino acids in region 86-91 

can serve as a “genetic marker” to distinguish these three genotypes. 

In this study, only the tissue samples with successful virus isolation were subjected to further PCR 

analysis (except for the serum samples in 2018). We believe that virus isolation is the golden 

method to demonstrate that PCV2 is related to disease, based on the fact that DNA of circoviruses 

is detected everywhere nowadays and that this DNA is not always associated with viable virus. 

For instance, the contaminating PCV, which was detected in a porcine-derived commercial pepsin 

product by PCR, was confirmed to be non-infectious as demonstrated by both in vitro and in vivo 

infection experiments [67]. The PCV DNA detected in some rotavirus vaccines by qPCR consisted 

of small fragments of PCV genetic material since the full length or partial amplicons of PCV could 

not be amplified by conventional PCR [68]. PCV2 DNA was detected in water samples in Brazil, 

farm air in Canada, house flies in UK [69-71]. Even in soil, PCV2 genome components were 

demonstrated [72]. In the United States, 70% of the store-bought pork products contain PCV 

sequences. This resulted in the detection of PCV in stool samples from adults in the United States 

(5%) possibly due to the dietary consumption of PCV-infected pork [73]. Interestingly, previous 

work from our lab demonstrated that monocytic cells, known as scavenger cells and being 

responsible for cleaning up foreign material in the body, can indeed take up PCV2 virions and 

disintegrate viral capsids, but have problems with degrading/digesting PCV2 DNA [41]. The 

difficult-to-degrade property of PCV2 genome may explain the ubiquitous presence of the viral 

DNA. Taken together, it can be stated that the detection of PCV2 genetic material does not 

automatically mean that the sample contains complete, viable and infectious PCV2 virions. This 

important yet overlooked information alerts us on the use of the PCR, especially the sensitive 

qPCR for diagnostic purposes. Normally the advisable product length of qPCR is around 150-

200bp, which means only a small part of the viral genome can be amplified. Can one state that 

pigs are positive for PCV2 based on the detection of such small fragments of the PCV2 genome? 

In our opinion, only when the virus is successfully isolated or at least the full length of PCV2 

genome can be amplified by conventional PCR together with observations of PCVAD clinical and 

pathological manifestations from pigs, one may consider PCV2 as related to the problem. More 

attention should be paid to this point and more actions should be taken to set new criteria for the 

diagnosis of PCVAD.  
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In conclusion, we demonstrated that at least three genotypes (PCV2a, PCV2b and PCV2d) 

circulated in Belgium from 2009 till 2018, and that PCV2 evolved from PCV2a to PCV2b and 

from PCV2d-1 to PCV2d-2. Mapping PCV2 genotype-specific amino acids on the 3D structure of 

the capsid protein revealed that most of the mutations were on the outside of the Cap protein and 

a few conserved ones on the inner side. Mutations on the upper and tail parts of the capsid protein 

evolved towards a more efficient binding to GAGs, while the lower part was relatively conserved. 

Additional epidemiological studies, including a retrospective analysis of the virus circulation 

before 2009 and a continuous surveillance are needed to better understand the epidemic and 

evolutionary dynamics of PCV2 in Belgium and fill the geographical genetic gap of the global 

PCV2. 
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Summary 

Porcine circovirus type 2 (PCV2) is associated with various diseases which are designated as PCV2-

associated diseases (PCVADs). Their severity varies among breeds. In the diseased pigs, virus is present 

in monocytes, without replication or full degradation. PCV2 entry and viral outcome in primary porcine 

monocytes and the role of monocytes in PCV2 genetic susceptibility have not been studied. Here, virus 

uptake and trafficking were analyzed and compared among purebreds Piétrain, Landrace and Large White 

and hybrid Piétrain × Topigs20. Viral capsids were rapidly internalized into monocytes, followed by a 

slow disintegration to a residual level. PCV2 uptake was decreased by chlorpromazine, cytochalasin D 

and dynasore. The internalized capsids followed the endosomal trafficking pathway, ending up in 

lysosomes. PCV2 genome was nicked by lysosomal DNase II in vitro, but persisted in monocytes in vivo. 

Monocytes from purebred Piétrain and the hybrid showed a higher level of PCV2 uptake and 

disintegration, compared to those from Landrace and Large White. In conclusion, PCV2 entry occurs via 

clathrin-mediated endocytosis. After entry, viral capsids are partially disintegrated, while viral genomes 

largely escape from the pathway to avoid degradation. The degree of PCV2 uptake and disintegration 

differ among pig breeds. 
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Introduction 

As a member of the family Circoviridae, porcine circovirus type 2 (PCV2) has a single-stranded, circular 

DNA genome, encoding two major open reading frames (ORFs) [1–3]. ORF1 encodes the replicase 

proteins (Rep and Rep’), crucially initiating the viral DNA replication [4]; ORF2 encodes the 

immunogenic capsid protein (Cap), solely structuring the non-enveloped, icosahedral viral shell outside 

[5]. Although being small-sized and simply-structured, PCV2 is associated with various syndromes, 

including postweaning multisystemic wasting syndrome (PMWS), respiratory disease complex, 

reproductive disorders, and enteric diseases. These syndromes are collectively designated PCV2-

associated diseases (PCVADs), which have a severe impact on the world swine industry [6,7]. 

PCV2 infection is characterized by replication in lymphocytes, lymphocyte depletion and monocyte 

infiltration in lymphoid tissues [8,9]. In the cytoplasm of infiltrating monocytes, large amounts of PCV2 

antigens and nucleic acids can be demonstrated [9–15]. This suggests an effective uptake of PCV2 by 

cells of the monocytic lineage. However, monocytic cells do not support a fully productive infection 

[11,16]. After migrating into the lymphocyte-depleted follicles, they mainly take up and destroy virus 

particles, however they do so without a complete disintegration of the virions [9,17,18]. Therefore, their 

ability to take up and clear the virus from the body may be a critical step in protecting the animal from 

disease. Although there are some studies on the internalization and disassembly of PCV2 in the artificial 

monocytic cell line 3D4/31 or in the porcine blood mononuclear cells (PBMC) [11,16,19], PCV2 entry 

and the viral outcome in primary porcine monocytes have not been examined so far. Moreover, it is 

reported that the severity of PCVADs differs among breeds, indicating the role of the genetic background 

of the pigs in PCV2 susceptibility [20–22]. Nevertheless, the mechanism involved is poorly understood. 

In the present study, it was hypothesized that the level of PCV2 uptake and disintegration in monocytes 

may differ between breeds and contribute to a genetic difference in clinical outcome. To this end, the fate 

of PCV2 (viral capsids and genome) in blood monocytes was determined by doing time-course 

experiments and analysis with confocal microscopy and quantitative polymerase chain reaction (qPCR). 

With specific chemical inhibitors, the endocytic pathway was identified. After the uptake, colocalization 

studies were performed to uncover the trafficking pathway of PCV2. Finally, the capacity of monocytes 

to take up and lyse PCV2 particles was compared among different pig breeds, in order to find out if genetic 

differences exist.
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Materials and Methods 

2.1 Preparation of peripheral blood monocytes 

Healthy pigs between 6 and 12 weeks-old were used as blood donors. The collection of blood was 

approved by the ethical committee of Ghent University (EC2013/97). Blood was collected by 

jugular venipuncture in heparinized tubes and diluted in an equal volume of Dulbecco’s PBS 

(DPBS) without calcium or magnesium (Gibco, Paisley, UK). PBMCs were isolated by density 

gradient centrifugation on Ficoll-Paque (1.077 g/mL) (GE Healthcare, Life Sciences, Chicago, IL, 

USA) at 2100 rpm for 45 min at 18 °C. The interphase cells, containing the PBMCs, were collected 

and washed three times with DPBS. The cells were resuspended in leukocyte medium based on 

RPMI-1640 (Gibco, Paisley, UK), supplemented with 5% fetal calf serum (FCS; Gibco, Paisley, 

UK), 100 U/mL penicillin (Continental Pharma, Puurs, Belgium), 0.1 mg/mL streptomycin (Certa, 

Braine 1’Alleud, Belgium) and 1 µg/mL gentamycin (Gibco, Paisley, UK). Afterwards, the cells 

were seeded with a volume of 1 mL per well on 24-well plates (Nunc A/S, Rochester, NY, USA) 

at a concentration of 2 × 106 cells/mL and cultured at 37 °C with 5% CO2. After 18 h, the non-

adhering cells were removed by washing three times with RPMI-1640 media. The adherent cell 

population consisted of >90 % of CD14+ cells, as assessed by fluorescence microscopy and flow 

cytometry (Figure 1). The immunofluorescence staining was performed using a mouse-anti-

porcine CD14 mAb (Clone MIL2, 1:100, IgG2b) against monocytes/macrophages, followed by 

Alexa Fluor 594-conjugated (for fluorescence microscopy) or Alexa Fluor 647-conjugated (for 

flow cytometry) goat-anti-mouse IgG2b antibodies (1:200; Life Technologies, Carlsbad, CA, 

USA). 

 

Figure 1. The adherent cell population consisted of >90 % of CD14+ cells, as assessed by 

immunofluorescence staining (A) and flow cytometry (B). Bar = 100 µm. 

C
ou

nt

C
ou

nt

Isotype control: 0.6% CD14+: 94.6%A B

AF647+ AF647+

APC-A APC-A



Chapter 4.1 

104 
 

2.2 Virus preparation and particle quantification 

PCV2a strain 1121 (GeneBank accession #AJ293868) isolated from aborted fetuses in Canada was 

used in this study. For all infection experiments, a virus stock propagated in PK-15 cells was 

filtered through a 0.45 µm filter to remove cell components and large aggregates of virus particles. 

To quantify virus particles in the stock, an equal volume of filtered PCV2a-1121 and 200 nm red-

fluorescent carboxylate-modified microspheres (109 particles/mL) were mixed. Afterwards, the 

mixtures were smeared onto microscopic slides, air-dried, and fixed with 4% paraformaldehyde 

(PF) in PBS at room temperature (RT) for 10 min. After fixation, PCV2 particles were stained 

with a mouse mAb against the capsid protein (94H8, IgG2a) [23], followed by Alexa Fluor 488-

conjugated goat-anti-mouse IgG2a antibodies (1:200, Life Technologies) for 1 h at 37 °C. 

Afterwards, stained PCV2 particles and fluorophores were mounted with a glycerol solution 

containing 1,4-diazabicyclo (2.2.2) octane (DABCO) anti-fading agent. Digital images of stained 

PCV2 particles and fluorophores were acquired at the same magnification, using a Leica TCS SPE 

laser-scanning spectral confocal microscope, and their distribution is shown in Figure 2. The 

number of stained PCV2 particles and fluorophores were counted from 20 randomly selected 

fields. Finally, the number of virus particles in the virus stock was calculated in proportion to the 

number of the fluorophores. 

 

Figure 2. Representative fluorescent confocal images of immunostained PCV2 particles in green and 200 

nm red-fluorescent carboxylate-modified microspheres acquired at the same magnification. Bar = 5 µm. 
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2.3 The fate of PCV2 capsids in blood monocytes 

To understand what happens with PCV2 virions in monocytes, a time-course experiment was 

performed. Briefly, 1.5 × 109 PCV2 particles were added to 2 × 105 monocytes in each well of a 

24-well plate. For short incubation periods (0 min, 15 min, 30 min, 60 min), virus was added and 

was washed away at each time point, followed by a fixation and a permeabilization of the cells. 

For periods longer than 1 h (2 h, 3 h, 6 h, 12 h, 24 h, 48 h, 72 h), virus was added and then was 

washed away after 1 h. Afterwards, cells were supplemented with fresh media, and were further 

cultured until the indicated time points when they were fixed and permeabilized. 

To quantify the amount of capsid proteins inside the cells at each time point, a double 

immunofluorescence staining was performed. PCV2 antigens were stained as described in section 

2.2, while monocytes were stained with mAbs against CD14 (1:100, IgG2b), in combination with 

an Alexa Fluor 594-conjugated goat-anti-mouse IgG2b antibody (1:200). The cell nuclei were 

counterstained with Hoechst 33342 for 10 min at RT. Cells were then mounted and analyzed under 

the confocal microscope. For each sample, 10 random images were taken. The percentage of PCV2 

capsid positive cells was calculated from these images, based on the number of cells with viral 

particles inside the cells and the total number of cells. The amount of PCV2 capsids within 

individual CD14+PCV2+ cells from these 10 fields was quantified with ImageJ by measuring the 

fluorescing area of the green signals inside cells. 

2.4 Effect of different entry inhibitors on PCV2 uptake 

Blood monocytes were pre-treated for 30 min at 37 °C with different active concentrations of the 

following endocytic inhibitors: 100 µM amiloride dissolved in DMSO, 10 mM methyl-β-

cyclodextrin (mβCD) dissolved in media, 5 µg filipin III mL−1 dissolved in DMSO, and 1 µM 

chlorpromazine dissolved in PBS, 10 µM cytochalasin D dissolved in DMSO, 100 µM dynasore 

dissolved in DMSO. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

1.5 × 109 PCV2 particles were then added to the cells in the presence of the same inhibitors for 1 

h to allow the uptake of virus particles. Afterwards, cells were washed to remove the virus-inhibitor 

mixture, followed by a fixation of cells with 4% PF, and a permeabilization with 0.1% TritonX-

100 at RT for 10 min. The active concentration of inhibitors was tested to ensure that the viability 

of cells was always >90%, as assessed by ethidium monoazide (EMA) staining. 
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To quantify the level of the PCV2 uptake by monocytes, PCV2 capsids and cells were visualized 

by a double immunofluorescence staining, followed by analyses using confocal microscopy and 

ImageJ, as described earlier. For quantification reasons, PCV2 particles that were inside the cells 

were scored as taken-up by the cell. The average PCV2-uptake level in the different inhibitor 

groups was expressed as the relative percentage to that of the control group (without inhibitor). 

2.5 PCV2 trafficking in blood monocytes 

A time-course experiment was performed as outlined in section 2.3. At each time point, cells were 

fixed with 4% PF and permeabilized with 0.1% TritonX-100. Then, double stainings against 

different cell markers and the viral capsid protein were performed. To visualize early-endosomes 

and late-endosomes, cells were stained with goat polyclonal anti-early endosome antigen (EEA-1) 

antibodies (1:100, Santa Cruz Biotechnology, Dallas, TX, USA) or with goat polyclonal anti-Rab7 

antibodies (1:100, Santa Cruz Biotechnology), in combination with Alexa Fluor 594-conjugated 

rabbit-anti-goat IgG antibodies (1:200, Life Technologies). To visualize lysosomes, cells were 

stained with rabbit polyclonal anti-LAMP-1 antibodies (1:100, Santa Cruz Biotechnology), 

followed by Texas Red-conjugated goat-anti-rabbit IgG antibodies (1:100, Life Technologies). To 

visualize virus particles, PCV2 capsid protein was stained as described earlier in section 2.2. The 

cell nuclei were counterstained, after which samples were mounted and analyzed under the 

confocal microscope. The percentage of PCV2 positive cells showing colocalization with each cell 

marker was calculated from 10 randomly selected regions at each time point. 

2.6 The fate of PCV2 viral genomes in blood monocytes 

A time-course experiment was performed as outlined in section 2.3. At each time point, cells were 

scraped and pelleted at 600 × g for 10 min. Afterwards, the cellular DNA was extracted using 

QIAamp Cador Pathogen mini kit (Qiagen, Hilden, Germany) following the manufacturer’s 

instructions. To quantify the copies of viral genomes inside cells, a qPCR with a product of 226 

bp in the ORF1 gene region was performed. Briefly, amplifications were conducted in duplicate 

using specific primers (fwd: 5′-TGG GGC CAC CTG GGT GTG-3′; rev: 5′-GCC AAA AAA GGT 

ACA GTT CCA CC-3′) and a specific probe (5′-/6-FAM/AGC AAA TGG/ZEN/GCT GCT AAT 

TTT GCA GAC/IBFQ/-3′) (IDT). The qPCR was performed with an Applied Biosystems 

StepOnePlus Real-Time PCR System (Applied Biosystems Inc., Foster, CA, USA) using 

PrecisionPLUS MasterMix (Primerdesign, Southampton, UK). 
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To further investigate whether the PCV2 genome is present in monocytes as full length or digested 

fragments, a conventional PCR was performed with the primer set wgPCV2-fw/rev (Table 1) 

which can amplify the full length genome. The DNA extracted at different time points was used 

as a template. In detail, the PCR amplification was carried out in a 25 µL reaction, containing 5 

µL of 5× PCR Buffer, 0.25 µL of 100 mM dNTPs, 1 µL of 10 µM primers each, 2 µL of DNA 

template, 0.5 µL of Herculase II fusion DNA polymerase, and 15.25 µL water. The thermal cycling 

program for the PCR reaction was 94 °C for 2 min, then 30 cycles of 94 °C for 15 s, 51 °C for 30 

s, and 68 °C for 2 min, followed by 68 °C for 10 min. The amplification products were examined 

by agarose gel electrophoresis. 

2.7 In vitro test of the ability of lysosomal Deoxyribonuclease II (DNase II) to degrade PCV2 

genome 

Viral DNA was extracted from a stock of PCV2 strain 1121, using QIAamp Cador Pathogen mini 

kit (Qiagen). Then, 1 µg of virus DNA was incubated with 100 units of the lysosomal DNase II 

(Sigma-Aldrich), in the presence of 50 mM sodium-acetate (pH 5.0) at 37 °C for 18 h to allow a 

complete reaction [24]. In addition, the Mung Bean Nuclease (New England BioLabs, Ipswich, 

MA, USA) which targets single-stranded DNA, and the Benzonase endonuclease (Millipore, 

Burlington, MA, USA) which degrades all forms of DNA and RNA, were used to control the 

degradation of PCV2 genome. Due to the small amount of DNA, instead of a direct visualization 

by agarose gel electrophoresis, the digested products were purified and evaluated by PCR with 

three sets of primers (Table 1). These primers amplified different regions of the PCV2 genome, as 

shown in Figure 3 [23,25]. The PCR was performed with Herculase II fusion DNA polymerase as 

described in section 2.6. The amplification products were examined by agarose gel electrophoresis. 

Table 1. Primers used to obtain different regions of PCV2 genome. 

Primer Set Forward Primer  
(5’ to 3’) 

Reverse Primer  
(5’ to 3’) 

Product 

wgPCV2-fw/rev ggaagcttcagtaattta 
tttcatatggaa 

ggaagcttttttat 
cacttcgtaatggtt 

1767 bp 
(whole PCV2 genome) 

ORF2-fw/rev gcgcacttcttttcgttttcag gaatgcggccgcttatcac 
ttcgtaatggtttttattattca 

756 bp 
(DNase II cleavage site 
included) 

pgPCV2-fw/rev ggctgtggcctttgktac tgtrgaccacgtaggcctcg 
1598 bp  
(DNase II cleavage site 
not included) 
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Figure 3. Localization of three primer sets on the circular PCV2 genome with the putative cleavage site of 

DNase II. 

2.8 Kinetics of PCV2 uptake and disintegration in blood monocytes from four pig breeds 

A total of 14 pigs from four pig breeds (three from the hybrid Piétrain × Topigs20, five from 

purebred Piétrain, four from purebred Landrance and four from purebred Large White) were used 

as blood donors in this study. Blood monocytes were isolated from these four breeds and the time-

course experiment was carried out as outlined in section 2.3. At each time point, cells were fixed, 

permeabilized and stained. The fluorescing areas of the capsid proteins with time inside cells of 

these four breeds were quantified and compared. 

2.9 Statistical analysis 

Data were analyzed with GraphPad Prism 5 software (GraphPad Software, LaJolla, CA, USA). 

Treatments were compared by one sample t-test after Shapiro-Wilk test. For the kinetics study, 

differences were assessed by Kruskal-Wallis method; Difference between different breeds were 

revealed by the area under curve (AUC), followed by the ANOVA with Turkey’s post-test. All 

results represent means ± SD. Results with a P value of <0.05 were considered statistically 

significant.  
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Results 

3.1 The uptake and disintegration of PCV2 capsids in blood monocytes 

To understand what PCV2 virions undergo in monocytes, the kinetics of viral capsid proteins 

inside cells was established, by performing a time-course experiment as outlined in section 2.3, 

followed by a double immunofluorescence staining of the capsid protein and the cells. As shown 

by the confocal images, PCV2 antigen-positive monocytes were detectable at all the time points, 

and the fluorescent signals of the capsid protein changed with time (Figure 4A). The percentage 

of monocytes with internalized capsids was calculated (Figure 4B). It rose fast, reaching a 

maximum of 73% at 60 min. Moreover, within individual PCV2-positive monocytes, the 

fluorescing area of the internalized capsids increased fast as well (Figure 4C). This means that 

more and more monocytes were continuously taking up PCV2. After removal of the inoculum, the 

proportion of PCV2 capsid-positive monocytes dropped to 22% until 12 h, along with a 76% 

decrease of the fluorescing area per positive cell (relative to the peak value). This shows that 

monocytes were disintegrating the internalized particles with time. However, the persisting 

fluorescent signal in certain monocytes afterwards indicated that the capsid proteins could not be 

completely cleared, and that 70% of the viral antigen-positive monocytes were able to fully 

disintegrate the capsids, whereas 30% of the positive monocytes had problems with a total 

clearance. 
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3 h 6 h 12 h
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Figure 4. PCV2 particles were taken up by blood monocytes and were then degraded to a certain level. (A) 

Confocal images at selected time points, with cells in red (CD14 staining) and PCV2 capsid proteins in 

green. Bar = 10 µm. (B) Kinetics of the percentage of cells that have taken up PCV2 capsids at each time 

point. (C) Kinetics of the fluorescing area of capsid proteins at each time point. Data were obtained from 

three pigs (hybrid Piétrain × Hypor Libra). 

3.2 PCV2 is taken up by blood monocytes via clathrin-mediated endocytosis 

To investigate PCV2 entry routes into blood monocytes, chemical inhibitors were used to treat 

monocytes before and during PCV2 incubation. The staining and quantification results in Figure 

5 showed that cells of all treatment groups took up PCV2, but that the degree of viral uptake was 

affected by some inhibitors. Amiloride, a specific inhibitor of macropinocytosis, did not lead to 

any reduction of the PCV2 uptake in monocytes. Also, mβCD that removes cholesterol from the 

cellular membranes and filipin III that sequesters cholesterol within the membranes, leading to the 

inhibition of caveolae-mediated endocytosis, did not result in a significant decrease of the PCV2 

uptake in monocytes. In contrast, chlorpromazine, a specific inhibitor of clathrin-mediated 

endocytosis, reduced the uptake of PCV2 by 84 ± 7%. Therefore, it can be concluded that blood 

monocytes use clathrin-mediated but not caveolae-mediated endocytosis or macropinocytosis to 

take up PCV2. 
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Figure 5. PCV2 entry into blood monocytes occurs via clathrin-mediated endocytosis, and not via 

macropinocytosis or caveolae-mediated endocytosis. Cells were pre-treated with amiloride (100 µM), two 

sterol-binding drugs [mβCD (10 mM) and filipin (5 µg/mL−1)], or chlorpromazine (1 µM), prior to PCV2 

addition for 1 h at 37 °C to allow the virus to internalize. The internalized PCV2 particles were stained in 

green while monocytes were stained in red for all groups. Bar = 10 µm. The fluorescing area of the 

internalized PCV2 particles was measured with ImageJ and was calculated as a percentage relative to that 

obtained in the untreated control. Data were obtained from three pigs (hybrid Piétrain × Hypor Libra) and 

represent mean ± SD. * P < 0.05. 

3.3 The uptake of PCV2 by blood monocytes requires actin and dynamin 

A growing body of work supports a role for the actin cytoskeleton in clathrin-mediated endocytosis 

[26–28]. In addition, previous studies showed that actin is required in PCV2 infection of 3D4/31 

cells and epithelial cells [19]. To test whether actin is involved in the uptake of PCV2 by blood 

monocytes, cells were pretreated with cytochalasin D, an inhibitor of actin polymerization. The 

results showed that the green fluorescent signal of the cytochalasin D-treated group was 82 ± 11% 

lower than that of the control group (Figure 6). Thus, actin is highly involved in the PCV2 uptake 

in monocytes. 
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The large GTPase dynamin II is required for pinching off endocytic vesicles from the plasma 

membrane during endocytosis [29]. We used dynasore which inhibits the activity of dynamin-1 

and dynamin-2 to study the requirement of dynamin in PCV2 entry [30]. The results demonstrated 

that the treatment of cells with dynasore reduced the fluorescent signal of the internalized virions 

by 50 ± 24% (Figure 6), indicating its inhibitory effect on the uptake of the virus. Therefore, 

dynamin is involved in the uptake of PCV2 by blood monocytes. 

 

Figure 6. PCV2 entry into blood monocytes is actin-dependent and dynamin is involved. Cells were pre-

treated with cytochalasin D (10 µM) or dynasore (100 µM), prior to PCV2 addition for 1 h at 37 °C to allow 

the virus internalization. The internalized PCV2 particles were stained in green while monocytes were stained 

in red. Bar = 10 µm. The fluorescing area of the internalized virus particles was measured with ImageJ and 

was calculated as a percentage relative to that obtained in the control. * P < 0.05. Data were obtained from 

three pigs (hybrid Piétrain × Hypor Libra) and represent mean ± SD. 

3.4 PCV2 traffics along the endosome-lysosome pathway 

It is known that the clathrin-mediated internalization goes over early and late endosomes [31]. 

After being internalized via clathrin-mediated endocytosis, PCV2 capsid proteins move to a region 

close to the nucleus. This is the region where the lysosomes are situated. This led to the hypothesis 

that PCV2 traffics through the early and late endosomes to the lysosomes in monocytes. In order 

to examine this hypothesis, a colocalization assay was performed using antibodies against the 
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capsid protein, and against EEA1 (marker for early endosomes), Rab7 (marker for late endosomes) 

and LAMP-1 (marker for lysosomes). The capsid protein was immunostained green and the cell 

organelles were immunostained red. Colocalization was defined as any observed merge of the 

green fluorescent viral protein with the red fluorescent cell organelles (Figure 7A).  
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Figure 7. PCV2 capsids traffic along the endosome-lysosome pathway. PCV2 was added to monocytes and 

samples were collected at different time points after virus addition. Cellular compartments and viral proteins 

were stained with specific antibodies against early endosomes (EEA1), late endosomes (Rab7), lysosomes 

(LAMP-1) and capsid protein (94H8). Alexa Fluor 594 or Texas Red-labelled secondary antibodies were 

used to visualize the cellular compartments (red), while Alexa Fluor 488-labelled secondary antibodies 

were used to visualize PCV2 capsid proteins (green). (A) Confocal immunofluorescence images showing 

colocalization of PCV2 capsids with the cellular compartments. Bar = 10 µm. (B) Kinetics of the percentage 

of virus positive cells showing colocalization. At least 10 fields were analyzed at each time point. Data 

were obtained from three individual pigs (hybrid Piétrain × Hypor Libra). 

As shown in Figure 7B, the colocalization of viral protein and early/late endosomes rose fast during 

the first 30 min. At 30 min post adding the virus, many of the EEA1/Rab7-positive endosomes 

contained virus particles, which was found in around 50% of the monocytes. The green spots at 

the periphery of the cell represent viruses that were sticking to the cell but were not yet internalized. 

These percentages of colocalization gradually dropped in the next 3 h, which is concurrent with 

the slow rise of the virus-lysosome colocalized cells (25%). This indicated a transfer of the virions 

from early/late endosomes to lysosomes. This migration to lysosomes went on until 12 h, when 

approximately 50% of the cells had a virus-lysosome colocalization. However, some of the viral 

proteins were still colocalized with Rab7-positive endosomes, indicating a slow but continuous 

exit of the virus from the late endosomes. Afterwards, the percentage of cells with colocalization 

generally dropped for all these three compartments, which was possibly due to the degradation of 

PCV2. At 48 h, around 32% of the cells ended up with non-degradable capsid proteins in their 

lysosomes. This demonstrates a long stay of virus in lysosomes. Not all virus colocalized with cell 

organelles. Therefore, it is believed that PCV2 may be transferred to a region/organelle that is not 

recognized by the markers. We concluded from these results that PCV2 capsid proteins traffic 

along the endosome-lysosome pathway, are partially degraded and end up in lysosomes. 

3.5 PCV2 genome persists in blood monocytes in its complete form 

Since PCV2 went through the endosome-lysosome pathway and the capsids were partially 

disintegrated during this traffic in monocytes, we next investigated what happened with the viral 

genome. qPCR was performed to quantify the viral genome copies at each time point. As shown 

in Figure 8A, the number of viral genome copies increased fast and peaked at 1 h, which agrees 

with the uptake of virions inside the monocytes. After removing the inoculum, it dropped to 70% 
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relative to the original number at 1 h, followed by a steady state until 12 h and with some 

fluctuations until 72 h. This suggested a persistence of viral genomes in blood monocytes. 

Since the qPCR only amplifies a 226 bp of the ORF1 gene region, we further questioned whether 

the presence of PCV2 genome in monocytes is in its complete form or in digested fragments. 

Therefore, we used the previously extracted DNA at different time points as templates, and 

performed a conventional PCR with the primer set wgPCV2-fw/rev (Table 1), aiming for the 

amplification of the full-length viral genome [25]. Interestingly, we found bands that were equal 

to the full length of the PCV2 genome in all samples (except the sample at 0 h) (Figure 8B). This 

means that the complete viral genome persisted in monocytes. This raised two possibilities: (1) the 

PCV2 genome arrives in the lysosomes together with the capsid proteins, but the porcine lysosomal 

nucleases fail to digest the single-stranded circular PCV2 genome after disintegration of the PCV2 

capsids; (2) the PCV2 genome is released from the capsid in the endosomes and escapes from the 

endosomes while the empty capsids become transported to the lysosomes. By doing so, the genome 

is protected from the lysosomal digestion. 
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Figure 8. Fate of the PCV2 genome in blood monocytes. PCV2 was added to monocytes and samples were 

collected at different time points after virus addition. Afterwards, cells were subjected to DNA extraction. 

(A) The number of PCV2 genome copies at each time point was quantified by qPCR and expressed as a 

relative percentage to that at 1 h. (B) The agarose gel electrophoresis image of PCR amplification results 

of the full-length PCV2 genome at each time point. The PCR was performed with the primer set wgPCV2-

fw/rev which amplifies the full length of PCV2 genome. Data were obtained from three individual pigs 

(hybrid Piétrain × Hypor Libra). 

3.6 Deoxyribonuclease II (DNase II) from porcine lysosome can degrade PCV2 genome 

DNase II is the primary acidic endonuclease active in the lysosome, which can degrade any DNA 

that is not effectively shielded by capsid proteins [32]. It exhibits a strong cleavage preference for 

the site AGAGGA [33], and interestingly, this site is found in the ORF2 gene region (position 

461–466, start of ORF2 gene as the origin). To test whether this DNase in lysosomes can function 

on the circular PCV2 genome or not, a commercial DNase II isolated from porcine spleen was 

used to incubate with the viral genome extract. In parallel, the viral genome extract was also 

incubated with mung bean nuclease and benzonase as controls. After incubation, the resulted 

products were purified for DNA. Then, these DNAs and untreated PCV2 genome were used as 

templates for further PCR amplification with three sets of primers (Table 1) targeting at different 

regions of the PCV2 genome, as illustrated in Figure 2. PCR with primers wgPCV2-fw/rev 

amplified the full PCV2 genome (1767 bp) [25]. As shown in Figure 9, the corresponding band 

was found in the group of non-treated DNA however not in the enzyme-treated groups. This means 

that all three nucleases cleaved the PCV2 genome. PCR with primers pgPCV2-fw/rev amplified a 

1598 bp fragment that excludes the assumed cleavage site AGAGGA [23]. The expected band was 

found both in the non-treated group and the DNase II-treated group while not in the other two 

groups. PCR with primers ORF2-fw/rev amplified the complete ORF2 gene [23], which includes 

the site AGAGGA. Unsurprisingly, only the non-treated group showed the expected band. From 

these results, it can be concluded that the DNase II degrades the single-stranded circular PCV2 

genome, possibly by a single-strand cleavage (nicking) mechanism at the site AGAGGA. This 

demonstrates that the PCV2 genome escapes from the endosome-lysosome pathway to avoid being 

degraded. 
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Figure 9. Analysis of PCV2 genome digested with DNase II, mung bean nuclease and benzonase. The 

agarose gel electrophoresis images showed PCR amplification results of nuclease-digested products. PCR 

with the primer set wgPCV2-fw/rev, amplifying PCV2 full genome, showed no bands among the three 

groups treated with nucleases; PCR with the primer set pgPCV2-fw/rev, amplifying a 1598 bp fragment 

excluding the assumed DNase II cleavage site, clearly showed the corresponding band with the group 

treated with DNase II and not with those treated with mung bean nuclease or benzonase; PCR with primers 

ORF2-fw/rev, amplifying PCV2 ORF2 gene including the assumed DNase II cleavage site, showed no band 

among the three nuclease-treated groups. 

3.7 Blood monocytes differ in the ability to take up and disintegrate PCV2 

Monocytes were isolated from four different pig breeds: Hybrid Piétrain × Topigs20 and purebreds 

Piétrain, Landrace and Large White. The ability of monocytes from these breeds to take up and 

disintegrate PCV2 virions was evaluated and compared (Figure 10A,C). The kinetics of the 

percentage of viral positive cells did not differ significantly among breeds (Figure 10B). At 1 h, 

around 60% of monocytes could take up PCV2 virions. Afterwards, this dropped to approximately 

30% and fluctuated around this level. At each time point, the amount of internalized viral proteins 

in monocytes of the four breeds was quantified (Figure 10A,C). The amount of the incoming 
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capsids peaked at 1 or 2 h in monocytes of all breeds. However, monocytes from hybrid Piétrain 

× Topigs20 and purebred Piétrain internalized two times more virus capsids than cells from 

purebreds Landrace and Large White. This demonstrated a stronger ability for PCV2 uptake of 

cells from the former two breeds than the latter ones. Afterwards, for hybrid Piétrain × Topigs20 

and purebred Piétrain, the amount of internalized capsids decreased fast to 25% of the peaked 

value, indicating 75% of the internalized capsids was disintegrated at 24 h. However, for purebreds 

Landrace and Large White, only 50% of the internalized capsids was destroyed, indicating a weak 

ability to disintegrate viral capsids of cells from these two breeds. Furthermore, the area under 

curve (AUC) was calculated for each individual animal and presented in Figure 10D. Based on 

these results, we concluded that monocytes from hybrid Piétrain × Topigs20 and purebred Piétrain 

show a stronger ability to take up and disintegrate viral capsids than cells from purebreds Landrace 

and Large White. 
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Figure 10. Blood monocytes from different pig breeds take up and degrade PCV2 particles to a certain 

level, with the purebred Piétrain and the hybrid Piétrain × Topigs 20 showing a higher degree of uptake and 

disintegration than the purebred Landrace and Large White. (A) Representative confocal images at selected 

time points of the PCV2 capsid protein in monocytes from different breeds. Bar = 10 µm. (B) The 

percentage of PCV2 capsid positive cells at each time point was calculated from 10 randomly selected 

fields. (C) The fluorescing area of the capsid proteins at each time point was calculated with ImageJ. Data 

were obtained from three pigs of hybrid Piétrain × Topigs20, five pigs of purebred Piétrain, four pigs of 

purebred Landrace and four pigs of purebred Large White. * P < 0.05 (Kruskal-Wallis method). (D) The 

Area Under Curve (AUC) of each animal was calculated. Statistical difference (P < 0.05) was demonstrated 

between Piétrain × Topigs20 and purebreds Landrace and Large White by the one-way ANOVA with 

Turkey’s post-test. 
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Discussion 

The monocyte/macrophage lineage cells are generally considered as one of the main target cells 

for PCV2, based on the fact that PCV2 antigens and nucleic acids could be easily and frequently 

detected in these cells in vivo [9–15]. In vitro, the internalization and disassembly of PCV2 in the 

artificial monocytic cell line 3D4/31 or in the PBMCs were described [11,16,19]. However, the 

precise mechanism of how PCV2 enters and traffics in primary porcine monocytes and what the 

viral outcome is were unknown. In the present study, we demonstrated that upon addition of PCV2 

to monocytes, virus particles were rapidly internalized, followed by a slow disintegration to a 

residual level. Then we defined that the fast entry of PCV2 into monocytes occurred via clathrin-

mediated endocytosis, and not via caveolae-mediated endocytosis or macropinocytosis. After 

entry, the internalized capsids followed the endosomal trafficking pathway, ending up in 

lysosomes, while viral genomes largely escaped from the pathway to avoid degradation. Finally, 

we demonstrated a breed difference in the ability of monocytes to take up and disintegrate PCV2. 

In the kinetic study of the fate of PCV2 capsid proteins in monocytes, samples from all time points 

were stained and then processed with confocal microscopy at the same time to avoid operational 

variation. Scanning through PCV2 antigen positive cells at 0.71 µm intervals confirmed the 

exclusively cytoplasmic localization of PCV2 particles, which has been reported extensively in 

vivo and in vitro [11–13,15]. PCV2 entry into monocytes was found to follow a time-dependent 

manner within 1 h which is the same as found in the monocytic cell line 3D4/31 cells [19]. At 1 h 

after the addition of the virus, the internalized virions showed a dispersed pattern. 60% to 70% of 

monocytes internalized PCV2 particles. This is more efficient and faster compared with the 

internalization of PCV2 VLPs into 3D4/31 cells, where only 17% of antigen-positive cells were 

obtained at 1 h and a maximum of 47% at 6 h [19]. Moreover, almost no virus particles were found 

sticking on the membrane of monocytes at 2 h, indicating a complete internalization of PCV2 

particles; while for 3D4/31 cells, only some of the cells were able to fully take up membrane-

bound virus particles [19]. This inefficiency of 3D4/31 cells to internalize PCV2 could be due to 

the different characteristics of the cells. The 3D4/31 cell line was established by immortalizing 

primary porcine alveolar macrophages with SV40 large T antigen [34]. This immortalization partly 

altered the characteristics of the primary cells. For instance, the 3D4/31 cell line showed no 

phagocytic activity in serum-free culture. Only after adding porcine serum to the culture, an 
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inefficient phagocytic activity was demonstrated in a maximum of 50% cells at 18 h. This 

inefficiency can somehow explain the difference in the speed of virus internalization. Despite the 

difference, the entry pathway of PCV2 into both cell types occurs via clathrin-mediated 

endocytosis and requires actin [19]. This pathway is also used by PCV2 to enter the epithelial cell 

lines PK15, SK and ST and dendritic cells [35,36]. Apart from PCV2, clathrin-mediated 

endocytosis is used by a large number of other viruses for entry as well, such as porcine 

reproductive and respiratory syndrome virus, adenovirus, hepatitis C virus, influenza virus [37–

40]. 

After PCV2 entry into blood monocytes, the dispersed viral fluorescent signal at 1 h became dense 

and concentrated at 2 h or 3 h, possibly by the fusion of different vesicles carrying PCV2 capsids. 

Afterwards, the fluorescent signal of viral capsids gradually became weak, concomitant with a 

decreased percentage of PCV2 antigen-positive cells. The weaker fluorescent signal can be 

explained by the decreased intact antigen epitopes for the antibody binding. The monoclonal 

antibody 94H8 produced in our lab was used throughout this study [23]. This antibody was selected 

because it recognizes a small epitope [41]. The destruction of this small epitope is therefore a 

strong evidence of the disassembly of PCV2 virions and the follow-up degradation of the viral 

capsid protein. Interestingly, at 1 h, the internalized capsid protein stained with this antibody gave 

a brighter fluorescent signal than that stained with the monoclonal antibody 38C1. The mAb 38C1 

produced in our lab targets a bigger epitope than that of the mAb 94H8 [23,41]. Thus, the weak 

signal of the capsid protein stained with the mAb 38C1 may result from the disintegration of this 

big epitope but not of the small epitope recognized by the mAb 94H8, indicating that the 

disintegration of the capsid protein possibly already started at 1 h. Further work needs to be done 

with antibodies targeting different epitopes to have a better understanding of this issue. 

Although PCV2 virions were disassembled, this was not a complete disintegration, as indicated by 

the consistently existing fluorescent signal of viral proteins in the cytoplasm of certain cells from 

24 h to 72 h. In other words, the residual viral capsids persisted until the end of this experiment. 

This persistency of PCV2 in monocytes has been reported before. In monocytes, pulmonary 

macrophages and monocyte-derived macrophages, it was demonstrated that PCV2 can bypass the 

normal degradative mechanisms of the monocytes and persist without the detectable reduction in 

the infectious titer or the number of PCV2 target DNA molecules [11]. In dendritic cells, PCV2 
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was found to persist without producing virus progeny and viral replicative intermediates [16]. Not 

surprisingly, both authors concluded that no degradation of PCV2 virions happened since the viral 

infectivity remained constant during the experiments. Nonetheless, the author also found it 

incredible that the internalized PCV2 in dendritic cells was not degraded as expected, since most 

processes of endocytosis affected by dendritic cells lead to the final degradation of the internalized 

material. However, both authors overlooked the early-degradation events of PCV2 interaction with 

monocytes, due to the fact that they started sampling at 24 h when the degradation process was 

already finished and the persistency process started. In the present study, we visually by confocal 

microscopy showed a quick degradation of PCV2 capsid protein in blood monocytes before the 

ultimate viral persistence was observed. 

This degradation of PCV2 capsids was further confirmed by the colocalization of the viral protein 

with the early/late endosomes and lysosomes. This is reasonable since it is known that the clathrin-

mediated pathway leads to early and late endosomes [31]. During the first 30 min, the virus was 

found to be colocalized with the early/late endosomes. However, in contrast to the rapid 

internalization, the complete transit of the incoming virus through early sorting endosomes 

generally took several hours. Between 3 h and 12 h, when the viral fluorescent signal decreased 

significantly, virus capsids were found to be increasingly colocalized with the lysosomes. In the 

meanwhile, the colocalization of virus and the late endosomes was also observed. Although the 

lysosomes are regarded as the main cellular compartment for degradation [42], we cannot rule out 

the possibility that, the degradation of virus capsids was already initiated in late endosomes. This 

hypothesis needs to be further investigated by evaluating the effect of inhibiting lysosome 

acidification on the fate of incoming capsids. Even at 12 h, a few virus particles were detected to 

be colocalized with the late endosomes. This is possibly due to a slow exit of virus from the late 

endosomes to the lysosomes, which was also found in the trafficking of endocytosed products in 

rat liver endothelial cells [43]. Another possibility is the retrograde transport of non-degradable 

material from lysosomes to late endosomes [44]. From 24 h onwards, most of the capsid proteins 

were found to be colocalized with the lysosomes, meaning that the degradation products, as well 

as non-degradable material, finally ended up in the lysosomes. In this regard, the lysosomes may 

serve as the storage compartment for slowly and/or non-degradable material. Interestingly, some 

of the capsid proteins were not colocalized with any of the three organelles, which may be 
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transferred to other organelles or escape to the cytosol. Markers of other organelles like recycling 

endosomes can be used in the future to study where these viral proteins locate. 

Since the viral capsids experienced a partial degradation in monocytes, and finally ended up in the 

lysosomes, this left the viral genome unshielded and maybe exposed to the dangerous lysosomal 

environment. With the qPCR that amplifies a 226 bp in the ORF1 gene, we could consistently 

detect this genomic fragment at all time points through the experiment. This result justified the 

presence of this fragment in monocytes. We next questioned the survival status of the full-length 

genome. To answer this question, we performed an additional PCR with primers wgPCV2-fw/rev 

which were designed to amplify the complete viral genome [25]. Interestingly, the band 

corresponding to the full length of PCV2 genome was found in all samples. This demonstrated 

PCV2 genome survived in monocytes as a complete form instead of digested fragments. The 

persistence of viral genomes in monocytes was also found for African swine fever virus, visna-

maedi virus and human adenovirus type 5 [45–47], although the exact nature is unknown. This 

persistence of PCV2 genome may contribute to the evolution of PCV2, since putative 

recombination events were suggested both in vivo and in vitro [48,49]. Moreover, the two-copy 

tandemly cloned genomic DNA of PCV2 was demonstrated to be infectious when injected directly 

into the liver and lymph nodes of pigs [50]. It needs to be further investigated whether the 

persisting PCV2 genome in monocytes is infectious or not. 

Based on the fact that PCV2 capsids are disintegrated in the endosome-lysosome system, and that 

the complete viral genome stays in monocytes, we generated two hypotheses: (1) the PCV2 

genome arrives in the lysosomes together with the capsid proteins, but the porcine lysosomal 

nucleases fail to digest the single-stranded circular PCV2 genome after disintegration of the PCV2 

capsids; (2) the PCV2 genome is released from the capsid in the endosomes and escapes from the 

endosomes while the empty capsids become transported to the lysosomes; by doing so, the genome 

is protected from the lysosomal digestion. We proceeded to investigate the first hypothesis. DNase 

II, the primary nuclease in monocytes, was used to incubate with PCV2 genome in vitro under 

appropriate conditions [24,32]. The products were evaluated by PCRs with three sets of primers 

targeting different regions of the viral genome (Figure 3) [23,25]. The results demonstrated that 

DNase II in lysosomes is able to digest the circular ssDNA of PCV2, possibly by nicking at site 

AGAGGA in the ORF2 region. This supports the second hypothesis that PCV2 genome escapes 
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from the endosome-lysosome system to avoid being degraded. In many cases, endosomal escape 

is achieved through penetration of the endosomal membrane either by pH-induced conformational 

changes of the capsid proteins, or by proteolytic cleavage of viral proteins by acid-dependent 

endosomal proteases [51]. Therefore, we suggest that the acidic milieu of the endosomal 

compartment triggers conformational changes in PCV2 capsids, promoting PCV2 genome release 

and subsequent endosomal escape. This phenomenon is also found in the infection process of other 

viruses [52–54]. In the case of picornaviruses, the viral RNA escapes from the endosomes and 

enters into the cytosol, leaving the capsid behind in the endosome [54]. This might be the same for 

PCV2, which suggests that lysosomal localization of fluorescent viral signal may be empty viral 

capsids. 

Apart from the endosomal-escape theory, a small decrease in the number of PCV2 genome copies 

was observed upon virus internalization. This may be due to a fast digestion, in late endosomes or 

some pre-existing lysosomes, of the viral genomes which are not well-shielded/protected by the 

capsids. Naked viral genomes exist in the virus stock we used. Since the virus stock is produced in 

PK-15 cells, there are always some handicapped viruses which are not intact and not fully-

packaged, and/or some free virus genomes which are not packaged at all. The easy digestion of 

the viral genome from these handicapped virus particles may explain the small drop in the amount 

of the viral genome shortly after the uptake. Interestingly, from 24 h onwards, a slight increase of 

virus genome copies was found. This increase can be explained by the probable misuse by PCV2 

of the DNA polymerase produced by monocytes in response to damage to their DNA [55]. It is 

well known that with the help of cellular DNA polymerase, PCV2 can complete its replication 

cycle. Indeed, some originally adherent monocytes were observed to detach from the culture plates 

from 48 h onwards, indicating a cell-suffering environment of the in vitro culture. This may have 

initiated the self-repair machine. In addition, this result is in line with the findings from other 

studies. In dendritic cells, a similar increase in the number of PCV2 genome was observed with 

time after PCV2 inoculation under certain conditions, suggesting a tendency of dendritic cells to 

support a limited PCV2 replication [16,56]. Moreover, the replicative form of PCV2 genome was 

demonstrated in lysozyme-positive cells, further indicating that at least a certain fraction of 

macrophages could support PCV2 replication [57]. A more direct proof is the detection of nuclear 

localization of PCV2 Rep protein in macrophages both in vivo and in vitro [9,58], since this protein 

is not present in the mature virion and therefore has to be synthesized during virus replication. In 
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contrast, the incapability of PCV2 replication in monocyte-macrophage lineage cells without 

proper stimulation were also reported [59,60]. Further research needs to be done to clarify the 

current picture on this issue. The ultimate persistency of the viral genome in monocytes may 

explain the in vivo phenomenon that PCV2 nucleic acids are consistently detected in pigs suffering 

from PMWS or experimentally inoculated with PCV2 [10,12–14]. It could be interesting in the 

future to find out how the viral genome escapes from the endosome-lysosome system of monocytes 

and what the consequences are for the pigs. 

In the last part of this study, we evaluated the effect of the genetic factor in the ability of monocytes 

to take up and disintegrate PCV2. We compared the kinetics of the amount of viral capsids in 

monocytes from four different pig breeds. It turned out that the main difference does not lie in the 

percentage of the cells that take up PCV2 (60–70%), but instead in the amount of PCV2 capsids 

that are engulfed per active cell in the PCV2 uptake. Indeed, monocytes, known as scavenger cells, 

are responsible for cleaning up foreign material out of the body. The more virus particles they take 

up and degrade, the cleaner the body environment. Moreover, if most virus is internalized by 

monocytes, there will be less free virus left for infection of lymphoblasts, the fully susceptible 

targets of PCV2 [9,17,18]. Specifically, we defined that monocytes from purebred Piétrain and 

hybrid Piétrain × Topigs20 were able to take up twice more PCV2 particles than those from 

purebreds Landrace and Large White. Moreover, the disintegration of the internalized virus 

particles was more efficient with the former ones (75% of the total) than the later ones (50% of the 

total). This in vitro finding corresponds to the field observations that Piétrain pigs are less likely 

to develop PCV2-associated diseases. Moreover, a controlled study from Opriessnig et al. (2009) 

determined that Landrace pigs were more susceptible to PCV2-associated lesions than Piétrain 

pigs [22]. Therefore, our findings may in part explain the difference in genetic susceptibility of 

PCV2. To further clarify the whole picture, more detailed genetic work needs to be done. 

Nowadays, PCV2-associated diseases are well controlled by vaccines. Indeed, vaccination against 

PCV2 seems to be successful in reducing losses on affected farms. However, vaccinated pigs still 

seem to harbor and potentially shed PCV2. This sneaky virus has imperceptibly emerged in our 

daily life. The dietary consumption of PCV-harboring pork leads to the detection of PCV DNA in 

human stool, which shares 99% overall genome nucleotide similarity with PCV2. Around 5% of 

the stool samples from adults in the United States were detected to be PCV positive, and even 
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stunningly, 70% of the store-bought pork products also frequently contain PCV sequences. 

Although no transmission experiment was performed from pig to human, the transmission of 

PCV2 from one pig to another through consumption of meat was already shown [61]. In addition 

to PCV DNA in consumable products, some commercial rotavirus vaccines were also detected to 

contain PCV DNA [62], and not surprisingly, PCV DNA was found in feces from children who 

received live rotavirus vaccines [63]. It is not known whether the PCV found in human samples 

can replicate in their human host in vivo. So far, no antibodies to PCV2 were detected in healthy 

human blood [64]. However, in human cell lines infected with PCV2 in vitro, viral protein 

expression and DNA persistence were demonstrated, but luckily the virus could not be passed to 

new cultures [65]. In conclusion, to the best of our knowledge, no sustainable human PCV 

infections could be demonstrated. It could be interesting to study if PCV2 DNA may persist in 

cells of the monocytic lineage and to find out what the consequence is. 

In summary, we showed that PCV2 enters blood monocytes fast, followed by a slow disintegration 

of viral capsids to a residual level. The uptake of PCV2 occurs via a clathrin-mediated endocytosis, 

which is dynamin- and actin-dependent. After entry, PCV2 traffics through the endosome-lysosome 

pathway, with the viral genome escaping from the endosomes, leaving the viral capsids partially 

degraded in the lysosomes. In addition, we proposed that the difference in the ability to take up and 

disintegrate PCV2 by monocytes may partly contribute to the genetic susceptibility of PCV2 among 

different breeds. Further unravelling of how the viral genome escapes from the endosome-lysosome 

system of the monocytes and what role persisting PCV2 genomes play in PCV2-associated diseases 

may provide new insights into the complex pathogenesis of these diseases. 
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Summary 

Porcine circovirus type 2 (PCV2) is an economically important pathogen in swine livestock. It is 

the etiological agent of PCV2-associated diseases (PCVAD). Porcine lymphoblasts are important 

target cells of PCV2 and pigs suffering from PCVAD display lymphocyte depletion in lymphoid 

tissues. At present, little information is available on the mechanism of PCV2 replication in 

lymphoblasts. Here, PCV2 (abortion strain 1121 and PMWS strain Stoon1010) replication kinetics 

in T-lymphoblasts were examined, after which virus binding, entry and disassembly were analyzed 

with chemical inhibitors. After PCV2 infection at 0.05 TCID50/cell, both Rep and Cap were 

detected at 12 hpi, with Rep being expressed in 1.3-2.7% (1121-Stoon1010) of the cells and Cap 

in 1.6-3.3% (1121-Stoon1010) of the cells. At 72 hpi, 0.5-1.4 x 1012 genome copies (1121-

Stoon1010) and 102.9-104.6 TCID50/mL (1121-Stoon1010) were detected. PCV2 attached to 11-26% 

(1121-Stoon1010) of the T-lymphoblasts while 2.6-12.7% (1121-Stoon1010) of cells showed virus 

internalization. Chondroitin sulfate was present on 25% of T-lymphoblasts; heparan sulfate was 

absent. Enzymatic removal of chondroitin sulfate reduced PCV2 infection by 30-40% compared 

with untreated cells. PCV2 infection was decreased by chlorpromazine, cytochalasin D and 

Clostridium difficile toxin B for both viral strains (inhibitors for clathrin-mediated endocytosis) 

and by amiloride for 1121 but not for Stoon1010 (inhibitors for macropinocytosis), indicating that 

a strain difference in virus entry exists in T-lymphoblasts. Inhibiting endosome acidification with 

ammonium chloride and chloroquine reduced PCV2 infection by 70-81%. Furthermore, 68-81% 

of PCV2 infection was abolished by inhibiting serine proteinases. Taken together, T-lymphoblasts 

support PCV2 antigen expression and genome multiplication for both strains 1121 and Stoon1010; 

however only Stoon1010 is very productive. PCV2 binds to T-lymphoblasts which is partially 

mediated by chondroitin sulfate, and enters via clathrin-mediated endocytosis. Strain 1121 can 

exploit macropinocytosis as well. After entry, PCV2 needs a serine proteinase in an acid 

environment for virion disassembly. An evolution from 1121 to Stoon1010 was hypothesized.   
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Introduction 

Porcine circovirus type 2 (PCV2) belongs to the genus Circovirus of the family Circoviridae [1]. 

It is a globally recognized viral pathogen of great importance in pig farming [2]. The icosahedral-

shaped and non-enveloped PCV2 virion consists of 60 capsomeres and a single-stranded circular 

DNA genome of 1768 bases [3, 4]. PCV2 DNA is ubiquitously detected in the environment, for 

example, in water samples in Brazil, farm air in Canada and house flies in UK [5-7]. It is also 

identified in a variety of non-porcine species, such as rats, calves, minks and foxes [8-11]. 

Unexpectedly, PCV2 DNA was able to persist in a human RD cell line (ATCC CCL-136), although 

PCV2 gene replication and protein expression were not observed in vitro [12].  

Within the PCV2 genome, two major open reading frames (ORFs) are well-identified. ORF1 

encodes the replicase protein (Rep) which is indispensable for the rolling-circle replication of 

PCV2 genome; ORF2 encodes the capsid protein (Cap) which is the major immunogenic protein 

of PCV2 [13-15]. Although being small-sized and simple-structured, PCV2 is the major cause of 

the ravaging postweaning multisystemic wasting syndrome (PMWS) and many other syndromes 

which are generally regarded as porcine circovirus associated diseases (PCVAD) [16-18]. In 

diseased pigs, PCV2 is consistently found in cells of the monocyte/macrophage lineage [19-23]. 

Its entry into the monocytic 3D4/31 cells in vitro initiates with binding to heparan sulfate and 

chondroitin sulfate B glycosaminoglycans (GAGs) on the cell surface before entering the cell via 

clathrin-mediated endocytosis [24, 25]. The same pathway is used to mediate the internalization 

of PCV2 to dendritic cells and primary monocytes [26, 27]. After entry, PCV2 is either 

disassembled in an acid environment by serine proteinases in the monocytic 3D4/31 cells or 

partially disintegrated in primary monocytes [25, 27]. The incapability of a full degradation of 

capsids by primary monocytes may in part explain the frequent detection of PCV2 in these cells. 

PCV2 antigens and/or nucleic acid were also found in other cell types including lymphocytes, 

hepatocytes, enterocytes, renal and alveolar epithelial cells, vascular endothelial cells, smooth 

muscle cells and fibroblasts [28]. Up to now, PCV2 entry into epithelial cells has been 

characterized via an actin- and small-GTPase-dependent pathway and needs a neutral environment 

for virion disassembly aided by serine proteinases [29].  

In contrast to the non-productive infection of PCV2 in cells of the monocyte/macrophage lineage, 

lymphoblasts are fully susceptible targets of PCV2 [19, 30, 31]. The larger the number of blasts, 
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the faster and higher the primary replication of PCV2 in its host [31]. The degree of PCV2 

replication in lymphoblasts might be related with the severity of the diseases. Recent work 

demonstrated that in vitro generated porcine T-lymphoblasts support PCV2 replication [32]. This 

provides a new and valuable tool to study the pathogenesis of PCV2 in one of its real targets. 

However, the detailed mechanism of PCV2 entry and replication in the T-lymphoblasts has not 

been studied yet. Here, we investigated the replication kinetics of PCV2 in porcine T-lymphoblasts 

by doing time-course experiments. With confocal microscopy and chemical inhibitors, PCV2 

binding, entry and disassembly of PCV2 in T-lymphoblasts were visualized and analyzed.  
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Material and methods 

2.1 Generation of porcine T-lymphoblasts in vitro 

Porcine T-lymphoblasts were generated as described previously [32]. Briefly, PBMCs were 

isolated by density gradient centrifugation on Ficoll-Paque, resuspended in RPMI supplemented 

with 5% FCS and antibiotics and cultured for 18 h at 37 °C [27]. Non-adhering lymphocytes were 

pelleted and resuspended in leukocyte medium [RPMI, supplemented with 10% foetal calf serum 

(FCS), antibiotics, 100 µg/mL sodium-pyruvate and 100 mM non-essential amino acids] in the 

presence of 5 µg/mL concanavalin A (ConA; Sigma, St. Louis, US) and 50 µM β-mercaptoethanol 

(Gibco, Paisley, UK). Three days later, cells were pelleted, washed with RPMI and resuspended 

in culture medium based on leukocyte medium supplemented with 100 U/mL human recombinant 

interleukin-2 (IL-2; NIH, Maryland, US) and 50 µM β-mercaptoethanol. Cells were passaged 

every four days and the cell morphology was examined using light microscopy (Olympus, Tokyo, 

Japan) (Figure 1).  

 
Figure 1. Morphology of in vitro generated T-lymphoblasts under the light microscope. Bar = 100 µm. 
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2.2 Virus preparation and particle quantification  

PCV2a strain 1121 that was isolated from aborted fetuses in Canada, and strain Stoon1010 that 

was isolated from PMWS-affected piglets in Canada, were used in this study [33, 34]. Virus stocks, 

propagated in PK-15 cells with a titer of 105 TCID50/ml were used in infection experiments. For 

attachment and internalization experiments, virus stocks were filtered with 0.45 µm filters to 

remove cell components and large aggregates of virus particles, followed by a quantification of 

virus particles as described earlier [27].  

2.3 PCV2 replication kinetics in T-lymphoblasts 

T-lymphoblasts were inoculated with PCV2 (strains 1121 and Stoon1010) at 0.05 TCID50/cell at 

37 °C for 1 h. After inoculation, cells were washed twice, resuspended in fresh culture medium 

and seeded 1 mL/well in 24-well cell culture plates at a concentration of 3 x 105 cells/mL. At 0 h, 

12 h, 24 h, 36 h, 48 h and 72 h, the supernatant and cells of inoculated cultures were collected. 

Supernatant fluids were titrated by immunoperoxidase monolayer assay (IPMA) and the number 

of viral genome copies was quantified by qPCR as described elsewhere [27, 35]. Cells were 

smeared onto microscopic slides, followed by a fixation of cells with 4% paraformaldehyde (PF) 

at room temperature (RT) for 10 min and a permeabilization with 0.1% TritonX-100 at RT for 2 

min. To visualize the expression of the non-structural Rep protein and the structural Cap protein, 

a double immunofluorescence staining was performed. Rep was stained with mouse monoclonal 

antibody (mAb) F210 (IgG1) [36], followed by an Alexa Fluor 594-conjugated goat-anti-mouse 

IgG1 antibody (Life Technologies, Carlsbad, CA, USA), while Cap was visualized with a mouse 

mAb 94H8 (IgG2a) [37], in combination with an Alexa Fluor 488-conjugated goat-anti-mouse 

IgG2a antibody (Life Technologies, Carlsbad, CA, USA). The cell nuclei were counterstained with 

Hoechst 33342 (Molecular Probes, Eugene, USA) for 10 min at RT. Afterwards, cells were 

mounted with a glycerol solution containing 1,4-diazabicyclo (2.2.2) octane (DABCO) anti-fading 

agent and were analyzed under a Leica TCS SPE laser-scanning spectral confocal microscope. For 

each sample, 10 random images were taken and the percentages of PCV2 Rep or Cap positive cells 

were calculated from these images. 

2.4 PCV2 attachment to T-lymphoblasts 

2.4.1 Visualization of PCV2 attachment 
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T-lymphoblasts (2 x 105 cells) were incubated with 1010 PCV2 particles (strains 1121 and 

Stoon1010) at 4 °C for 1 h. After incubation, virus was removed and cells were washed twice. 

Then, cells were smeared onto microscopic slides and were fixed with 4% PF at RT for 10 min. A 

double immunofluorescence staining was carried out to visualize cells and virus particles. In detail, 

cells were stained with a mouse monoclonal antibody (mAb) against CD3 (clone PPT3, IgG1), 

followed by an Alexa Fluor 594-conjugated goat-anti-mouse IgG1 antibody, while the attached 

virus particles were stained with 94H8 as described in section 2.3. The cell nuclei were stained 

with Hoechst 33342, after which samples were mounted and analyzed under the confocal 

microscope. For each sample, 10 random images were taken. The percentage of cells with attached 

virus particles were calculated from these images. The fluorescing area of the bound virus particles 

per cell was quantified with ImageJ.  

2.4.2 Determination of the expression of heparan sulfate (HS) and chondroitin sulfate (CS) on T-

lymphoblasts 

T-lymphoblasts were smeared onto glass slides and fixed with 4% PF at RT for 10 min. Then, HS 

and CS were stained respectively with a monoclonal mouse anti-heparan sulfate antibody (10E4; 

Ambsio, Abingdon, UK) or a monoclonal mouse anti-chondroitin sulfate (CS-56; Bio-rad, 

California, USA) followed by FITC-labelled goat anti-mouse IgM antibodies (Life Technologies, 

Carlsbad, CA, USA). PK-15 cells, which are known for the expression of HS and CS, were stained 

in parallel as a positive control [24]. Cells with only the secondary antibody incubation served as 

a control. The cell nuclei were stained with Hoechst 33342. The expression of HS and CS was 

examined under confocal microscopy. The percentage of positive cells was calculated from 10 

randomly selected regions. 

2.4.3 Evaluation of PCV2 particles binding to CS-expressed T-lymphoblasts 

The PCV2 binding assay was performed as described in section 2.4.1. After fixation of the 

inoculated cells, a double immunofluorescence staining was performed to visualize bound virus 

particles and the expression of CS on T-lymphoblasts. CS was stained as mentioned above in 2.4.2, 

while the attached virus particles were stained with 94H8, followed by an Alexa Fluor 488-

conjugated goat-anti-mouse IgG2a antibody. The cell nuclei were stained with Hoechst 33342, 

after which samples were mounted and analyzed under the confocal microscope. The percentage 

of cells showing virus binding with or without the expression of CS were examined (500 cells).  
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2.4.4 Effect of enzymatic treatment on PCV2 infection to T-lymphoblasts 

For enzymatic removal of cell surface chondroitin sulfate, T-lymphoblasts were incubated with 

chondroitinase ABC (2 U/mL; Sigma) from Proteus vulgaris diluted in Dulbecco’s PBS (DPBS) 

for 1 h at 37 °C. The concentration of chondroitinase ABC used in this study did not decrease the 

cell viability (˃90%). After washing, untreated and enzyme-treated cells were inoculated with 

PCV2 1121 or Stoon1010 strains at 0.05 TCID50/cell for 1 h at 37 °C. Cells were washed and 

further cultured for 24 h at 37 °C until fixation and permeabilization. PCV2-infected cells were 

detected by immunofluorescence staining using a mouse mAb against Cap (38C1, IgG1) [37] and 

FITC-labelled goat anti-mouse IgG antibodies. The infection level in the treated group was 

expressed as the relative percentage to that of the control group (without enzyme treatment). 

2.5 PCV2 entry and disassembly in T-lymphoblasts 

2.5.1 Visualization of PCV2 internalization 

T-lymphoblasts (2 x 105 cells) were incubated with 1010 PCV2 particles (strains 1121 and 

Stoon1010) at 37 °C for 1 h. Then, virus was removed and cells were washed twice. Cell smears 

were fixed with 4% PF and permeabilized with 0.1% TritonX-100, after which cells and virus 

particles were stained as described in section 2.4.1. The percentage of cells showing internalized 

virus particles were analyzed using confocal microscopy.  

2.5.2 Effect of different entry inhibitors on PCV2 infection to T-lymphoblasts 

T-lymphoblasts were pre-treated for 2 h at 37 °C with different concentrations of inhibitory 

compounds: amiloride (0, 0.25, 0.5 or 1 mM) dissolved in DMSO, methyl-β-cyclodextrin (mβCD; 

0, 0.63 or 1.25 mM) dissolved in medium, chlorpromazine (0, 3.13, 6.25 or 12.5 µM) dissolved in 

PBS, cytochalasin D (0, 6.25, 12.5 or 25 µM) dissolved in DMSO and Clostridium difficile toxin 

B (0, 12.5, 25 or 50 ng/mL) dissolved in media. Cells were then inoculated with PCV2 strain 1121 

or Stoon1010 at 0.05 TCID50/cell in the presence of the same inhibitors at 37 °C for 1 h. After 

washing, cells were incubated for 24 h in the absence of inhibitors. The active concentrations of 

inhibitors were optimized to ensure that the cell viability was always ˃75%. The percentage of 

Cap-positive cells was determined as described in section 2.4.3. The level of PCV2 infection in 

the different inhibitor groups was expressed as relative percentage to that of the control group 

(without inhibitor).  

2.5.3 Effect of acidotropic agents on PCV2 infection to T-lymphoblasts 
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Cells were pre-incubated with different concentrations of ammonium chloride (0, 0.1, 1 or 10 mM) 

or chloroquine (0, 1, 10 or 50 µM) dissolved in medium for 2 h at 37 °C. Untreated and treated 

cells were then inoculated with PCV2 strain 1121 or Stoon1010 at 0.05 TCID50/cell in the presence 

of the drugs for 1 h. After washing, cells were further cultured in the presence of the drugs for 24 

h at 37 °C. The concentrations of agents used in this study did not decrease the cell viability (˃90%). 

The relative infection percentage of the treated groups to the untreated group was determined as 

described in section 2.4.3.  

2.5.4 Effect of AEBSF on PCV2 infection to T-lymphoblasts 

Cells were pre-treated for 1 h at 37 °C with non-toxic concentrations of AEBSF (0, 0.1, 0.2 mM), 

a serine proteinase inhibitor. Cells were then inoculated with PCV2 strain 1121 or Stoon1010 at 

0.05 TCID50/cell in the presence of AEBSF at 37 °C for 1 h. After washing, cells were incubated 

in presence of the drug for 12 h and further cultured in fresh medium without inhibitors until 24 h. 

The concentrations of AEBSF were optimized to ensure that the cell viability was always ˃75%. 

The relative infection percentage of the treated groups to the untreated group was determined as 

described in section 2.4.3.  

2.6 Toxicity assays 

Cytotoxic effect on cells was assessed in triplicate by analyzing the ability to metabolize 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [38]. Formazan crystals were 

solubilized 4 h after adding MTT [38]. 

2.7 Amino acid and 3D structural analyses of PCV2 Cap sequences from strains 1121 and 

Stoon1010 

PCV2 Cap sequences from strains 1121 and Stoon1010 were downloaded from GeneBank, and 

were aligned using the Clustal W method of the MegAlign program of the DNASTAR version 7.0. 

The accurate 3D structures of PCV2 Cap protein from strains 1121 and Stoon1010 were predicted 

using iterative threading assembly refinement (I-TASSER) server 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [39-41]. The structures of Cap protein were 

displayed with PyMOL software (South San Francisco, CA, USA).  
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2.8 Statistical analysis 

Data were analyzed with GraphPad Prism 5 software (GraphPad Software, LaJolla, CA, USA). 

For the kinetics study, differences between two strains were assessed by 2way ANOVA. For virus 

attachment/internalization study, differences between two strains were revealed by the Student’s t 

test. All results represent means ± SD. Results with a P value of <0.05 were considered statistically 

significant. 

  



Chapter 4.2 

144 
 

Results 

3.1 The in vitro generated T-lymphoblasts support PCV2 replication  

It is known that PCV2 replicates in actively dividing cells, since the virus needs host DNA 

polymerase for its genome replication [20, 42]. The in vitro generated T-lymphoblasts exhibited 

highly proliferative activities, which was induced by a short period of contact with concanavalin 

A (ConA) and was maintained by a continuous addition of interleukin-2 (IL-2) [30, 32, 43]. To 

study thoroughly the dynamics of PCV2 replication in T-lymphoblasts, cells were infected with 

PCV2 strain 1121 or Stoon1010 at 0.05 TCID50/cell for different periods. Cells were fixed and 

stained for the expression of Rep and Cap proteins, while culture supernatant was collected and 

titrated by qPCR and virus titration (IPMA). Both Rep and Cap could be detected as early as 12 h 

for both strains (Figure 2A), with a slightly lower expression of 1121 (0.15% and 0.20%) than 

Stoon1010 (0.53% and 0.52%). Rep was always found in the nucleus of the cells, being mostly 

expressed at 24 h in 1.3% and 2.7% of the cells for 1121 and Stoon1010, respectively. The 

expression of Cap peaked at 36 h for 1121 (1.6%) and at 24 h for Stoon1010 (3.3%), followed by 

a general decrease of percentages of infected cells until 72 h (Figure 2B). Virus was released as 

demonstrated by an increase of viral genome copies in the supernatant from 1.6 x 1010 copies at 1 

h to 4.7 x 1011 copies at 72 h for 1121 and from 2.2 x 1010 copies at 1 h to 1.5 x 1012 at 72 h for 

Stoon1010 (Figure 2C). The titer of extracellular virus for Stoon1010 gradually rose from 103.6 

TCID50/mL at 1 h to 104.6 TCID50/mL at 72 h, while for 1121 the titer slightly increased from 102.1 

TCID50/mL at 1 h to 102.9 TCID50/mL at 12 h and stayed around 102.9 TCID50/mL from 12 h till 72 

h (Figure 2C). Interestingly, irregularly shaped cells with intense PCV2 antigen and deformed 

nucleus were found for both strains at 72 h (Figure 2A, white arrow). From these results, we 

concluded that the in vitro generated T-lymphoblasts supported the replication of PCV2, with 

strain Stoon1010 replicating more efficiently than strain 1121. 
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Figure 2. PCV2 replication kinetics in T-lymphoblasts. Cells were inoculated with PCV2 strain 1121 or 

Stoon1010 at 0.05 TCID50/cell at 37 oC for 1h. Afterwards, virus was removed and cells were cultured until 

the indicated timepoints. At each timepoint, cells were fixed and stained for the expression of PCV2 Rep 

and Cap proteins, while the culture supernatant was collected and titrated by qPCR and IPMA. (A) Confocal 

images showing the expression kinetics of Rep and Cap, with strain 1121 shown on the top and strain 

Stoon1010 at the bottom. (B) The percentages of Rep+ cells and Cap+ cells were quantified for strain 1121 

and Stoon1010, respectively. (C) Evolution of PCV2 genome copies and titers in the supernatant of T-

lymphoblast cultures inoculated with strains 1121 or Stoon1010. Data represent mean ± SD of triplicate 

assays. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
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Since virus binding is an initial step of the virus infectious cycle, we first examined PCV2 binding 
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particles were immunostained and visualized under confocal microscopy. Single and cluster forms 

of PCV2 particles of strains 1121 and Stoon1010 bound to 11% and 26% of T-lymphoblasts, 

respectively (Figure 3A + 3B). In addition, the amount of attached particles per cell of Stoon1010 

was twice that of 1121, as demonstrated by the fluorescence area measured with ImageJ (Figure 

3C). These results revealed that PCV2 particles were able to bind certain proportions of T-

lymphoblasts, with Stoon1010 being more effective than 1121. 

 
Figure 3. PCV2 attachment to T-lymphoblasts. Cells were incubated with PCV2 particles at 4 oC for 1 h, 

after which virus was removed and cells were fixed. PCV2 particles were stained in green, while T-

lymphoblasts were stained in red. (A) Visualization of PCV2 particles binding to T-lymphoblasts with 

confocal microscopy. Bar = 8 µm. (B) The percentage of T-lymphoblasts showing virus binding was 

determined. (C) The fluorescing area of attached virus particles per cell was quantified with ImageJ. Data 

represent means ± SD of triplicate assays. *P<0.05; ***P<0.001. 
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3.2.2 Chondroitin sulfate (CS), but not heparan sulfate (HS), is expressed on T-lymphoblasts 

Mice thymic T-lymphocytes were found to both biosynthesize and secrete glycosaminoglycans 

(GAGs), consisting of mainly CSOand smaller amounts of HS [44]. Here, with specific antibodies, 

we showed that the expression of HS was not detected on T-lymphoblasts, whereas CS expression 

was found in 25% of the T-lymphoblasts (Figure 4). As a positive control, the expression of HS 

and CS were clearly demonstrated on all PK-15 cells (Figure 4). 

 
Figure 4. Expression of chondroitin sulfate (CS) and heparan sulfate (HS) on PK-15 cells and T-

lymphoblasts. (A) Confocal images showing PK-15 cells and T-lymphoblasts staining with specific 

antibodies against HS and CS. Bar = 25 µm. (B) Quantification of the percentage of PK-15 cells and T-
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lymphoblasts with the expression of HS and CS, respectively. Data represent means ± SD of triplicate 

assays.  

3.2.3 PCV2 particles were able to bind to T-lymphoblasts with and without CS molecules 

To investigate whether PCV2 attachment to T-lymphoblasts involves CS molecules, the binding 

assay was performed, after which PCV2 particles and CS molecules were stained with a double 

immunofluorescence staining assay. PCV2 particles from strain 1121 bound to 12.6% of the total 

cells, and 3.9% of the total cells showing both attached virus particles and CS expression 

(CS+Cap+). For strain Stoon1010, 26.3% of T-lymphoblasts showed virus binding, and 8.4% of 

the total cells exhibited bound virus particles as well as CS (CS+Cap+) (Figure 5). There was a 

strong colocalization between CS and virus particles. This indicated that only a small proportion 

of PCV2 binding to T-lymphoblasts might be mediated by CS. 

 



Chapter 4.2 

150 
 

Figure 5. Colocalization of chondroitin sulfate (CS) and PCV2 Cap. T-lymphoblasts were incubated with 

PCV2 particles at 4 oC for 1 h, after which virus was removed and cells were fixed. The expression of CS 

was stained in green, while the bound PCV2 particles were stained in red. Cell nuclei were stained in blue. 

(A) Representative pictures of PCV2 binding to CS-expressed T-lymphoblasts. Bar = 8 µm. (B) The 

percentages of T-lymphoblasts showing PCV2 binding and CS expression were calculated. The proportion 

of cells with bound PCV2 particles and CS expression (CS+Cap+) was presented in grey, and that with 

PCV2 binding but not CS expression (CS-Cap+) in white. 

3.2.4 Enzymatic removal of CS decreased PCV2 infection of T-lymphoblasts 

To further determine the role of CS molecules in PCV2 infection to T-lymphoblasts, cells were 

pre-treated with 2 U/mL chondroitinase ABC prior to inoculation with PCV2 (1121 or Stoon1010). 

As shown in Figure 6, PCV2 infection in chondroitinase-treated lymphoblasts was reduced by 30% 

for 1121 and 40% for Stoon1010 compared with non-treated cells. This demonstrated a role of CS 

in PCV2 attachment to T-lymphoblasts. 

Figure 6. Effect of enzymatic removal of CS on PCV2 infection of T-lymphoblasts. Cells were pre-treated 

with chondroitinase ABC prior to PCV2 infection. The percentage of Cap+ cells (green) was quantified. 

The infection level in the enzyme-treated group was expressed as the relative percentage to that of the 

control group (without enzyme treatment). Data represent means ± SD of triplicate assays. Bar = 100 µm. 
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Entering the host cell is a crucial step in successful viral infection. Thus, we next examined PCV2 

internalization into T-lymphoblasts by incubating cells with PCV2 particles at 37 °C for 1 h. After 

visualization, around 10% and 26% of the cells were respectively found with the immunostained 

green-fluorescent 1121 and Stoon1010 particles sticking to the cell surface or inside the cells 

(Figure 7A+7B). It turns out that the internalization of PCV2 particles was restricted to 2.6% and 

12.7% of the T-lymphoblasts for 1121 and Stoon1010, respectively (Figure 7B). The fluorescing 

areas of total PCV2 particles (surface-sticking and internalized ones) and of the solely internalized 

PCV2 particles were quantified with ImageJ. Interestingly, the internalized 1121 and Stoon1010 

particles only accounted for 2.0% and 3.4% of the total visualized particles, respectively (Figure 

7C). These results indicated that during 1 h incubation at 37 °C only a small proportion (2-3.4%) 

of virus particles entered a restricted number (2.6-12.7%) of T-lymphoblasts, suggesting a slow 

internalization of PCV2 particles into T-lymphoblasts. 

 
Figure 7. PCV2 internalization into T-lymphoblasts. Cells were incubated with PCV2 particles at 37 oC for 

1 h, after which virus was removed and cells were fixed. PCV2 particles were stained in green, while T-
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lymphoblasts were stained in red. (A) Visualization of PCV2 particles internalized into T-lymphoblasts was 

performed by confocal microscopy. Some green virus particles were sticking to the cell membrane, while 

others were found inside the red cell rings and were regarded as internalized particles. Bar = 8 µm. (B) 

The % of T-lymphoblasts with virus (total particles = surface sticking particles + internalized particles) and 

the % of T-lymphoblasts with internalized particles was counted. (C) The fluorescing area of total virus 

particles and internalized virus particles per cell was quantified with ImageJ. Data represent means ± SD 

of triplicate assays. *P<0.05. 

3.3.2 PCV2 strain 1121, but not Stoon1010, exploits macropinocytosis for its entry 

Macropinocytosis has emerged as a major endocytic mechanism which is exploited by over 20 

different viruses for their entry into host cells [45]. To test the possible role of macropinocytosis 

in PCV2 infection, cells were pre-treated with amiloride, a specific inhibitor of macropinocytosis 

by inhibiting Na+/H+ exchange.  
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Figure 8. PCV2 strain 1121, but not Stoon1010, exploits macropinocytosis for its entry. (A) Viability of 

cells treated with different concentrations of amiloride, as measured by methyl thiazol tetrazolium assay. 

(B) Cells were pre-treated with amiloride (0, 0.25, 0.5, 1 mM) prior to PCV2 infection. The percentage of 

PCV2-infected cells (green) was quantified. The infection level in the treated group was expressed as the 

relative percentage to that of the control group (drug concentration = 0 mM). Data represent means ± SD 

of triplicate assays. Bar = 100 µm. 

As shown in Figure 8, PCV2 strain 1121 infection was significantly reduced by 42-52% in cells 

treated with amiloride at concentrations from 0.25 mM to 1 mM. In contrast, PCV2 strain 

Stoon1010 infection exhibited only an 11% decrease in T-lymphoblasts treated with amiloride at 

1 mM compared with untreated cells. This indicated that membrane bound 1121 may trigger a 

macropinocytosis pathway for its entry while Stoon1010 does not do this.  

3.3.3 PCV2 entry occurs via clathrin-mediated endocytosis and is independent of caveolae-

mediated endocytosis  

Non-enveloped viruses are internalized mainly via either clathrin- or caveolae-mediated 

endocytosis. Thus, the possible role of these pathways in PCV2 entry into T-lymphoblasts was 

examined. Pre-treatment of T-lymphoblasts with chlorpromazine, a well-known inhibitor of 

clathrin-mediated endocytosis by affecting the assembly of clathrin lattices at the cell surface and 

on endosomes, reduced PCV2 infection in a dose-dependent manner and independent of PCV2 

strains used (Figure 9). The maximum reduction of PCV2 infection reached 52% for strain 1121 

and 42% for strain Stoon1010, compared with non-treated cells (control).  
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Figure 9. PCV2 enters to T-lymphoblasts via clathrin-mediated endocytosis. (A) Viability of cells treated 

with different concentrations of chlorpromazine, as measured by methyl thiazol tetrazolium assay. (B) Cells 

were pre-treated with chlorpromazine (0, 3.13, 6.25, 12.5 µM) prior to PCV2 infection. The percentage of 

PCV2-infected cells (green) was quantified. The infection level in the treated group was expressed as the 

relative percentage to that of the control group (drug concentration = 0 µM). Data represent means ± SD of 

triplicate assays. Bar = 100 µm. 

In contrast, pre-treatment of T-lymphoblasts with mβCD, which inhibits caveolae-mediated 

endocytosis by removing cholesterol from the plasma membrane, did not result in a significant 

decrease of PCV2 infection compared with untreated cells (Figure 10). Even at a higher 

concentration at 1.25 mM, this compound did not show any effect on PCV2 infection. Taken 
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together, these results suggested that PCV2 entry into T-lymphoblasts required clathrin but not 

caveolae. 

 
Figure 10. PCV2 entry into T-lymphoblasts is independent of caveolae-mediated endocytosis. (A) Viability 

of cells treated with different concentrations mβCD, as measured by methyl thiazol tetrazolium assay. (B) 

Cells were pre-treated with mβCD (0, 0.63, 1.25 mM) prior to PCV2 infection. The percentage of PCV2-

infected cells (green) was quantified. The infection level in the treated group was expressed as the relative 

percentage to that of the control group (drug concentration = 0 mM). Data represent means ± SD of triplicate 

assays. Bar = 100 µm. 

3.3.4 PCV2 entry into T-lymphoblasts requires actin  

The function of actin cytoskeleton in clathrin-mediated endocytosis has been suggested [46]. In 

addition, previous studies showed that actin is required in PCV2 infection of 3D4/31 cells, 

epithelial cells and primary porcine monocytes [25, 27, 29]. To test whether actin is involved in 

PCV2 infection in T-lymphoblasts, cells were pre-treated with cytochalasin D, an inhibitor of actin 
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polymerization. As a result, treatment of T-lymphoblasts with increased concentrations of this 

inhibitor caused a decreased PCV2 infection in a dose-dependent fashion, to a maximum of 67% 

reduction for strain 1121 and 43% for Stoon1010 at 25 µM (Figure 11). These results confirmed 

the requirement of actin in PCV2 entry into T-lymphoblasts. 

 
Figure 11. PCV2 entry into T-lymphoblasts requires actin. (A) Viability of cells treated with different 

concentrations of cytochalasin D, as measured by methyl thiazol tetrazolium assay. (B) Cells were pre-

treated with cytochalasin D (0, 6.25, 12.5, 25 µM) prior to PCV2 infection. The percentage of PCV2-

infected cells (green) was quantified. The infection level in the treated group was expressed as the relative 

percentage to that of the control group (drug concentration = 0 µM). Data represent means ± SD of triplicate 

assays. Bar = 100 µm. 
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3.3.5 Participation of small GTPases in PCV2 entry into T-lymphoblasts 

The Rho GTPases are key regulators of the actin cytoskeleton and are involved in 

macropinocytosis, clathrin-mediated endocytosis and clathrin- and caveolae-independent 

internalization pathways [47]. To investigate the role of small GTPase on PCV2 infection, T-

lymphoblasts were treated with a broad range small GTPase inhibitor, Clostridium difficile toxin 

B. Consequently, a dose-dependent decrease of PCV2 infection in T-lymphoblasts was found, with 

40% and 53% reduction by the inhibitor at 50 ng/mL for strain 1121 and Stoon1010, respectively 

(Figure 12). This suggested a role of small GTPases in PCV2 entry into T-lymphoblasts. 

 
Figure 12. Participation of small GTPases in PCV2 entry into T-lymphoblasts. (A) Viability of cells treated 

with different concentrations of Clostridium difficile toxin B, as measured by methyl thiazol tetrazolium 

assay. (B) Cells were pre-treated with Clostridium difficile toxin B (0, 12.5, 25, 50 ng/mL) prior to PCV2 

infection. The percentage of PCV2-infected cells (green) was quantified. The infection level in the treated 
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group was expressed as the relative percentage to that of the control group (drug concentration = 0 ng/mL). 

Data represent means ± SD of triplicate assays. Bar = 100 µm. 

3.3.6 PCV2 infection of T-lymphoblasts requires a low-pH step 

Viruses that enter via clathrin-mediated endocytosis are transported to the endosome-lysosome 

system where the incoming viruses are exposed to the acidic milieu and a pH drop [48]. To 

determine whether a pH drop was a crucial step in the infectious entry of PCV2 into T-

lymphoblasts, we used two lysosomotropic weak bases (ammonium chloride and chloroquine 

diphosphate) to raise the endosomal pH and examined the effect on PCV2 infection.  

Figure 13. PCV2 infection of T-lymphoblasts requires a low-pH step as demonstrated with ammonium 

chloride. (A) Viability of cells treated with different concentrations of ammonium chloride, as measured 

by methyl thiazol tetrazolium assay. (B) Cells were pre-treated with ammonium chloride (0, 0.1, 1, 10 mM) 
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prior to PCV2 infection. The percentage of PCV2-infected cells (green) was quantified. The infection level 

in the treated group was expressed as the relative percentage to that of the control group (drug concentration 

= 0 mM). Data represent means ± SD of triplicate assays. Bar = 100 µm. 

Pre-treatment of T-lymphoblasts with increased concentrations of these inhibitors resulted in a 

dose-dependent significant decrease of PCV2 infection compared with non-treated cells, with a 

maximum reduction of 70-81% by ammonium chloride at 10 mM (Figure 13) and of 73-81% by 

chloroquine diphosphate at 50 µM (Figure 14). Taken together, these results showed that PCV2 

entered T-lymphoblasts in a low-pH-dependent manner. 

 
Figure 14. PCV2 infection of T-lymphoblasts requires a low-pH step as demonstrated with chloroquine. 

(A) Viability of cells treated with different concentrations of chloroquine, as measured by methyl thiazol 

tetrazolium assay. (B) Cells were pre-treated with chloroquine (0, 1, 10, 50 µM) prior to PCV2 infection. 
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The percentage of PCV2-infected cells (green) was quantified. The infection level in the treated group was 

expressed as the relative percentage to that of the control group (drug concentration = 0 µM). Data represent 

means ± SD of triplicate assays. Bar = 100 µm. 

3.3.7 PCV2 disassembly is mediated by serine proteinases 

Virus disassembly within the endosomal-lysosomal system can be mediated by cellular proteinases, 

which are classified into serine, cysteine, aspartic and metalloproteases [49]. Serine proteases 

mediate the disassembly of PCV2 in 3D4/31 monocytic cells and PK-15 cells [50]. To investigate 

the role of serine proteinases in PCV2 infection to T-lymphoblasts, cells were treated with the 

serine proteinase inhibitor AEBSF at different concentrations prior to PCV2 inoculation. The 

results showed that 68-81% of PCV2 infection was abolished by AEBSF at 0.25 mM in the treated 

group compared with the untreated group (Figure 15). 
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Figure 15. PCV2 disassembly in T-lymphoblasts is mediated by serine proteinases. (A) Viability of cells 

treated with different concentrations of AEBSF, as measured by methyl thiazol tetrazolium assay. (B) Cells 

were pre-treated with AEBSF (0, 0.1, 0.2 mM) prior to PCV2 infection. The percentage of PCV2-infected 

cells (green) was quantified. The infection level in the treated group was expressed as the relative 

percentage to that of the control group (drug concentration = 0 mM). Data represent means ± SD of triplicate 

assays. Bar = 100 µm. 

3.4 Structural difference of PCV2 Cap between strains 1121 and Stoon1010 

Alignment of the amino acid sequences from strains 1121 and Stoon1010 revealed mutations at 

five positions: 99K/R, 131P/T, 191R/G, 200T/A and 232N/K. These amino acids were mapped on 

the 3D structure of the Cap protein (Figure 16). The amino acid mutation at position 99K/R locates 

at the inner side of the Cap protein, and is relatively conserved, since K and R are both basic polar 

amino acids. Proline (P) has a special cyclic structure, which contributes to the rigidity of the 

structure. Mutations from a non-polar amino acid (P) in 1121 to a polar neutral amino acid (T) in 

Stoon1010 at position 131 may lead to a more flexible protein structure for stoon1010 than 1121. 

Similarly, at position 191, a basic polar amino acid (R) is replaced by glycine (G) that is more 

flexible than other amino acids; at position 200, a polar neutral amino acid (T) mutated to a non-

polar hydrophobic one (A). At position 232, a polar neutral amino acid N in 1121 was replaced by 

a basic polar amino acid K in Stoon1010, which may make the virion of Stoon1010 more positively 

charged than that of 1121. This indicates a possible structurally conformational difference in the 

Cap protein of strains 1121 and Stoon1010.  

The conformational changes in Cap protein may affect its ability to interact with viral nucleic acid 

for virion assembly. Based on the 3D structure of PCV2 Cap of strains 1121 and Stoon1010, the 

nucleic binding sites of the Cap protein were predicted to be at positions 46N, 48R, 99K/R, 100K, 

102K, 158S, 160Y, 218Y and 220Q (Figure 17A). These amino acids were mapped on the 3D 

structure of the Cap protein, and they are at the inner part of the capsid (Figure 17B). For strain 

1121, the surface areas of these amino acids are very close to each other and form a large surface 

area; while for strain 1010, the surface areas are dispersed into three parts: one part is formed by 

amino acids at positions 160Y, 158S and 102K; another one consists of amino acids at positions 

100K, 99R, 220Q and 218Y; the last one is the amino acid at 48R, and the amino acid at position 

46N does not display its surface anymore. These changes may be resulted from the conformational 
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changes which are induced by strain-specific amino acid mutations, leading to the different affinity 

of the Cap protein to nucleic acid.  

 

Figure 16. Location of strain-specific amino acids on the respective ribbon diagram of the PCV2 (strains 

1121 and Stoon1010) capsid protein. The 3D structures of capsid were generated using I-TASSER server 

and displayed with PyMOL.    
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Figure 16. Binding PCV2 Cap protein to the nucleic acid. (A) Predicted models of PCV2 Cap protein 

binding to nucleic acid. Ribbon diagram of the PCV2 capsid protein are shown with a full view (left) and a 

zoomed view (right). Binding residues are shown in blue ball and stick, and are labelled with magenta; 

predicted binding nucleic acid is shown in greenyellow. (B) Location of amino acids that are at the predicted 

binding sites. Different colour codes were used for different amino acid sites, and the same colour was used 

for the same amino acid site across strains 1121 and Stoon1010. The 3D structures of capsid were generated 

using I-TASSER server and displayed with PyMOL.    
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Discussion 

PCV2 is one of the most economically important pig pathogens, causing PCV2-associated diseases 

in most major pig producing countries. Currently, these diseases are well controlled by vaccination. 

However, vaccination does not lead to a sterile immunity [51]. Since viral entry is an attractive 

target for therapeutic intervention, it is imperative that we understand the mechanism of PCV2 

entry and replication in its natural target cells. PCV2 mainly focuses on lymphoblasts and 

monocytic cells. Primary monocytes and dendritic cells take up virus particles via clathrin-

mediated endocytosis, but this rarely leads to a productive viral infection [26, 27]. In contrast, 

lymphoblasts are fully susceptible targets [19, 30]. The larger the number of blasts, the faster and 

higher the primary replication of PCV2 in its host [31]. However, the PCV2 replication cycle in 

lymphoblasts was not elucidated. 

In the present study, we generated proliferative porcine T-lymphoblasts in vitro and demonstrated 

that these cells supported PCV2 replication. The initial virus binding was mediated by chondroitin 

sulfate to 11-26% of T-lymphoblasts, after which the bound virus particles were internalized into 

a restricted proportion of the cells (2.6-12.7%) via clathrin-mediated endocytosis with the 

participation of actin and small GTPases. These internalized virus particles were then transported 

to the endosome-lysosome system and disassembled in an acid environment aided by serine 

proteinases. Furthermore, PCV2 strain Stoon1010 replicated better than 1121. This was due to a 

more efficient virus binding to and internalization in a higher proportion of T-lymphoblasts for 

Stoon1010 than for 1121, despite the fact that strain 1121 could exploit macropinocytosis as well 

as an alternative way of entry. This was indicative for a biological difference between PCV2 strains 

in the replication in porcine T-lymphoblasts.  

It is known that PCV2 replication is highly dependent on cell mitosis since it needs the host DNA 

polymerase for its genome replication. Therefore, PK-15 cells and swine kidney (SK) cells have 

been routinely used for PCV2 research purposes. However, these cells are not PCV2 target cells 

in vivo whereas lymphoblast are. The in vitro generation of porcine T-lymphoblasts allowed us to 

get closer to the real in vivo situation to study PCV2 pathogenesis. Recent research demonstrated 

that the in vitro generated T-lymphoblasts supported a productive replication of PCV2 as found in 

vivo [19, 31, 32]. The mechanism of PCV2 replication was examined in detail in the present study. 

The expression kinetics of the Rep and Cap proteins were established. Rep and Cap proteins were 
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detected as early as 12 h. The percentage of cells with Rep expression peaked at 24 h and dropped 

until 72 h, due to the continuous proliferation of cells and at the end due to the lysis of PCV2-

infected cells. Rep was exclusively found in the nucleus of T-lymphoblasts except in the lysed 

cells, which was the same as in PK-15 cells [52]. At 12 h, Cap could already be detected in the 

nucleus of the cells. This is in line with previous studies on PCV2 replication in L35 

lymphoblastoid cells and in PK-15 cells [52, 53]. The presence of Cap in the nucleus at 12 h 

suggested an earlier initial synthesis in the cytoplasm, probably around 6 h, as demonstrated in 

PK-15 cells [52]. Later on, strains 1121 and Stoon1010 exhibited different replication 

characteristics, with the Cap expression of 1121 peaking at 36 h and of Stoon1010 at 24 h. 

Afterwards, the percentage of Cap+ cells did not further increase as a result of a second replication 

cycle. This is not only due to the lysis of PCV2-infected cells, but also due to an inhibition of the 

cell proliferation cycle.  

Replication of strain 1121 in T-lymphoblasts is less efficient than that of Stoon1010, which was 

reflected by a lower expression of antigen-positive cells, a lower virus titer and a smaller number 

of virus genome copies in the supernatant. For Stoon1010, the progeny virus was released between 

24 h and 36 h, as revealed by a fast increase of viral genome copies and virus titers in the 

supernatant. Interestingly for 1121, although a logarithmic increase of the number of viral genomes 

in the supernatant was demonstrated, the virus titer stayed at 102.9 TCID50/mL from 12 h to 72 h. 

It seems that strain 1121 had problems with viral genome encapsidation, which resulted in an 

inefficiency in virion assembly and release. Virion assembly is driven by the interaction between 

the viral capsid and the viral genome. The binding sites of nucleic acids to the Cap protein from 

strains 1121 and Stoon1010 was predicted to be amino acids at positions 46N, 48R, 99K/R, 100K, 

102K, 158S, 160Y, 218Y and 220Q (Figure 17A). These amino acids are conserved among these 

two strains, despite the fact that at position 99 a basic polar amino acid (K) in 1121 is replaced 

with another basic polar one (R) in Stoon1010. Interestingly, although amino acids in the binding 

sites are conserved, the Cap protein of 1121 showed a lower affinity and stability to the nucleic 

acid compared with Stoon1010 (Figure 17A). When these amino acids at the binding sites were 

mapped on the respective 3D structure of the Cap protein from 1121 and Stoon1010, they displayed 

different surface patterns. Those from 1121 were very close to each other, whereas those from 

Stoon1010 being dispersed (Figure 17B). This structural difference is probably the result of 

conformational changes that are induced by strain-specific amino acids of 1121/Stoon1010: 99K/R, 



PCV2 replication in T-lymphoblasts 

167 
 

131P/T, 191R/G, 200T/A and 232N/K (Figure 17). For instance, proline (P) has a distinctive cyclic 

structure, which contributes to the rigidity of the structure. The mutation from a non-polar amino 

acid (P) in 1121 to a polar neutral amino acid (T) in Stoon1010 at position 131 may lead to a more 

flexible protein structure for stoon1010 than 1121. Similarly, at position 191, a basic polar amino 

acid (R) is replaced by glycine (G) that is more flexible than other amino acids; at position 200, a 

polar neutral amino acid (T) mutated to a non-polar hydrophobic one (A). The more flexible and 

loose structure of the Cap protein from Stoon1010 compared to that of 1121 may allow a better 

interaction of the capsid with the viral genome, and therefore a more efficient virion assembly. 

Virus binding is the first step to initiate a successful infection of cells. PCV2 attachment to T-

lymphoblasts was restricted to 11-26% of the cells, which was apparently less efficient compared 

with 3D4/31 monocytic cells and the epithelial cell lines PK-15, ST and SK where all the cells 

showed virus binding [25, 29]. This high efficiency of PCV2 attachment to these cells were 

mediated by heparan sulfate and chondroitin sulfate [24]. Interestingly, in contrast to the strong 

expression of these two molecules on all PK-15 cells, none of the T-lymphoblasts showed the 

expression of heparan sulfate while only 25% of the cells expressed chondroitin sulfate. Indeed, 

leukocytes are known to express GAGs primarily of the chondroitin sulfate (CS) type. In 

agreement with our finding, little or no cell surface HS could be detected on human mitogen-

activated human T cells [44, 54]. We hypothesized that the limited expression of chondroitin 

sulfate on T-lymphoblasts accounted for the restricted binding of PCV2 to these cells. This 

hypothesis was supported by the result that PCV2 infection to T-lymphoblasts was decreased (30-

40% of reduction) after the enzymatic removal of chondroitin sulfate with chondroitinase ABC. 

The reduced yet non-abolished PCV2 infection may be explained by the fact that not all PCV2-

bound cells showed the expression of CS molecules. Despite the fact that around 11-26% of cells 

exhibited virus binding, only 4-8% of cells showed CS expression as well as bound virus particles, 

accounting for around 30% of the virus-bound cells. This indicates that 70% of the virus binding 

is mediated by other molecules. In line with our finding, previous research revealed that PCV2 

could still infect mutant CHO cells which did not express glycosaminoglycans (GAG) [24]. These 

results indicate that, apart from the two identified PCV2 attachment receptors, other yet 

unidentified cellular surface molecules participate in virus binding. The difference in the 

expression of HS and CS in PK-15 cells and T-lymphoblasts could partly explain the distinct 

characteristics of PCV2 binding to these two cell types. Virus particles of Stoon1010 showed a 
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more efficient binding to T-lymphoblasts than those of 1121. Interestingly, the polar neutral amino 

acid N at position 232 in 1121 was replaced by a basic polar amino acid K in Stoon1010 (Figure 

17). Since position 232 is at the C-termini of the Cap protein, the amino acid at this position is 

exposed and extended on the virion surface [55]. Therefore, the basic polar amino acid K on the 

virion surface of Stoon1010 may enhance the interaction of virions with the cell membrane-

associated negatively charged chondroitin sulfate, thus enhancing virus binding. Of interest, the 

most recent dominant PCV2 genotype PCV2d also has an extra basic polar amino acid K at 

position 234, which is possibly related with the increased virulence of strains of this genotype than 

the previous PCV2a/b [56, 57]. It is very well possible that there is an evolutionary change from 

1121 to Stoon1010, by exposing more positively charged amino acids on the virion surface for a 

better binding and survival in animal cells. 

Following binding to cell surface receptors, viruses must be internalized to initiate infection. In 

this study, internalization of PCV2 into T-lymphoblasts was restricted to 2.6-12.7% (1121-

Stoon1010) of total cells and 2.0-3.4% (1121-Stoon1010) of the cells internalized virus particles 

after 1 h incubation at 37 oC. This indicated a slow and inefficient entry of PCV2 into T-

lymphoblasts, which may result in the long replication cycle (24-36 h) of PCV2 in susceptible cells 

[25]. In general, viruses accomplish cell entry by hijacking the cellular endocytic machinery. Thus, 

we further defined the endocytic mechanisms of PCV2 entry into T-lymphoblasts using 

pharmacological inhibitors. We demonstrated that PCV2 uses clathrin-mediated endocytosis to 

enter T-lymphoblasts and this entry was dependent on actin and small GTPases. This is somewhat 

the same with the mechanism of PCV2 entry into the monocytic cell line 3D4/31, primary 

monocytes and dendritic cells where the clathrin-mediated endocytosis was used [25-27]. Despite 

this similarity, the clathrin-mediated pathway was an ineffective one in the epithelial cell lines 

PK15, SK and ST, since blocking this pathway with chlorpromazine increased PCV2 infection in 

these cells [29]. Instead, PCV2 exploited a dynamin-and cholesterol-independent, but actin- and 

small GTPase-dependent pathway for its entry into the epithelial cell lines [29]. This means that 

PCV2 is able to employ multiple entry modes depending on the cell type. Likewise, the existence 

of alternative pathways for internalization into different cell types has been reported for reovirus 

[58], human immunodeficiency virus [59], equine herpes virus [60], herpes simplex virus [61] and 

Japanese encephalitis virus (JEV) [62, 63]. 



PCV2 replication in T-lymphoblasts 

169 
 

Intriguing to note is that we demonstrated for the first time that PCV2 entry modes were strain-

dependent. Apart from the classical clathrin-mediated endocytosis, PCV2 strain 1121 could exploit 

macropinocytosis as well for its entry into T-lymphoblasts while strain Stoon1010 could not do 

this. This was based on the result that amiloride, the specific inhibitor of marcopinocytosis, 

blocked 52% of PCV2 strain 1121 infection to T-lymhoblasts but had little effect on the infection 

of strain Stoon1010 (11% of reduction). Apparently, PCV2 belongs to a growing group of viruses 

that seem to make use of different, alternative strategies and pathways to enter cells. Influenza 

virus is another well-studied example of this; it can exploit clathrin-endocytosis and 

macropinocytosis simultaneously in HeLa, A549 and other non-human cells [64]. Similarly, Ebola 

virus particles entry into HeLa cells mainly occurs via macropinocytosis, but a smaller fraction of 

particles enters via clathrin-mediated endocytosis [65]. Probably, viruses have evolved to exploit 

different cellular pathways in order to increase their host range. However, in this case, for PCV2 

strain 1121, this wide use of internalization options is not an advantage due to the fact that the 

internalization of this strain (2.6% of the cells) was less efficient than that of Stoon1010 (12.7% 

of the cells). This again reflects an evolution of PCV2 from 1121 to Stoon1010, from using non-

specific macropinocytosis pathway for entry to the more specific and efficient receptor-mediated 

entry pathway. Especially when one considers the fact that animal circoviruses may be derived 

from plant nanoviruses that may have infected a vertebrate host [66], the entry of circovirus into 

animal cells at the very beginning could take advantage of the natural and non-specific cellular 

macropinocytosis (cell drinking). With the gradual adaption of circovirus to animal cells, it may 

evolve to find its specific and efficient way for entry. Both strains 1121 and Stoon1010 belong to 

the PCV2a genotype. Since PCV2 evolves from PCV2a to PCV2b and later on to PCV2d [67], it 

would be interesting to examine the entry pathways of PCV2b/d strains, to see whether PCV2b/d 

strains during evolution use more efficient entry modes and whether the increased viral virulence 

results from a more efficient entry into host cells. This is the first study where we examined the 

entry features of strain 1121 which was isolated from an aborted fetus [34], since strain Stoon1010 

which was isolated from a PMWS piglet was always used in all previous entry studies [25, 29, 33]. 

Previous work from Lefebvre et al. (2008) demonstrated that these two PCV2 strains have different 

neutralizing epitopes since the mAbs that neutralized Stoon1010 did not differentiate this strain 

from 1121 in the IPMA [37]. Based on this result, he suggested that these two PCV2 strains might 

use different entry pathways in susceptible cells and this hypothesis was confirmed in our study. 
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It will be interesting as well to study whether these different entry modes of PCV2 strains to the 

target cells can affect the final outcome of PCV2 infection. 

Following virus internalization, the incoming virions need to be uncoated, after which the viral 

genome becomes released and transported to the appropriate sites for replication. Just like the 

internalization, the disassembly process of PCV2 fully depends on the host cells used. In the 

monocytic cell line 3D4/31, PCV2 needs an acid environment for virion disassembly [25], whereas 

in the epithelial cell lines PK15, SK and ST, blocking the pH drop enhances PCV2 replication [50]. 

In this study, we demonstrated that PCV2 replication in T-lymphoblasts required a pH drop in the 

endosome. By using the protease inhibitor AEBSF, we showed that serine proteases are involved 

in the disassembly of PCV2 in T-lymphoblasts, as also suggested in the 3D4/31 cells and the 

epithelial cell lines [50]. Hence, we believe that different serine proteases which are active at a low 

pH (in the 3D4/31 cells and T-lymphoblasts) and at a neutral pH (in the epithelial cell lines) are 

involved in PCV2 disassembly. Further work needs to be done to identify these serine proteinases. 

In summary, we demonstrated that the in vitro generated porcine T-lymphoblasts support PCV2 

replication. Virus binding was partially mediated by CS in a restricted population of T-

lymphoblasts. Only a small fraction of the bound virus particles was internalized via clathrin-

mediated endocytosis which was dependent on actin and small GTPases. The incoming virus 

required an acid environment for virion disassembly under the function of serine proteinases. 

Furthermore, we revealed for the first time that PCV2 strain 1121 but not Stoon1010 was able to 

exploit macropinocytosis as an additional entry pathway apart from the classical clathrin-mediated 

one. We hypothesize an evolution from 1121 to Stoon1010, as revealed by (i) an enhanced virion 

binding to cells, (ii) a more specific receptor-mediated entry into cells, and (iii) an increased 

affinity of viral capsids to viral nucleic acids of Stoon1010 compared to 1121. Further unravelling 

of biological differences in-between PCV2 strains among different genotypes may provide new 

insights into the evolutionary changes of PCV2 in order to improve its replication in its target cells 

and the complex pathogenesis of PCVAD. 
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Summary 

Porcine Circovirus Type 2 (PCV2) is a pathogen that has the ability to cause often devastating 

disease manifestations in pig populations with major economic implications. How PCV2 

establishes subclinical persistence and why certain individuals progress to lethal lymphoid 

depletion remain to be elucidated. Here we present PorSignDB, a gene signature database 

describing in vivo porcine tissue physiology that we generated from a large compendium of in vivo 

transcriptional profiles and that we subsequently leveraged for deciphering the distinct 

physiological states underlying PCV2-affected lymph nodes. This systems genomics approach 

indicated that subclinical PCV2 infections suppress a myeloid leukocyte mediated immune 

response. However, in contrast an inflammatory myeloid cell activation is promoted in PCV2 

patients with clinical manifestations. Functional genomics further uncovered STAT3 as a 

druggable PCV2 host factor candidate. Moreover, IL-2 supplementation of primary lymphocytes 

enabled ex vivo study of PCV2 replication in its target cell, the lymphoblast. Our systematic 

dissection of the mechanistic basis of PCV2 reveals that subclinical and clinical PCV2 display two 

diametrically opposed immunotranscriptomic recalibrations that represent distinct physiological 

states in vivo, which suggests a paradigm shift in this field. Finally, our PorSignDB signature 

database is publicly available as a community resource 

[http://www.vetvirology.ugent.be/PorSignDB/ (last accessed February 27th, 2019), included in 

Gene Sets from Community Contributors 

http://software.broadinstitute.org/gsea/msigdb/contributed_genesets.jsp (last accessed February 

27th, 2019)] and provides systems biologists with a valuable tool for catalyzing studies of human 

and veterinary disease. Finally, a primary porcine lymphoblast cell culture system paves the way 

for unraveling the impact of host genetics on PCV2 replication. 
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Introduction 

Porcine circovirus type 2 (PCV2) is a very small circular single-stranded DNA virus that circulates 

endemically in swine populations. Its limited coding capacity of approximately 1.7kb only allows 

two major viral proteins: a capsid protein (Cap), and a replication protein (Rep). An overlapping 

viral protein, ORF3, was found to be implicated in apoptosis, at least in vitro [1,2]. PCV2 manifests 

itself through a range of often devastating pathologies in swine livestock, causing severe economic 

losses. The most prominent disease associated with PCV2 is post-weaning multisystemic wasting 

syndrome (PMWS). PMWS patients exhibit progressive weight-loss, respiratory distress, pallor of 

skin, digestive disorders and sometimes jaundice, coinciding with pneumonia, nephritis, hepatitis 

and severe lymphadenopathy. Pathologic hallmarks in wasting pigs include an elevated viral load, 

progressive lymphocytic depletion and monocyte infiltration in lymph nodes [3], which drastically 

compromises the immune system with often fatal outcome [4]. Although PCV2 is acknowledged 

as the causative agent of PMWS, PCV2 infection alone generally results in a persistent low-level 

replication without clinical signs [5]. In fact, PCV2 circulates endemically in pig populations as 

covert subclinical infections, seemingly undeterred by vaccination [6]. Pigs with PMWS however, 

are nearly always presented with concurrent microbial infections, which suggests a crucial role for 

superinfections in triggering PMWS [7]. Indeed, coinfections or other immunostimulations such 

as adjuvant administration were confirmed to produce PMWS in experimental models [8]. In a 

real-life setting, piglets are mostly affected after weaning. This presumably happens because 

maternal antibodies cease to provide protection [9]. Hence the name of the disease: PMWS.  

Progress in PCV2 research is particularly hampered by the lack of tools, reagents and resources 

that are readily available for model species such as human or mouse. In fact, most PCV2 studies 

are merely descriptive and many important questions concerning its pathology remain. It is widely 

accepted that PCV2 can establish an asymptomatic state with low-level replication, but how PCV2 

achieves such persistence is unknown [10]. Furthermore, while many studies have shown that 

superinfection can trigger PMWS, mechanistic insight into why certain individuals transform from 

subclinical PCV2 to PMWS remains unknown. For these reasons, PCV2 pathology deserves 

further investigation. 

These days, large data sets measuring the transcriptomic architecture of biological systems are 

increasingly available in on-line repositories. They include those describing both clinical and 
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subclinical infections of PCV2-affected lymphoid tissue [11,12]. Specifically, for the field of 

porcine biology, many individual data sets from live animals were only analyzed within the study 

for which they were generated. As a consequence, integrated analysis of the recent wealth of 

transcriptomic data opens opportunities for systems biologists. Here we take advantage of large 

volumes of porcine transcriptomic studies to create a novel gene signature collection of in vivo 

perturbation signatures. We subsequently interrogated this database against a circovirus patient 

study in order to better understand lymph node host responses to PCV2 viral infections.  
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Materials and methods 

2.1 Transcriptomic analysis 

For transcriptomic studies, raw data were retrieved from NCBI GEO 

(http://www.ncbi.nlm.nih.gov/geo/). GEO accession numbers include GSE7313, GSE7314, 

GSE8974, GSE12705, GSE13528, GSE14643, GSE14758, GSE14790, GSE15211, GSE15256, 

GSE15472, GSE16348, GSE17264, GSE17492, GSE18343, GSE18359, GSE18467, GSE18641, 

GSE18854, GSE19083, GSE19275, GSE19975, GSE21043, GSE21071, GSE21096, GSE21383, 

GSE21663, GSE22165, GSE22487, GSE22596, GSE22782, GSE23503, GSE23596, GSE23751, 

GSE24239, GSE24762, GSE24889, GSE26095, GSE26663, GSE27000, GSE28003, GSE30874, 

GSE30956, GSE31191, GSE32956, GSE33037, GSE33246, GSE34569, GSE36306, GSE37166, 

GSE37922, GSE40885, GSE41636, GSE43072, GSE44326, GSE47710, GSE47814, GSE48125, 

GSE48839, GSE49290, GSE53997, GSE64246, GSE65008, GSE66317, GSE72025, GSE73088 

and GSE106471. For microarray studies, quantile normalized expression data was generated 

from .CEL files using the ExpressionFileCreator module on Genepattern [37]. Affymetrix porcine 

genechip probe set identifiers were mapped to Homo sapiens gene symbols as previously described 

[38] with Refseq and Uniprot identifiers were changed into corresponding gene symbols. For 

Affymetrix HG-U133 plus 2, GSEA chip annotations were employed. For RNA-seq, SRA files 

were converted to Fastq files with Genepattern SraToFastQ module. Reads were mapped to Mus 

musculus mm10 genome assembly with Genepattern tophat module, and converted to normalized 

to RPKM read counts using cuffnorm on the galaxy public server [39]. GSEA analyses were 

performed with GSEA desktop v3.0 (http://software.broadinstitute.org/gsea/index.jsp, last 

accessed February 27th, 2019). 

2.2 Generating PorSignDB  

Affymetrix Porcine Genechip data available on NCBI GEO were curated as follows. Data covering 

pooled samples or lacking publication on PubMed were discarded, as were studies with <2 samples 

per phenotype. Early transcriptional responses (<30 mins) and comparisons between breeds or 

tissue types were ignored. If controls were unavailable for temporal studies, comparisons were 

made with t=0. For signature generation, the ImmuneSigDB recipe [13] was followed. Briefly, 

genes were correlated to a target profile and ranked using the RNMI metric [40]. Top and bottom 
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ranked genes with an FDR <0.01 in a permutation test were included in two gene sets, with 

minimally 100 and maximally 200 genes each, yielding 

PHENOTYPE1_VS_PHENOTYPE2_UP" and "PHENOTYPE1_VS_PHENOTYPE2_DN". To 

ensure informative gene set comparisons, a GO biological process term enrichment was performed 

for every gene set using clusterProfiler [41]. Comparisons where either UP or DN gene set yielded 

zero significant hits (p<0.05, Benjamini-Hochberg corrected) were discarded.  

2.3 PCV2 disease signature and phenotype classification 

Biomarker genes were calculated from data of a field study covering three different cohorts [11], 

according to a previously described method [42] with minor modifications. Cohorts were divided 

over a training set (n=17) and a validation set (n=8). Marker genes were ranked in the training set 

using signal-to-noise ratio (S2NR), with standard deviations adjusted to minimally 0.2*mean. In a 

subsequent leave-one-out cross validation, a single sample was left out and a permutation test was 

performed on the remaining samples. Only genes with p<0.05 in every iterative leave-one-out trial 

were included in the signature. For phenotype classification, the Nearest Template Prediction 

(NTP) algorithm [20] was employed with S2NR as weights.  

2.4 Cells, virus and reagents 

PCV1-negative PK-15 (Porcine Kidney-15) cells were a kind gift of Gordon Allan, Queen’s 

University, Belfast, UK. PK15 culture conditions were described earlier [43]. To generate PPLs, 

PBMCs were isolated from whole blood collected from hybrid Pietrain x Hypor Libra pigs by 

density centrifugation as described previously [26]. After adhering of monocytes to a plastic 

culture flask, lymphocytes in suspension were pelleted, resuspended in culture medium 

supplemented with 5 µg/ml ConA (Sigma, St. Louis, USA) and 50 µM β-mercaptoethanol (Gibco, 

Paisley, UK). After three days, cells were pelleted, washed with RPMI (Gibco, Paisley, UK), and 

resuspended in culture medium supplemented with 100 U/ml human recombinant IL-2 (NIH, 

Maryland, USA) and 50 µM β-mercaptoethanol. Porcine alveolar macrophages were isolated as 

described [44]. PCV2 strains 1121 and Stoon1010 were described previously [45]. PRRSV 

Lelystad virus strain (LV) was described earlier [44].  

2.5 Experimental infection and immunostaining 
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PK-15 and PPLs were inoculated with PCV2 1121 at 0.1 TCID50/cell for 1h, washed and further 

incubated in culture medium for 36h. For Cpd188 experiments, cells were pre-incubated for 1 hour 

with Cpd188 (Merck Millipore, Massachusetts, USA) dissolved in 0.25 % DMSO. Subsequently, 

cells were inoculated with PCV2 1121 at 0.1 TCID50/cell for 1h, washed and incubated for 72h. 

For co-culture, PPLs and macrophages were inoculated at 0.5 TCID50/cell for 1h with PCV2 

Stoon1010 and PRRSV respectively, washed and incubated for 72h. PCV2 capsid immunostaining 

with monoclonal antibody (mAb) 38C1 was described earlier [43]. 

For showing that PPLs are not susceptible to PRRSV, Lymphoblasts were incubated with PRRSV 

LV strain at a MOI of 0.5 or with media at 37C. After 1 hour, the inoculum/media was removed 

and cells were further cultured for 72 hours. Cells were stained with a mouse mAb 13E2 against 

nucleocapsid protein (produced in our lab, 1/50) [46], followed by an FITC-conjugated goat-anti-

mouse IgG antibody (1/200; Invitrogen, California, USA). Cell nuclei were counterstained with 

Hoechst 33342 (1/100; Invitrogen, California, USA). All cell visualizations were performed with 

TCS SPE confocal system (Leica Microsystems GmbH, Germany). Alveolar macrophages were 

inoculated with PRRSV LV strain and immunostained as a positive control. 
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Results 

3.1 PorSignDB: a gene set collection characterizing a compendium of in vivo transcriptomic 

profiles  

We first created PorSignDB, a collection of porcine gene signatures, using a systematic approach 

previously developed for inference of the immunologic gene signature collection ImmuneSigDB 

[13]. Specifically, we compiled a large gene expression compendium curated from 65 studies 

including 1069 unique samples. A total of 256 annotated gene sets were derived from 128 pairwise 

comparisons identifying genes induced and repressed in one phenotype versus another, annotated 

as 'UP' (PHENOTYPE1_VS_PHENOTYPE2_UP) and 'DOWN' 

(PHENOTYPE1_VS_PHENOTYPE2_DN) gene sets, respectively (Figure 1A).  To illustrate 

this, an example is given for a study comparing lymph nodes of pigs experimentally infected with 

Salmonella enterica Typhimurium versus those of uninfected pigs [14]. Upregulated genes (UP 

gene set) are highly expressed in the Salmonella-infected phenotype, while downregulated genes 

(DN gene set) are highly expressed in the uninfected phenotype (Figure 1B). Gene Ontology (GO) 

biological process gene enrichment was performed for every gene set, and provides an overview 

of the biological information captured in this signature database. Gene set pairs where neither UP 

or DN yielded a single significant GO term enrichment hit (Benjamini-Hochberg corrected p-value 

<0.05) were discarded in order to retain only biologically meaningful gene sets. 

This approach has a number of advantages over ImmuneSigDB. First of all, ImmuneSigDB mainly 

covers in vitro samples. For PorSignDB however, samples were predominantly derived from real-

life patients or laboratory animals (900 in vivo and 157 primary ex vivo specimens out of a total of 

1069). In consequence, it constitutes a more natural description of the biological processes going 

on in real-life situations. In addition, while ImmuneSigDB only describes immune cell 

transciptomics, the scope of PorSignDB is much wider because its samples were derived from a 

multitude of different tissues (Figure 1C). Together, they describe host responses in an entire range 

of biological themes, with a major part stemming from studies on microbiology, gastroenterology 

and the cardiovascular system (Figure 1D).  

Of note, porcine genes and individual probes were mapped to Homo sapiens ortholog genes. 

Because many transcriptional programs are evolutionarily conserved, cross-species gene 
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expression analysis can be applied successfully [15,16]. Moreover, molecular signature databases 

are often human-oriented, and the porcine-to-human adaptation of PorSignDB thus facilitates its 

application to genomic expression data of any species.  

To demonstrate the validity of the information contained in the PorSignDB gene sets, we examined 

a study in which healthy human lungs were exposed to either lipopolysaccharide (LPS) or saline 

infusion in vivo [17]. In this particular study, alveolar macrophages were obtained through 

bronchoalveolar lavage and their transcriptomes mapped with microarray. We compared 

transcriptomic profiles of LPS-exposed macrophages with saline-solution exposed macrophages, 

and tested signatures from PorSignDB for their enrichment (induced or repressed) using Gene Set 

Enrichment Analysis (GSEA). Interestingly, PorSignDB also contains pairwise signatures of LPS-

stimulated macrophages VS unstimulated macrophages e.g. 

2H_VS_0H_LPS_STIMULATION_BONE-MORROW_DERIVED_MACROPHAGES. Indeed, 

PorSignDB’s gene signatures of LPS-stimulated macrophages were highly induced (Figure 1E, 

UP gene sets), while the pairwise gene signatures of unstimulated macrophages were repressed 

(Figure 1E, DN gene sets). This shows that PorSignDB signatures can be reproduced in 

comparable human datasets. 

Next, we hypothesized that PorSignDB can be useful because it can label samples with the tissue-

specific host-responses that they resemble. In this way, they may provide new insight into genomic 

data. As an example, we examined an RNA-seq dataset of a mouse myocardial infarction model. 

In this study, interferon regulatory factor 3 (IRF3) knockout mice (IRF3-/-) showed improved 

cardiac function and limited heart failure post myocardial infarction [18]. When comparing the 

myocardial transcriptomes of wild type (wt) with cardioprotective IRF3-/- knockout mice in GSEA, 

PorSignDBs myocardial infarction tissue signatures were induced (Figure 1F, UP), while non-

infarcted healthy control heart tissue signatures were suppressed (Figure 1F, DN). In other words, 

wt myocardial tissue was labeled as ‘infarcted’, while IRF3-/- knockout heart tissue was identified 

as ‘healthy control’, corroborating their respective phenotypes. The PorSignDB myocardial 

infarction signatures thus provide additional evidence of IRF3 as a driver of heart failure in 

response to myocardial infarction. This example demonstrates that PorSignDB can be applied to 

any mRNA sequencing platform, and is therefore not limited to the original Affymetrix porcine 

system microarray from which the gene sets were derived. 
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Figure 1. Details of PorSignDB. An Overview of the pipeline. 88 curated studies with data from 1776 

microarrays chips were retrieved from the GEO repository. Data from each study was uniformly normalized 

using Genepattern, and gene expression signatures representing each phenotype of every pairwise 

comparison were calculated in R. Systematical annotations were added to every signature, yielding 412 

gene sets. PorSignDB logo was made by NVR. B Example of signature generation. GSE7313 is a study 

mapping transcript abundance in mesenteric lymph nodes of pigs infected with Salmonella Typhimurium 

at different time points. The first pair compares data from lymph nodes of uninfected pigs (Phenotype1) 

with those of pigs 8h post S. Typhimurium infection (Phenotype2). Significantly upregulated and 
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downregulated genes were selected with a mutual-information based metric, respectively recapitulating 

highly expressed genes in the 'uninfected' phenotype (UP gene set), and highly expressed genes in the '8h 

post S. Typhimurium infection' phenotype (DN gene set). Clip art was made by NVR. C Samples were 

derived from a variety of different tissues, D covering studies in a wide range of different biological themes. 

E Performance of PorSignDB LPS gene signatures in alveolar macrophages of lungs treated with either 

LPS or saline solution. F Performance of PorSignDB myocardial infarction gene signatures in myocardial 

tissue of wild type VS IRF3-/- knockout mice. 

Finally, the presence of multiple “viral” and “bacterial” gene signatures in PorSignDB prompted 

the question whether these signatures are heterogeneous, or whether they represent a single similar 

“infection” readout. In order to investigate this, we calculated gene overlap between bacterial and 

viral gene signatures. This analysis shows that only minor overlap exists. This argues that the 

majority of viral and bacterial-related signatures represent unique readouts of host responses. 

Similarly, the presence of Salmonella Typhimurium and Salmonella Choleraesuis gene sets raised 

the question of to what extent these molecular signatures share the same information. However, 

gene overlap through hypergeometric test did not yield any significant hit (Benjamini-Hochberg 

corrected p-value <0.05), indicating that there is little redundancy between the Salmonella 

Typhimurium and Choleraesuis gene sets.  

The PorSignDB gene signatures are available as an online resource 

(http://www.vetvirology.ugent.be/PorSignDB/, last accessed February 27th, 2019) and can be used 

by systems biologists to deconvolute cellular circuitry in health and disease. As proof of concept, 

we employed this gene signature collection describing host responses in a wide variety of tissues 

to generate new insights in the multisystemic disease associated with PCV2. 

3.2 PorSignDB reveals diametrically opposed physiological states in vivo in subclinical PCV2 

and PMWS 

We then leveraged PorSignDB to analyze a field study of pigs naturally affected with PMWS [11]. 

To compare transcriptomic profiles of PMWS lymph nodes with PCV2-positive but otherwise 

healthy lymph nodes, we tested signatures from PorSignDB for their enrichment (induced or 

repressed) in both classes using GSEA (Figure 2A). We primarily focused on gene sets pertaining 

to microbiology. For robustness, we only retained signatures from pairwise comparisons in case 

both upregulated (PHENOTYPE1_VS_PHENOTYPE2_UP) and downregulated 
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(PHENOTYPE1_VS_PHENOTYPE2_DN) genes are significantly enriched (False discovery rate; 

FDR <0.01). For example, UP genes in splenic tissue of “Streptococcus suis-infected pigs VS 

control pigs” are induced (Figure 2B, left heatmap first row), while DN genes are suppressed 

(Figure 2B, right heatmap first row).    

Overall, this analysis reveals that upregulated genes in “microbial challenge VS control” are 

induced while downregulated genes are suppressed. In other words, PMWS lymph nodes display 

transcriptomic reprogramming consistent with tissue responses on infectious agents. This 

observation is supported by previous findings that naturally occurring PMWS is presented with 

concurrent infections [7]. Strikingly, two genomic infection signatures do not follow this pattern. 

First, the opposite behavior of the gene signature from Salmonella Typhimurium 21 days post 

inoculation (dpi) suggests that the Salmonella infection has already been cleared at this timepoint. 

This is indeed the case: at 21dpi the bacterial load in these mesenteric lymph nodes was reduced 

to undetectable levels [19]. In contrast, S. Choleraesuis infection was sustained at 21dpi, coinciding 

with persistent high bacterium abundance in mesenteric lymph nodes. Intriguingly, the second 

deviating gene signature originates from pigs that were subclinically infected with PCV2 (Figure 

2A, arrow). Unlike S. Typhimurium, this cannot be explained by pathogen clearance since these 

experimentally PCV2-infected pigs remained viremic throughout the original study [12]. Instead, 

pathogen-distressed host responses appear here to be repressed in lymph nodes with low-level 

subclinical PCV2 replication. Hence, highly expressed genes in “subclinical PCV2-infected VS 

uninfected” lymph nodes are suppressed, while lowly expressed genes are induced. Finally, the 

gene sets PMWS_VS_HEALTHY_UP and PMWS_VS_HEALTHY_DN serve as positive 

control since they were derived from the data that was queried in this instance. PorSignDB 

signatures from other biological themes may provide additional clues into the alterations in lymph 

nodes that are subject to PMWS and could be explored further (see discussion). 

Interestingly, the GO analysis of PorSignDB gene sets reveals that the subclinical PCV2 infection 

signature 29 dpi (UP) constitutes a transcriptional program implicated in cell cycle progression. 

On the other hand, the uninfected pairwise signature (DN) summarizes myeloid leukocyte 

activation implicated in the immune response. In other words, this analysis suggests that upon 

PCV2 subclinical infection, cell cycle progression is promoted, while myeloid leukocyte immune 

responses are suppressed. To confirm these findings, these gene sets were interrogated in lymph  
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Figure 2 Application of PorSignDB to lymph node data originating from pig farms with naturally occurring 

PMWS. A Outline of the analysis. Data from PMWS-affected farms were retrieved from GEO. In PMWS 

lymph nodes, follicular structures become indistinct and B-cells and T-cells all but disappear, while 

infiltrating macrophages fuse into multi-nucleated giant cells. In PCV2-positive healthy lymph nodes, 

lymphoid structure is intact. Comparing transcriptomes of both phenotypes using GSEA displays 

enrichment of PorSignDB transcriptional signatures. Clip art was made by NVR. B Microbiology-related 

PorSignDB gene set expression in lymph nodes of PMWS pigs versus Healthy pigs (FDR<0.01 and 

opposite expression of each pairwise phenotype). The average expression of the leading-edge genes in every 

gene set (genes that contribute to the enrichment) are displayed for each patient sample. Bars next to each 

Figure 2

B

A

Gene signatures induced or 
suppressed in lymph nodes of 
PMWS pigs VS healthy pigsHealthy

(n=13)

PMWS
(n=12)

GSEA

Field study

3 farms with
confirmed

PMWS cases

GEO
GSE19083

Normalized expression

0 3-3

-3 30 -3 30

PorSignDB performance in lymph nodes of PMWS pigs VS healthy pigs

PMWS Healthy

UP geneset

PorSignDB Annotation: Phenotype1 VS Phenotype2

Signed FDR (log10)
-3 30

Suppressed Induced

PMWS Healthy

DN geneset

C Subclinical PCV2 VS Uninfected Mediastinal Lymph Node 29 dpi gene set performance

1 
D

PI

2 
D

PI

5 
D

PI

8 
D

PI

29
 D

PI

PM
W

S 
VS

 
H

ea
lth

y

UP (GO: Cell Cycle Progression)

DN (GO: Myeloid Leukocyte Activation)

FDR

0 0.0010.001
Suppressed Induced



PCV2 transcriptomic signatures 

189 
 

gene set indicate the signed FDR for its enrichment in log10 scale. C Temporal performance of 

PorSignDB’s Subclinical PCV2 29 dpi infection signatures in subclinically infected pigs. 

nodes of pigs of the same study, but at other time points [12]. Intriguingly, the onset of both the 

induction of UP (“GO enrichment: “Cell cycle progression”) as the suppression of DN (GO: 

“Myeloid leukocyte activation”) was immediate, robust, and persisted throughout all time points 

(all FDRs <0.001; Figure 2C). It should be noted that the gene signatures were derived from the 

29 DPI time point, which thus serves as a positive control. We recall from Figure 2B that this runs 

counter to PMWS patients, where UP is repressed and DN is induced (both FDRs <0.001). From 

this data, it can be concluded that subclinical PCV2 infection simulates pathogen-free tissue, 

upregulates cell cycle regulator genes and represses myeloid leukocyte activation genes implicated 

in the immune response. Moreover, these biological processes are reversed in PMWS patients 

where cell cycle genes are suppressed and myeloid cell activation is induced.  

3.3 A myeloid leukocyte mediated immune response signature predicts clinical outcome of 

PCV2  

In an experimental setting, PCV2 alone does not lead to clinical signs. Additional superinfections 

or vaccination challenges are needed to produce PMWS [8]. Why extraneous immunostimulations 

trigger PMWS remains however poorly understood. A systems-level dissection of PCV2-affected 

lymphoid tissue may provide an explanation to this conundrum because it can determine which 

transcripts characterize PMWS, unbiased by previous knowledge. To this extent, the PMWS field 

study data was divided over a training and validation cohort, and 173 biomarker genes were 

selected from the training set using a leave-one-out cross validation (Figure 3A). Together, they 

reveal a molecular portrait of PCV2-associated lymphoid lesions. This 'PCV2 disease signature' is 

greatly induced in the validation cohort as shown by GSEA analysis, meaning upregulation of 

PMWS marker genes and downregulation of Healthy marker genes (Figure 3B). Interestingly, in 

mediastinal lymph nodes with subclinical PCV2 at 29dpi, the disease signature is dramatically 

repressed when compared to lymph nodes of non-infected counterparts. This shows once more that 

in subclinical PCV2 the transcriptomic recalibration that goes hand in hand with PMWS is 

suppressed. To illustrate the fidelity of the PCV2 disease signature, individual samples were 

classified as either PMWS or healthy with the Nearest Template Prediction algorithm [20]. All 

samples of the validation set were correctly assigned (FDR <0.05; Figure 3C). Furthermore, all 
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piglets from the experimental study, either PCV2 free or with subclinical PCV2, were correctly 

classified as Healthy. Only one sample failed to meet the <0.05 FDR threshold (Figure 3D).  

Furthermore, a Gene Ontology overrepresentation test indicated that the PMWS biomarker genes 

represent inflammatory responses and myeloid leukocyte immune activation. Of note, this gene 

signature performs better than an RNMI-based signature, which is more suited for small sample 

sizes and was therefore applied for generating PorSignDB. 

Interestingly, when probing the kinetics of the PCV2 disease signature in lymph nodes of pigs 

experimentally infected with PCV2, S. Typhimurium or S. Choleraesuis, it is clear that these two 

bacterial infections promote the disease signature. In contrast, in subclinical PCV2 it is consistently 

suppressed (Figure 3E-G). In S. Typhimurium the reversal of this clinical gene signature at 21 dpi 

coincides with the drop of bacterial load in the mesenteric lymph nodes to almost undetectable 

degree. This demonstrates from a systems-approach that the infection has been virtually cleared at 

this time point, unlike mesenteric lymph nodes upon S. Choleraesuis infection. In the latter, the 

persistence of the signature correlates with an enduring high bacterial lymph node colonization 

[19].  

Taken together, PCV2-induced lymphoid depletion and granulomatous inflammation in PMWS 

patients can be summarized in a robust gene expression signature emblematic of myeloid leukocyte 

activation. This systems level analysis suggests that the initiation of a myeloid leukocyte mediated 

immune response is a pivotal event in the progression from subclinical PCV2 to PMWS. 
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Figure 3. A patient-derived immune response signature predicts clinical outcome of PCV2 infection. A 

Diagram of cohort division between training and test set. A clinical PCV2 signature was calculated from 

the training samples and B tested in the validation samples by GSEA. The PCV2 disease signature was 

markedly induced in the validation set, and repressed in subclinical PCV2 29dpi. C Nearest Template 

Prediction of test set samples, classifying them either as healthy (blue) or PMWS (red), and D similarly, of 

the experimental subclinical infection samples at 29dpi. E-G Kinetics of the PCV2 disease signature upon 

experimental PCV2, S. Typhimurium and S. Choleraesuis infection. 
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3.4 Functional genomics identify regulatory networks perturbations in PCV2 disease 

It is becoming increasingly clear that PMWS and subclinical PCV2 represent two opposing 

adaptations of lymphoid tissue to circoviral infection. To understand how this tiny virus arranges 

this tour de force, the data sets covering both the PMWS field study [11] and the experimentally 

induced subclinical PCV2 at 29 dpi [12] were interrogated in the GSEA computational system 

with the innovative Hallmark gene set collection [21]. This provides a very sensitive overview of 

alterations in a number of key regulatory networks and signaling pathways in both PMWS patients 

(Figure 4A, leftmost column) and in pigs with persistent subclinical PCV2 (Figure 4, second 

column). Since the molecular pathogenesis of PCV2 remains to this day mostly unexplored [10,22], 

this may uncover several previously unknown network modifications [10,22]. In lymphoid tissue 

of pigs with PMWS, many of the affected transcriptional networks echo key events in PCV2-

associated lymphopathology such as blatant inflammatory activity (Hallmark gene set 

‘Inflammatory response’) and caspase-mediated cell death (‘Apoptosis’). Increases in gene 

expression mediated by p53 ('p53 pathways), reactive oxygen species ('ROS pathway') and NF-

κB (‘TNFα signaling through NFκB’) reflect findings that PCV2 promotes p53 expression [1,2] 

and triggers NFκB activation through ROS [23,24] (Figure 4, left column). Previously unidentified 

altered networks [10,22] include immunological programs (‘Interferon alpha response’ and 

‘Interferon gamma response’), cell signaling cascades (‘IL2-STAT5 signaling’, ‘IL6-JAK-STAT3 

signaling’, ‘KRAS signaling up’) and bioenergetics (‘Glycolysis’ and ‘Hypoxia’).  

Consistent with previous results, subclinical PCV2 infection generally fails to reproduce the 

imbalances associated with PMWS. Only the transcriptomic programs downstream of interferon-

α and interferon-γ are in line with subclinical infections, suggesting a direct viral effect on these 

immunological networks. It should also be noted that the ‘Hallmark G2M checkpoint’, which 

describes a transcriptional cell cycle program, is induced in subclinical PCV2, and repressed in 

PMWS patients. This corroborates the earlier finding that genes implicated in cell cycle 

progression are upregulated upon subclinical infection, but downregulated in PMWS patients 

(Figure 2C). 

Most programs are however unaffected or opposed to the changes occurring in PMWS, reaffirming 

the running thread that subclinical PCV2 and PMWS represent two opposed transcriptomic 

recalibrations of lymph node tissue.  
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Figure 4. Functional genetic networks of the Hallmark gene set collection that are markedly altered in 

lymph nodes of pigs with PCV2. Left column: expression level in lymph nodes of PMWS patients 

(FDR<0.01). Right column: expression-level of these biological circuits in Subclinical PCV2 at 29dpi. 

3.5 IL-2 supplementation enables ex vivo modelling of PCV2 in primary porcine 

lymphoblasts 

An increase in viral load in lymphoid tissue is a key characteristic of PMWS [3]. In the PMWS 

field study, PCV2 copy number was also significantly higher in the PMWS lymph nodes compared 

to their healthy counterparts as measured by qPCR and in situ hybridization [11]. The Hallmark 

analysis therefore shows that an increase in the amount of PCV2 occurs in an environment where 

IL-2 responsive genes are upregulated (Figure 4A). Given the pivotal role of IL-2 in activated T-

cells during immune response [25], IL-2 may indeed be a crucial factor in boosting subclinical 

PCV2 towards PMWS. Intriguingly, the IL2-STAT5 signaling network is suppressed in 
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subclinical PCV2, but not in S. Choleraesuis and S. Typhimurium, where there is a persistent and 

transient induction respectively (Figure 5A). Again, in S. Typhimurium, the reversal of the IL-2 

signature coincides with bacterial clearance.  

The impact of IL-2 on PCV2 replication cannot be faithfully demonstrated with traditional PK15 

kidney cells. Because PCV2 has a tropism for lymphoblasts, these are the cells of choice. Our lab 

previously demonstrated that treatment of freshly harvested PBMCs with concanavalin A (ConA) 

coerces T-cells into mitosis, rendering them permissive for PCV2 [26]. Unfortunately, 

lymphoblast proliferation can only be maintained for a very short time after which the cells forfeit 

viability and die of attrition. Indeed, when isolated lymphocytes are stimulated with ConA without 

IL-2, these cells start suffering from apoptosis even before the first passage at 72h. However, 

supplementing ConA-stimulated lymphocytes with IL-2 generates continuously expanding 

primary porcine lymphoblasts (PPLs; Figure 5B-C). These PPLs can be easily cultured, expanded 

and infected with PCV2 ex vivo, providing a bona fide target cell culture platform amenable for 

studying the PCV2 life cycle (Figure 5D). To prove the beneficial effect of IL-2 on PCV2 

replication, lymphocytes were freshly harvested from six individual pigs. IL-2 supplementation 

doubled PCV2 infection rates after 36h, a timeframe amounting to a single round of replication 

(Figure 5E). PCV2 titers in 5 out of 6 supernatants showed an increase upon IL-2 stimulation. A 

more sensitive method, measuring PCV2 genome copy numbers in cell culture supernatants 

showed a significant increase upon IL-2 stimulation for all 6 lymphoblast cell strains (Figure 5F-

G). 
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Figure 5. IL-2 is implicated in PCV2 disease. A Kinetics of IL-2 responsive gene expression (Hallmark 

IL2-STAT5 SIGNALING) upon three microbial infections: PCV2 (blue), S. Typhimurium (orange) and S. 

Choleraesuis (green). B IL-2 activation of freshly isolated and ConA-stimulated lymphocytes maintains 

exponential cellular proliferation, yielding primary porcine lymphoblast (PPL) cell strains. Means ± sd 

represent one experiment in triplicate (n=3). C Representative image of proliferating PLLs. Scale bar: 50 

µm. D PCV2 Cap immunostaining in PLLs 36hpi. Scale bar: 100 µm. E-G IL-2 supplementation doubles 

PCV2 infection after a single round of replication (36 hpi) and increases viral load in cell supernatant. Dot 

blot shows six single independent experiments, box plots show the median, the 25th and 75th percentiles 

with whiskers representing median ± 1.5 times interquartile range (n=6; *P<0.05, two-tailed Wilcoxon 

signed-rank test). PPL cell strains were generated from six different individuals. 

3.6 STAT3 is a PCV2 host factor and a target for antiviral intervention 

Since transcriptional networks of PMWS lymphoid tissue are subject to dramatic changes that 

correlate with fulminant PCV2 replication, counteracting these alterations can potentially harm the 

Figure 5

A B

D

5

6

7

8

9

C
e

ll 
co

u
n
t 

(l
o

g
1
0
)

Lymphocyte expansion

Passage (72h interval)

P0 P1 P2 P3

IL2+ 

IL2-

C

S
ig

n
e
d
 F

D
R

 (
lo

g
1
0
)

IL-2 signature kinetics 

Time (dpi)
Subclinical PCV2

S. Typhimurium

S. Choleraesuis

E
*

%
 P

P
L
 in

fe
ct

io
n
 3

6
 h

p
i

IL2+ IL2-

F NS
3

2

1

0

IL2+ IL2-

S
u
p
e
rn

a
ta

n
t

T
C

ID
5

0
 3

6
 h

p
i
(l
o

g
1
0
)

G
*

IL2+ IL2-

12

11S
u
p
e
rn

a
ta

n
t

P
C

V
2
 c

o
p
y 

n
u
m

b
e
r

3
6
 h

p
i
(l
o

g
1
0
)



Chapter 5 

196 
 

viral life cycle. Given the fierce induction of gene expression downstream the IL6-JAK-STAT3 

signaling cascade in PCV2 patients, STAT3 emerges as a druggable candidate host factor. 

Interestingly, STAT3 is a key regulator of inflammation often exploited by viruses with pathogenic 

consequences [27]. In a drug assay, treatment with selective STAT3 inhibitor Cpd188 exhibits a 

dose-dependent effect on PCV2 infection in PPLs at 72 hpi (Figure 6A). Cell viability assay reveals 

no toxicity, excluding non-specific adverse effects of the compound on infection (Figure 6B). 

Chemical inhibition also displays a dose-dependent effect on PCV2 infection in PK15 cells. Thus, 

robust expression of STAT3 responsive genes are critical for PCV2, and hampering STAT3 

activity represents an antiviral strategy (Figure 6C).  

 

Figure 6. STAT3 is a PCV2 host factor. A STAT3-specific inhibitor Cpd188 impairs infection in PPLs. 

Means ± sd represent three independent experiments in triplicate (n=9; *P<0.05, **P<0.01, two-tailed 

Mann-Whitney). B MTT lymphoblast viability assay of Cpd188 treatment. Means ± sd are shown for three 

experiments in quintuplicate (n=15). C Cartoon outlining STAT3 as a drugable host factor for PCV2 in 

lymphoblasts. Clip art made by NVR. 

3.7 A paracrine macrophage-lymphoblast communication axis exacerbates PCV2 infection 

Finally, the PMWS field study dataset (Figure 2A) [11] was queried in GSEA with 

ImmuneSigDB’s immunological gene signatures [13]. At first glance, this approach may seem 

incompatible as ImmuneSigDB describes single types of immune cells, while the PMWS data set 

covers complex lymph node tissues made out of multiple cells type. However, the main constituent 

of lymph nodes are immune cells, which are particularly affected by PMWS. It was therefore 

assumed that analyzing these data with ImmuneSigDB could yield valuable information on the 

biological processes going on inside these lymphoid organs. Indeed, when comparing PMWS 
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lymph nodes with healthy lymph nodes in a GSEA analysis, it revealed a striking suppression of 

lymphocyte gene expression and powerful induction of signatures from monocytes and other 

myeloid cells. This reflects the loss of lymphocytes and histiocytic replacement in PMWS lymph 

nodes. Together with the previous observation that a myeloid leukocyte activation signature can 

predict clinical outcome of PCV2 (Figure 3), it raises the question to what extent infiltrating 

monocytes affect PCV2 replication. After maturation into macrophages, they may either dampen 

infection by destroying viral particles, or promote PCV2 in a paracrine fashion by releasing pro-

inflammatory cytokines. To test the effect of intercellular communication between macrophages 

and lymphocytes, a co-culture experiment was set up. PCV2-infected PPLs were seeded in a 

porous insert, physically separated from a lower compartment with primary porcine macrophages 

(Figure 7B). The latter were challenged with Porcine Reproductive and Respiratory Syndrome 

Virus (PRRSV), a virus that can experimentally trigger PMWS [8] (Figure 7C). The presence of 

non-infected macrophages had no significant effect on PCV2 lymphoblast infection levels, but 

when co-cultured with PRRSV-infected macrophages, a significant and consistent increase in 

PCV2 infection could be discerned (Figure 7D). Importantly, PRRSV has an exclusive tropism for 

macrophages [28,29], and cannot infect lymphoblasts (Figure 8). This excludes an effect of 

secondary infection of PRRSV on PCV2 replication in these lymphoblasts. This experiment thus 

demonstrates the existence of a previously unknown axis of intercellular communication between 

macrophages and lymphoblasts exacerbating PCV2 replication.  

  



Chapter 5 

198 
 

 

Figure 7. Superinfection increases PCV2 replication through a macrophage-lymphoblast paracrine 

signaling axis. A ImmuneSigDB gene set expression in the PMWS field study (FDR<0.01 and opposite 

expression of each pairwise phenotype). The average expression of the leading-edge genes in every gene 

set (genes that contribute to the enrichment) are displayed for each patient sample. Bars next to each gene 

set indicate the signed FDR for its enrichment in log10 scale. PMWS versus healthy lymph node 

comparison displays a dramatic repression of lymphocyte gene expression signatures, and induction of 

myeloid cell signatures. B Experimental set-up of PPL-macrophage co-culture system mimicking PMWS 
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lymph nodes. C PCV2-inoculated PPLs were seeded on a porous insert with macrophages at the bottom of 

the well. Macrophages were additionally challenged with PRRSV at 0h. D Relative PPL infection levels at 

72hpi. Means ± sd represent two independent experiments in triplicate (n=6; *P<0.05, two-tailed Mann-

Whitney). 

 

Figure 8. Lymphoblasts do not support PRRSV replication A Primary porcine alveolar macrophages were 

infected with PRRSV strain LV, or mock-infected. PRRSV nucleocapsid was stained through 

immunofluorescence. Given PRRSV’s narrow tropism for macrophages, macrophages are permissive for 

PRRSV and show a positive signal for PRRSV nucleocapsid. Mock-inoculated macrophages serve as a 

negative control. B Similarly, primary porcine lymphoblasts were infected by PRRSV strain LV, or mock-

infected and stained for PRRSV nucleocapsid. As expected, both were negative for PRRSV, confirming 

that primary porcine lymphoblasts are not susceptible to PRRSV replication. Scale bar: 50 µm. 

 

 

  

Additional file 11

A

Additional file 11: Lymphoblasts do not support PRRSV replication A
Primary porcine alveolar macrophages were infected with PRRSV strain
LV, or mock-infected. PRRSV nucleocapsid was stained through
immunofluorescence. Given PRRSV’s narrow tropism for macrophages,
macrophages are permissive for PRRSV and show a positive signal for
PRRSV nucleocapsid. Mock-inoculated macrophages serve as a negative
control. B Similarly, primary porcine lymphoblasts were infected by
PRRSV strain LV, or mock-infected and stained for PRRSV nucleocapsid.
As expected, both were negative for PRRSV, confirming that primary
porcine lymphoblasts are not susceptible to PRRSV replication. Scale bar:
50 µm.

B

PRRSV-inoculated
macrophages 72hpi

Mock-inoculated
macrophages 72hpi

PRRSV-inoculated
lymphoblasts 72hpi

Mock-inoculated
lymphoblasts 72hpi

m
ac
ro
ph
ag
es

ly
m
ph
ob
la
st
s



Chapter 5 

200 
 

Discussion 

These days, online repositories provide an ever-growing library of transcriptomic data. In this 

study, we unlock the potential of porcine microarray studies by turning them into an atlas of 

transcriptional host responses on the tissue level. This approach extends MSigDB with in vivo 

derived profiles [30]. A considerable part of the PorSignDB gene set collection was only scantly 

discussed, but contains interesting gene sets nonetheless. For example, the gene sets covering 

cystic fibrosis airway tissue may help in preclinical drug discovery by examining whether a 

pharmacological intervention induces a ‘healthy’ signature. If in a particular transcriptomic 

analysis, the gene sets covering “SSEA1-NEG_VS_SSEA1-POS_FETAL_FIBROBLASTS” are 

overexpressed, it may indicate that SSEA1 (also known as CD15 or FUT4) is implicated in the 

biological process leading to the transcriptomic readout. Similarly, if gene sets describing 

resveratrol or deoxynivalenol-supplemented tissues are induced, it may indicate that these 

compounds can induce the transcriptional reprogramming that was originally queried. These are 

just a few hypothetical examples that illustrate the potential of these gene sets for generating 

hypotheses. In any case, their validity remains to be confirmed by future studies.  

PorSignDB is especially convenient for delineating which physiological state one's samples of 

interest resemble, generating useful hypotheses in the process. When applied to PCV2 patient data, 

PorSignDB shows that lymph nodes of PMWS pigs resemble those from pigs with microbial 

infections. At the same time, it points out that subclinical PCV2 and PMWS are two different host 

reactions to PCV2. It is important to discriminate between these two phenotypes of 'PCV2 

infection', because treating them as a single entity will only result in conflicting data. As an 

example, this integrative transcriptional analysis resolves the long-standing dichotomy in PMWS 

pathology of whether or not apoptosis is implicated in lymphoid depletion in vivo [31–33]. In 

lymphoid tissue with low-level replication, it is not. On the other hand, in PMWS lymph nodes 

collapsing under PCV2, genes mediating apoptosis are in full force (Figure 4).  

Another example of PorSignDB generating intriguing hypotheses, is that weaned gut gene 

expression signatures are induced in clinical PCV2, while intestinal signatures of suckling piglets 

are suppressed. This echoes the clinical observation that pigs are most susceptible to PMWS at 

time of weaning. It suggests that as long as intestinal tissue is protected by maternal antibodies, 

progression to PMWS is obstructed. On the other hand, when weaned, naive intestinal tissue makes 
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immunological contact with pathogens, producing a microenvironment that reflects PMWS and 

hence, may promote PCV2.  

When it comes to the PCV2 disease signature, caution should be applied. It suggests that activation 

of myeloid leukocytes, such as monocytes or macrophages, is a key element distinguishing PMWS 

pigs from subclinically infected pigs. However, for the generation of a valid molecular signature, 

it is necessary that the training and validation cohorts are similar. Even though these cohorts are 

highly comparable on a clinical level (i.e. pathological lesions such as viral load, degree of 

lymphoid depletion and granulomatous inflammation [11]), no information is available on their 

co-infection status. It is possible that this disease signature represents a specific co-infection that 

was circulating in swine farms at the time, and that the use of this signature is therefore restricted 

to that particular co-infection. Whether the PCV2 disease signature is widely applicable thus 

remains to be confirmed in the future by other cohorts.  

Finally, the pronounced IL-2 signature in clinical PCV2 inspired the establishment of primary 

lymphoblast strains. They can be easily expanded and stored in liquid nitrogen, and display 

excellent post-thaw survival. Unlike PK-15 cells, they can be harvested from different individuals 

or breeds, providing a new and valuable tool for studying the long-suspected impact of genetic 

background on PCV2 replication [34,35]. However, a limitation of this cell culture system is that 

it does not fully recapitulate PMWS pathology. Upon IL-2 stimulation, cell death is prevented and 

mitosis upregulated (Figure 5B). In contrast, in PMWS, cell cycle progression networks are 

downregulated (Figure 2C, Figure 4). The latter seems contradictory as PCV2 genome replication 

highly depends on host cell polymerases, and hence, cells in mitosis [36]. This can be explained 

by the fact that PMWS is an end-stage of disease, where fulminant PCV2 replication has already 

taken place, lymphoid parenchyma is overloaded with PCV2 particles, and germinal centers have 

collapsed. It also indicates that increasing the mitotic index is not sufficient for generating the 

fulminant replication leading to PMWS. Other factors are needed, and this study suggests that the 

activation of myeloid leukocyte mediated inflammatory host responses may be another element of 

the puzzle. In any case, whether the IL-2 cytokine itself is upregulated in PMWS lymph nodes has 

never been demonstrated. It is tempting to think that co-infections such as bacterial or viral 

pathogens cause an infusion of IL-2 in the lymph nodes, but this remains to be proved. 
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In conclusion, we here suggest a model to understand how PCV2 establishes subclinical 

persistence, and how it switches to clinical disease. Upon infection, PCV2 replicates at modest 

rates which seem unable to trigger a powerful immune response. This may cause lymphoid tissue 

to act is if the pathogen is absent. Whenever an individual falls victim to a stimulus that rewires 

the transcriptional circuitry with a myeloid leukocyte mediated immune activation, PCV2 

replicates frantically and overwhelms the host. Given its limited coding capacity, PCV2 cannot 

manage it alone but depends on superinfections to recalibrate the host. This may help to explain 

how PCV2 circulates in pig farms. 
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Porcine circovirus type 2 (PCV2) is a small, simple and rapidly evolving virus. The icosahedral-

shaped PCV2 virion is 17 nm. It is comprised of 60 capsid proteins and a single-stranded circular 

genome with merely 1766-1769 base pairs. Besides the structural capsid protein, the exceptionally 

small PCV2 genome encodes several non-structural proteins, two of which are replication-

associated (Rep and Rep’) and are actually transcribed from one open reading frame (ORF). The 

fact that such a rudimentary virus is able to infect eukaryotic cells and complete its replication, is 

an amazing achievement. By expressing only a few viral proteins, PCV2 exposes its host with a 

very limited number of epitopes to initiate an immune response. As a consequence, it takes more 

than two weeks to raise neutralizing antibodies. As a result, PCV2 normally establishes a 

subclinical infection. 

Viruses and their hosts co-evolve in time [1]. The evolutionary rate (the rate of nucleotide 

substitutions in a certain time period) of PCV2 is higher than that expected for a DNA virus (1.2 

x 10-3 substitutions/site/year), resembling the rate of RNA viruses [2]. This may facilitate rapid 

emergence and spread of unique PCV2 genotypes. PCV2 has six genotypes, with PCV2a, PCV2b 

and PCV2d (PCV2d-1 and PCV2d-2) being three major ones which have been identified globally. 

The prevalence of these three genotypes in Belgium is reported for the first time in this thesis, thus 

filling a geographical genetic gap of the global PCV2. PCV2a is only detected in 2009 and not the 

years after in Belgium. PCV2b is clearly the predominant genotype from 2009 till 2013, and 

PCV2d-2 is the solely genotype identified in 2018. PCV2d-1, which is suggested as the ancestor 

of PCV2d-2, is identified in 2009 and 2010 in Belgium. This agrees with the global picture that 

PCV2d-1 emerged between 1999 and 2011. Interestingly, the emergence of Belgian PCV2d-1 

concurred with the spread of PCV2b in Belgium, indicating that PCV2b and PCV2d bifurcated 

early and evolved independently in Belgian pig population [33]. In general, PCV2 genotypic 

evolution in Belgium traces from PCV2a to PCV2b and from PCV2d-1 to PCV2d-2.  

Besides subclinical infections, PCV2 may cause porcine circovirus-associated diseases (PCVAD), 

which includes systemic, reproductive, enteric and respiratory diseases [3]. It has been suggested 

that the viral genotype plays a major role in PCV2 virulence and appearance of clinical diseases 

[4]. This is probably because the genotype shift from PCV2a to PCV2b around 2003 and the recent 

emergence of PCV2d-2 have been linked with the occurrence of PCVAD outbreaks [5-8]. 

However, under experimental conditions, the virulence and pathogenicity of PCV2a and PCV2b 
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do not differ significantly [9, 10]. In our study, the similar proportion of high virus titers within 

genotypes PCV2a, PCV2b and PCV2d-1 strains suggests that pigs infected with PCV2a or PCV2b 

or PCV2d strains may have a similar chance to develop high PCV2 titers in tissues.  

Out of PCVAD, the most prominent disease is post-weaning multisystemic wasting syndrome 

(PMWS), which leads to a morbidity of pigs from 0.01-30% [11, 12]. Although PCV2 is 

acknowledged as the causative agent of PMWS, PCV2 infection alone generally results in a low-

level replication without clinical signs [13]. Only by activating the immune system by other 

pathogens/adjuvants PMWS can be reproduced under experimental conditions [14-17]. Indeed, as 

presented in this thesis, subclinical PCV2 infections and PMWS are two different outcomes. They 

display two diametrically opposed immunotranscriptomic recalibrations that represent distinct 

physiological states in vivo. During a subclinical infection, PCV2 is tempering the host immune 

response, by repressing myeloid leukocyte activation genes which are implicated in the immune 

response. Thus, the host reacts just like the virus is not there. In contrast, in PMWS pigs, this 

biological process is reversed, which is consistent with immune responses against other infectious 

agents. It seems that the host immune system in PMWS pigs is at full force to fight against the 

pathogen. Therefore, from a transcriptomic point of view, the initiation of a myeloid leukocyte 

mediated immune response is a pivotal event in the progression of subclinical PCV2 to PMWS. 

Important to note is that, the two phenotypes of a ‘PCV2 infection’ (subclinical infection and 

PMWS), can easily be discriminated. 

Hallmarks of PMWS in wasting pigs include an elevated viral load, progressive lymphocytic 

depletion and massive monocyte infiltration in lymph nodes [3], which drastically compromises 

the immune system with often a fatal outcome [18]. In lymphoid tissues of PMWS pigs, many of 

the affected transcriptional networks echo key events in PCV2-associated lymphopathology such 

as a strong inflammatory activity and caspase-mediated cell death. This cause of the depletion of 

lymphocytes has been a matter of a decade-long debate in PMWS pathology. Many possible 

mechanisms have been raised: a direct result of viral replication in lymphoid tissues [19, 20], or 

an indirect consequence of infection such as host cell apoptosis [21], decreased cell proliferation 

[22], or the disruption of cell signalling pathways in response to infection [23]. With the integrative 

transcriptional analysis described in this thesis, we clarified this picture. In PMWS lymph nodes 

collapsing under PCV2, genes mediating apoptosis are in full force, whereas in lymphoid tissue 



General discussion 

211 
 

with low-level replication, this is not occurring. Moreover, genes implicated in cell cycle 

progression are downregulated in PMWS pigs, whereas they are upregulated in subclinical PCV2-

infected pigs. Taken together, apoptosis and a decreased cell proliferation certainly play a role in 

the lymphocytic depletion in PMWS pigs. In line with this, it is reported that PCV2 replication in 

a lymphoblastoid cell line could result in lysis of infected cells [24]. In our study, the lysis of the 

nucleus in lymphoblasts generated in vitro after PCV2 replication has also been observed.  

In diseased pigs, lymphocyte depletion can only be found in lymphoid tissues where PCV2 grows 

to high virus titers. Lymphoblasts fully support the productive infection of PCV2 both in vivo and 

in vitro, being the most susceptible target of PCV2 [19, 25]. High blastogenesis activity is present 

after vaccination and during co-infections with other pathogens, and may in part explain why 

PMWS or severe systemic PCVAD can more easily be reproduced in these immune-stimulated 

animals [26]. Enhanced PCV2 replication has also been reproduced by a general aspecific T-

lymphocyte blastogenesis by Concanavalin A (ConA) in vivo and in vitro [25]. Unfortunately, 

lymphoblast proliferation in vitro after ConA stimulation can only be maintained for a very short 

time after which the cells low their viability. However, supplementing ConA-stimulated 

lymphocytes with interleukin-2 (IL-2, T cell growth factor) generates continuously expanding 

porcine T-lymphoblasts. This provides a new and valuable tool to study PCV2 pathogenesis. 

However, this cell culture system does not fully model PMWS pathology, in that upon IL-2 

stimulation, cell death is prevented and mitosis upregulated which is favourable for PCV2 

replication. In contrast, in PMWS pigs as mentioned above, cell cycle progression networks are 

downregulated, which seems contradictory as PCV2 genome replication highly depends on host 

cell polymerases, and hence, cells in mitosis [27]. This can be explained by the fact that PMWS is 

an end-stage of disease, where fulminant PCV2 replication has already taken place, lymphoid 

parenchyma is overloaded with PCV2 particles, and germinal centers have collapsed. It also 

indicates that increasing the mitotic index is not sufficient for generating the fulminant replication 

leading to PMWS. Other factors are needed, and perhaps the activation of myeloid leukocyte 

mediated inflammatory host responses may be an important element of the puzzle.  

In parallel with the transcriptomic analysis, PCV2 pathogenesis was studied on a cellular level as 

well. Since PCV2 has a tropism for monocytes and lymphoblasts in postnatal pigs, the infection 

outcome of PCV2 on these two types of cells was examined in vitro in the present thesis. The in 
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vitro generated proliferative porcine T-lymphoblasts support PCV2 replication. In an attempt to 

mimic the PMWS environment and to test the effect of intercellular communication between 

macrophages and lymphocytes, the co-culture of PCV2-infected T-lymphoblasts and 

PRRSV/mock-infected macrophages was established. It turned out that macrophages alone have 

no significant effect on PCV2 infection of lymphoblasts, while PRRSV-infected macrophages did 

exacerbate PCV2 replication in the T-lymphoblasts. Although a higher replication is achieved, it 

is still not comparable with the extent under PMWS conditions. Thus, a factor X may exist as 

trigger for explosive PCV2 replication in lymphoblasts and is worth examining further. In porcine 

monocytes, the uptake of extracellular PCV2 virions are clearly demonstrated, which can explain 

why PCV2 antigens could be easily and frequently detected in these cells in vivo [12, 28-30]. After 

the uptake, a partial disintegration of the internalized PCV2 particles was detected, followed by a 

level of persistence of certain PCV2 virions. This seems contradictory with previous reports that 

no degradation of PCV2 happened in monocytes, pulmonary macrophages, monocyte-derived 

macrophages and dendritic cells, since the viral infectivity remained constant during the 

experiments [31, 32]. Nevertheless, Vincent et al. (2013) also found it incredible that the 

internalized PCV2 in dendritic cells was not degraded as expected, since most processes of 

endocytosis by dendritic cells lead to the final degradation of the internalized material. However, 

the authors overlooked the early-degradation events of PCV2 interaction with monocytes, due to 

the fact that they started sampling at 24 h when the degradation process was already finished and 

the persistence process was started. The role of monocytes in genetic susceptibility was studied in 

this thesis, by comparing the uptake and disintegration of PCV2 in monocytes from hybrid Piétrain 

x Topigs20, purebred Piétrain, purebred Landrace and purebred Large White. Interestingly, there 

were significant differences regarding the amount of PCV2 particles that were engulfed and 

disintegrated per active cell, with monocytes from hybrid Piétrain x Topigs20 and purebred 

Piétrain being more capable than those of purebred Landrace and purebred Large White. Based on 

these results, one can assume that in the in vivo environment where monocytes infiltrate into the 

lymphoid organs to clear the virus produced by lymphoblasts, a similar amount of progeny virus 

would probably pose a threat to purebreds Landrace and Large White but not to hybrid Piétrain x 

Topigs20 and purebred Piétrain in vivo, since monocytes from the latter are more capable of taking 

up and disintegrating PCV2 compared with the former ones. This in vitro finding corresponds to 

the field observations that Piétrain pigs are less likely to develop PCVAD. Indeed, large PMWS 
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outbreaks have never been described in Belgium [11, 33], which may be attributed to the general 

use of purebred Piétrain in the end-crossing for the production of fattening pigs. Moreover, Piétrain 

pigs was less susceptible to PCV2-associated lesions compared with Landrace pigs in a controlled 

field study [34]. Therefore, our findings may in part explain the difference in genetic susceptibility 

of PCV2. To further clarify the whole picture, more detailed genetic work needs to be done. 

As obligate intracellular parasites, viruses must first gain access to the interior of the host cell in 

order to execute their replicative cycle. The earliest step of virus infection is host cell attachment. 

Often, primary virus attachment involves interactions with glycosaminoglycans (GAGs) e.g. 

heparan sulfate (HS) and chondroitin sulfate (CS), or with other carbohydrate structures e.g. sialic 

acids on the cell surface [35-37]. Indeed, HS and CS are proven to be PCV2 attachment receptors 

on host cells [38]. They are strong and efficient mediators that all of the 3D4/31 cells and the 

epithelial cell lines show PCV2 binding [39, 40]. In contrast to this high efficiency of PCV2 

attachment, only 11-26% of porcine T-lymphoblasts show PCV2 binding. This is explained by a 

restrictive expression (25%) of CS and absence of HS on the plasma membrane of cells. Indeed, 

leukocytes are known to express GAGs primarily of the CS type. Further, little or no cell surface 

HS could be detected on human mitogen-activated human T cells [41, 42]. The role of CS in 

mediating PCV2 attachment to T-lymphoblasts is confirmed by an inhibition experiment, where 

the enzymatic removal of CS with chondroitinase ABC decreased (30-40% of reduction) PCV2 

infection of T-lymphoblasts. The reduced but not abolished PCV2 infection was explained by the 

fact that not all PCV2-bound cells showed the expression of CS molecules. Despite that 11-26% 

of cells exhibit virus binding, and only 4-8% of cells showed CS expression as well as bound virus 

particles, accounting for around 30% of the virus-bound cells. This indicates that another 70% of 

virus binding is mediated by other molecules. Similarly, previous research revealed that PCV2 

could still infect mutant CHO cells which did not express glycosaminoglycans (GAG) [38]. These 

results indicated that, apart from the two identified PCV2 attachment receptors, other yet 

unidentified cellular surface molecules participated in the virus binding.  

One of the aims of this thesis was to establish the internalization pathways for PCV2 in primary 

monocytes and lymphoblasts. The results show that PCV2 strain 1121 entry into monocytes is 

mediated by clathrin-mediated endocytosis, with actin and dynamin involved in this process. The  
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Figure 1. Fate of PCV2 in porcine monocytes. PCV2 uses clathrin-mediated endocytosis to enter porcine 

monocytes. After entry, PCV2 traffics along the endosomal pathway. During this trafficking, viral capsids 

are partially disintegrated and end up in lysosomes, while viral genomes largely escape from the pathway 

to avoid degradation. Whether viral genomes enter the nucleus or not is not known. 

same pathway is used by PCV2 strain Stoon1010 to enter an artificial monocytic cell line 3D4/31 

[40]. The 3D4/31 cell line was established by immortalizing primary porcine alveolar macrophages 

with SV40 large T antigen [43]. This immortalisation induced changes in the characteristics of the 

primary cells, including the susceptibility to PCV2. It has been shown that, in primary porcine 

alveolar macrophages inoculated with PCV2, less than 1% of the cells contain PCV2 capsid 

proteins in the cytoplasm, while only limited numbers of infected macrophages show nuclear 

staining of PCV2 antigens [44]. In contrast to this low susceptibility of the primary cells, the 

immortalized 3D4/31 cell line supports an efficiently productive infection of PCV2, where an 

intense nuclear staining of viral antigens in a large proportion of cells has been demonstrated [40]. 

PCV2 entry into the 3D4/31 cell line follows a time-dependent manner, and the similar pattern is 

found in the internalization of PCV2 in primary monocytes. Despite this similarity, PCV2 entry 

into primary monocytes is faster and more efficient than its internalization into 3D4/31 cells, as 
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demonstrated in this thesis. In primary monocytes, 60-70% of the cells internalized PCV2 particles 

at 1 h after the addition of PCV2; while in the 3D4/31 cells, only 17% of antigen-positive cells 

were obtained at 1 h and a maximum of 47% at 6 h [40]. Moreover, almost no virus particles were 

found sticking to the membrane of monocytes at 2 h, indicating a complete internalization of PCV2 

particles; while for 3D4/31 cells, only some of the cells were able to fully take up membrane-

bound virus particles [40]. This inefficiency of 3D4/31 cells to internalize PCV2 could be due to 

the diminished (condition with serum) or even abolished (serum-free condition) phagocytic 

activity which is caused by immortalization [43]. Besides the 3D4/31 cell line, PCV2 (strain 

Stoon1010) exploits clathrin-mediated endocytosis to enter the epithelial cell lines PK-15, SK and 

ST, dendritic cells and porcine lymphoblasts as well. This shows that there are some common 

factors that are required for PCV2 internalization in different cell types. However, the entry 

outcome can be different [39]. In the epithelial cell lines, PCV2 internalized via this pathway gets 

trapped within the cell, since inhibiting clathrin-mediated endocytosis with chlorpromazine 

slightly enhances PCV2 infection to these cells [39]. The same phenomenon has been seen in vitro 

in dendritic cells, where PCV2 enters via clathrin-mediated endocytosis, followed by an 

accumulation of the virions in the cells without virus replication or degradation [23]. On the 

contrary, in porcine lymphoblasts, PCV2 strains 1121 and Stoon1010 internalized via this pathway 

achieve a productive infection of the cells, as demonstrated by a decrease of PCV2 infection by 

chlorpromazine. Interestingly, the productive infection of PCV2 in the epithelial cell lines is 

mediated by clathrin- and caveolae-independent endocytosis that is regulated by small GTPase 

and is independent of dynamin [39]. This indicates that PCV2 exploits multiple internalization 

pathways to enter the epithelial cell lines. This is also the case for influenza virus and African 

swine fever virus. Single-particle tracking of influenza virus in cultured simian kidney epithelial 

cells shows that the virus particles enters via clathrin-mediated endocytosis as well as a clathrin-

independent one [45]. African swine fever virus enters macrophages by macropinocytosis and 

clathrin-mediated endocytosis [46]. Moreover, the fact that PCV2 uses a clathrin-independent 

pathway to enter PK-15 cells but not monocytes, dendritic cells and the 3D4/31 cell line, reveals 

a cell-type-dependent entry of PCV2. This phenomenon has been demonstrated for other viruses 

as well. For instance, herpes simplex virus (enveloped, icosahedral and dsDNA virus) uses 

endocytosis to enter HeLa cells, retinal pigment epithelial cells, human epidermal keratinocytes 

and human conjunctival epithelial cells; while in Vero and HEp-2 cells, fusion at the plasma 
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membrane is likely preferred [47]. Similarly, human cytomegalovirus enters epithelial cells by 

endocytosis but fuses at the plasma membrane of fibroblasts [48]. For Epstein-Barr virus, clathrin 

plays a role in the uptake of virus into B cells but not epithelial cells [49]. Furthermore, a strain-

dependent entry mechanism is found for PCV2 strains 1121 and Stoon1010 entry into porcine 

lymphoblasts. This is based on the finding that, amiloride, an inhibitor of macropinocytosis, 

inhibits PCV2 strain 1121 infection in lymphoblasts, but not affects the infection of strain 

Stoon1010. Thus, strain 1121 can also exploit macropinocytosis for its entry while strain 

Stoon1010 cannot. Likewise, for yellow fever virus, the wild type virus strain Asibi exploits the 

clathrin-mediated endocytosis, whereas the vaccine strain 17D hijacks a clathrin- and caveolae-

independent but dynamin-dependent pathway for productive infection [50]. Probably, viruses have 

evolved to exploit different cellular pathways in order to increase their host range. However, in 

this case for PCV2 strain 1121, this wide usage of internalization options is a disadvantage due to 

the fact that the internalization of this strain (2.6% of the cells) was less efficient than that of 

Stoon1010 (12.7% of the cells). Interesting to note is that the two PCV2 strains were isolated from 

pigs with different clinical presentations of PCVAD: strain 1121 was isolated from an aborted 

fetus [51], while strain Stoon1010 was isolated from a PMWS piglet [52]. Previous work from 

Lefebrve et al. (2008) demonstrated that these two PCV2 strains have different neutralizing 

epitopes since the mAbs that neutralized Stoon1010 did not differentiate this strain from 1121 in 

the IPMA [53]. Based on this result, he suggested that these two PCV2 strains might use different 

entry pathways in susceptible cells and this hypothesis is confirmed in the current thesis. It is the 

first time that the entry features of strain 1121 is examined since in all previous entry studies strain 

Stoon1010 is always used [39, 40]. It will be interesting as well to study whether these different 

entry modes of PCV2 strains to the target cells can affect the final outcome of diseases or not. 

Clathrin-dependent entry mostly follows the route from early endosomes (EE) to late endosomes 

(LE), and further to lysosomes for degradation or conformation changes. Because the vesicular 

environment differs from that of extracellular milieu, and vesicular membranes are dynamic with 

the capacity of being lysed, reformed and fused, viruses are able to uncoat from the vesicles by 

making use of these features. In porcine monocytes, the increasingly incoming PCV2 virions are 

found to be colocalized first with the EEs/LEs. Then, when the viral fluorescent signal decreases 

significantly, more and more virus capsids are found to be colocalized with the lysosomes. In the 

meanwhile, the colocalization of virus with LEs is also observed, indicating that the degradation 
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of PCV2 capsids is already initiated in the LEs. Finally, most of the non-degradable capsid material 

are colocalized with lysosomes. Interestingly, despite the partial disintegration of viral capsids, 

PCV2 genome persists in monocytes in its complete form. The capability of lysosomal enzyme 

DNase II to digest PCV2 genome in vitro, suggests that PCV2 genome may escape from the 

endosomal pathway before it arrives at lysosomes, thus avoiding being degraded. In many cases, 

endosomal escape is achieved through penetration of the endosomal membrane either by pH-

induced conformational changes of the capsid proteins, or by proteolytic cleavage of viral proteins 

by acid-dependent endosomal proteases [36]. PCV2 uses both mechanisms in its infection to 

porcine lymphoblasts. In lymphoblasts, either inhibiting the acidification of the endosomal 

network, or inhibiting serine proteinases, decreases PCV2 infection. Therefore, a dual role of pH-

induced conformational changes of PCV2 capsids and serine proteinases-mediated cleavage of 

capsids are needed for PCV2 genome escape in lymphoblasts. The same thing happens in PCV2 

infection of the 3D4/31 cells [40], whereas in the epithelial cell lines, it is a different scenario. 

Although the viral capsid cleavage by serine proteinases is still a must, a neutral environment is 

needed for PCV2 disassembly, because inhibition of lysosomal acidification increases PCV2 

infection [54]. Therefore, different serine proteases are involved in lymphoblasts and the 3D4/31 

cell line (active at low pH), and the epithelial cell lines (active at neutral pH) [55]. After endosomal 

escape, the viral genome needs to be delivered to the nucleus in order to replicate. Apparently, this 

happens in the 3D4/31 cells, lymphoblasts and the epithelial cell lines, as PCV2 can complete its 

replication cycle and productively infect these cells [40, 44, 56]. However, it is not clear in 

monocytes where the escaped PCV2 genomes locate. It is very well possible that PCV2 genetic 

materials can also be delivered to the nucleus of monocytes, but does not replicate without host 

DNA polymerase due to the non-dividing property of the cells. Only under certain circumstance 

in monocytes when the DNA polymerase is produced in response to damage to the cellular DNA 

[57], PCV2 can grab the chance to replicate its genome in the nucleus. This can explain the increase 

of PCV2 genome copies in monocytes which is observed in our study during the late stages of 

infection (24-72 h) in vitro. Indeed, an in vitro culture of monocytes for days is a suffering 

environment for cells, and some originally adherent monocytes start to detach from the culture 

plates from 24/48 h onwards (own observation). In line with this hypothesis, other research has 

also demonstrated the replicative form of PCV2 genome in macrophages [58]. In dendritic cells, a 

similar increase in the number of PCV2 genome is observed with time after PCV2 inoculation  
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Figure 2. Replication of PCV2 in porcine lymphoblasts. PCV2 binds to T-lymphoblasts which is partially 

mediated by chondroitin sulfate, and enters via clathrin-mediated endocytosis. After entry, PCV2 needs a 

serine proteinase in an acid environment for virion disassembly. The released ssDNA genome is transported 

into the nucleus and converted by host enzymes into a dsDNA intermediate. The Rep and Cap mRNAs are 

transcribed and the proteins are synthesized and imported into the nucleus. Rep/Rep’ bind to the dsDNA 

and initiate rolling-circle replication (RCR). The newly synthesized viral genomes and capsid proteins 

assembly to new mature PCV2 virions. Viral egress may occur through nuclear disintegration and cell lysis. 

under certain conditions [31, 59]. A more direct support of this hypothesis is the detection of 

nuclear localization of PCV2 Rep protein in macrophages both in vivo and in vitro [19, 44], since 

this protein is not present in the mature virion and therefore has to be synthesized during virus 

replication. In contrast, the inability of PCV2 replication in monocyte/macrophage lineage cells 

without proper stimulation are also reported [60, 61]. Further research needs to be done to test the 

hypothesis raised in this thesis. Interestingly, Fenaux and colleagues reported that by ligating two 
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copies of the complete PCV2 genome in tandem into a pBluescript SK vector, the resulted cloned 

genomic DNA of PCV2 is infectious not only in vitro when transfected into PK-15 cells, but also 

in vivo when injected directly into the liver and lymph nodes of pigs [62]. In any circumstance, 

PCV2 genome carried by monocytes leaves a big question mark on what role it plays in PCV2 

pathogenesis. Further work on analyzing the interplay of PCV2 genome with monocytes and the 

interaction between PCV2 genetic materials and lymphoblasts are ongoing. 

Nowadays, PCV2 DNA is ubiquitously detected in the environment, for example, in water samples 

in Brazil, farm air in Canada and house flies in UK [63-65]. It is also identified in a variety of non-

porcine species, such as rats, calves, minks and foxes [66-69]. Even in soil, PCV2 genome 

components were demonstrated [70]. In the United States, 70% of the store-bought pork products 

contain PCV sequences. This resulted in the detection of PCV in stool samples from adults in the 

United States (5%) possibly due to the dietary consumption of PCV-infected pork [71]. The 

difficult-to-degrade property of PCV2 genome may explain the ubiquitous presence of the viral 

DNA. At the same time, we learned that PCV2 DNA is not always associated with viable virus. 

This alarms us on PCR-based PCV2 diagnosis techniques. For instance, the contaminating PCV, 

which was detected in a porcine-derived commercial pepsin product by PCR, was confirmed to be 

non-infectious as demonstrated by both in vitro and in vivo infection experiments [72]. The PCV 

DNA detected in some rotavirus vaccines by qPCR consisted of small fragments of PCV genetic 

material [73]. Thus, we propose that only when the virus is successfully isolated or at least the full 

length of PCV2 genome can be amplified by conventional PCR together with observations of 

PCVAD clinical and pathological manifestations from pigs, one may consider PCV2 as related to 

the problem.  

An interesting and novel part of the current thesis is that we revealed that the purpose of the long 

evolutionary journey of PCV2 is to search for a more efficient binding to receptors and entry. 

Within the PCV2a genotype, strains 1121 and Stoon1010 are two representative examples. Strain 

1121 replicated less efficiently on T-lymphoblasts than strain Stoon1010 did, which resulted from 

a less efficient binding, a non-specific entry using macropinocytosis and a problem with virion 

assembly and release. These results raised the question what the differences between 1121 and 

Stoon1010 are. Amino acid alignment of these two strains revealed the strain-specific amino acids 

of 1121/Stoon1010: 99K/R, 131P/T, 191R/G, 200T/A and 232N/K. The amino acid mutation at 
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position 232 from a polar neutral amino acid N in 1121 to a basic polar amino acid K in Stoon1010, 

could explain the enhanced virus binding of Stoon1010 virus particles than 1121. This is because 

position 232 is at the C-termini of the Cap protein, and the basic polar amino acid K at this position 

is exposed and extended on the virion surface [74], thus enhancing the interaction of virions with 

the cell membrane-associated negatively charged chondroitin sulfate. Of interest, the most recent 

dominant PCV2 genotype PCV2d also has an extra basic polar amino acid K at position 234, which 

is possibly related with the increased virulence of strains of this genotype than the previous 

PCV2a/b [6, 75]. It is very well possible that there is an evolutionary relationship from 1121 to 

Stoon1010, by exposing positively charged amino acid on the virion surface for a better binding 

and survival in animal cells. This evolutionary relationship from 1121 to Stoon1010 is also 

reflected by the entry pathways that are exploited by these two virus strains. Both strains use a 

specific clathrin-mediated endocytosis for their entry into T-lymphoblasts. Additionally, strain 

1121 uses the non-specific macropinocytosis for its entry. This indicates an evolution of PCV2 

from using non-specific macropinocytosis pathway for entry to the more specific and efficient 

receptor-mediated entry pathway. Especially when one considers animal circoviruses may be 

derived from plant nanoviruses that may have infected a vertebrate host [76], the entry of circovirus 

into animal cells at the very beginning could take advantage of the natural and non-specific cellular 

macropinocytosis (cell drinking). With the gradual adaption of circovirus on animal cells, it may 

evolve to find its specific and efficient way for entry. Furthermore, Stoon1010 evolved to exhibit 

a better affinity of its capsid to nucleic acid than 1121. Although amino acids at these binding sites 

are the same, Stoon1010 evolved to have a more flexible structure though mutations at 131P/T, 

191R/G and 200T/A (1121/Stoon1010), which may contribute to its binding with a better 

interaction of capsid with viral genome, and therefore a more efficient virion assembly. Taken 

together, within PCV2a genotype there is an evolution from 1121 to Stoon1010 for a better viral 

replication and survival on target cells. PCV2 evolves from PCV2a to PCV2b and later on to 

PCV2d [77], and each genotype shift was concurrent with PCVAD outbreaks [78, 79]. Among 

PCV2 genotypes, PCV2 evolved itself by grouping basic amino acids on the “head” and “tail” of 

the capsid protein, thus projecting these basic amino acids on the surface of the virion to search 

for/enhance the initial and non-specific interaction with negatively charged GAGs. It would be 

interesting to examine the entry pathways of PCV2b/d strains, to see whether PCV2b/d strains 



General discussion 

221 
 

evolve to use other more efficient entry modes and whether the increased viral virulence results 

from a more efficient entry into host cells or not. 

In conclusion, the work in this thesis provides new insights in PCV2 genotypic evolution in 

Belgium and in the pathogenesis of PCV2 on cellular and transcriptomic levels. PCV2 evolves to 

search an efficient receptor to enter its target cells. Currently, PCV2a strains exploit clathrin-

mediated endocytosis to enter porcine primary monocytes and T-lymphoblasts, after which PCV2 

virion disassembles and viral genomes are released. Replication is dependent on the presence of 

the host DNA polymerase. Further, it was shown that subclinical and clinical PCV2 represent two 

diametrically opposed transcriptomic recalibrations, with a disabled immune system and repressed 

apoptosis networks in the former, and activated immune and apoptosis responses in the latter. 
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Summary 

Porcine circovirus type 2 (PCV2) is an ubiquitous virus that infects young pigs after weaning. The 

vast majority of these infections occurs subclinically. However, under certain conditions, PCV2 

infection causes postweaning multisystemic wasting syndrome (PMWS), a multifactorial disease 

characterized by lymphocyte depletion and monocyte infiltration in lymphoid tissues. How PCV2 

enters these cells and what the outcome of the entry is, are not known. Despite continuous reports 

of newly emerging PCV2 strains and global genotype shifts, there is little information available 

regarding the molecular epidemiology of PCV2 in Belgium. The aims of this study were to study 

PCV2 genotypic evolution in Belgium and to investigate PCV2 pathogenesis on cellular and 

transcriptomic levels. 

In Chapter 1, an introduction was given on the current knowledge of PCV2 and the cellular 

endocytic pathways. The current knowledge on transcriptome databases, bioinformatics analysis, 

and gene signatures was also reviewed. 

In Chapter 2, the aims of the thesis were formulated.  

In Chapter 3, the epidemiology of PCV2 in Belgium was studied. The overall percentage of PCV2 

in PCVAD-suspected cases in Belgium from 2009 till 2018 was 15.7% (50/319), with 8% of the 

samples (25/319) being highly positive for PCV2 (≥ 4.5 log10TCID50/g), 1% (3/319) moderately 

positive (3-4.5 log10TCID50/g), 7% (22/319) low positive (≤ 3 log10TCID50/g), and 84% (269/319) 

negative for PCV2 isolation. PCR and phylogenetic analyses of 43 PCV2 samples showed that 

there were three distinct genotypes in Belgium: PCV2a (3/43), PCV2b (31/43) and PCV2d (9/43). 

The three PCV2a strains were isolated in 2009, while the 31 PCV2b strains were exclusively 

isolated from 2009 till 2013. Of the 9 PCV2d strains, 6 PCV2d-1 strains were isolated in 2009 and 

2010, whereas 3 PCV2d-2 sequences were identified in 2018. This indicated that PCV2b replaced 

PCV2a and was the predominant genotype from 2009 till 2013, and that PCV2d-2 became the 

most common one in 2018. High virus titers were found in one out of three PCV2a isolates (33%), 

19 out of 31 PCV2b isolates (61%) and half of PCV2d-1 isolates (50%). Virus isolation and 

titration of PCV2d-2 from the serum samples was unsuccessful and thus no conclusion could be 

drawn. Sequence comparison among the 43 PCV2 isolates showed that they had 89.7-100% 

nucleotide-sequence and 88.5-100% amino-acid-sequence identities. Three-dimensional analysis 

of genotype-specific amino acids revealed that most of the mutations were on the outside of the 
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Cap protein and a few conserved ones on the inner side. Mutations on the upper and tail parts of 

the capsid protein resulted in a more efficient binding, while the lower part was relatively 

conserved. Taken together, these results suggest a genotype shift from PCV2a to PCV2b and later 

on from PCV2d-1 to PCV2d-2, in order to search for efficient binding receptors. 

In Chapter 4, the mechanism and outcome of a PCV2 entry into porcine primary monocytes and 

lymphoblasts were examined in vitro.  

In Chapter 4.1, PCV2 entry and viral outcome in primary porcine monocytes and the role of 

monocytes in PCV2 genetic susceptibility were investigated. Primary monocytes were isolated 

from PBMCs by plastic adherence. Virus particles from the filtered PCV2 strain 1121 virus stock 

were stained and quantified using confocal microscopy. After the addition of PCV2 to monocytes, 

PCV2 capsids were rapidly internalized into monocytes, followed by a slow disintegration to a 

residual level. PCV2 uptake was decreased by chlorpromazine, cytochalasin D and dynasore, but 

not by amiloride and methyl-β-cyclodextrin (mβCD). The internalized capsids followed the 

endosomal trafficking pathway, ending up in lysosomes. PCV2 genome was nicked by lysosomal 

DNase II in vitro, but persisted in monocytes in vivo. Monocytes from purebred Piétrain and the 

hybrid showed a higher level of PCV2 uptake and disintegration, compared to those from Landrace 

and Large White. In conclusion, PCV2 entry occurs via clathrin-mediated endocytosis. After entry, 

viral capsids are partially disintegrated, while viral genomes largely escape from the pathway to 

avoid degradation. The degree of PCV2 uptake and disintegration differ among pig breeds. 

In Chapter 4.2, PCV2 strains 1121 and Stoon1010 replication kinetics in T-lymphoblasts were 

studied, after which virus binding, entry and disassembly were analyzed with chemical inhibitors. 

Lymphocytes were isolated from PBMCs and were stimulated with concanavalin A (ConA) for 72 

h, after which interleukin-2 (IL-2) was continuously added to the culture to generated the long-

lasting proliferative T-lymphoblasts. Either the abortion-associated strain 1121 or the PMWS-

associated strain Stoon1010 was used to infect T-lymphoblasts. After PCV2 infection, both Rep 

and Cap were detected at 12 h, with Rep being expressed in 1.3-2.7% of the cells and Cap in 1.6-

3.3% of the cells. The number of viral genome and virus titer in the supernatant reached 0.5-1.4 x 

1012 copies and 102.9-104.6 TCID50/mL at 72 h. PCV2 attached to 11-26% of the T-lymphoblasts 

while 2.6-12.7% of cells showed virus internalization. Chondroitin sulfate was only present on 25% 

of T-lymphoblasts; heparan sulfate was absent. Enzymatic removal of chondroitin sulfate reduced 

PCV2 infection by 30-40% compared with untreated cells. PCV2 infection was decreased by 



Summary/Samenvatting 

233 
 

chlorpromazine, cytochalasin D and Clostridium difficile toxin B for both viral strains and by 

amiloride for 1121 but not for Stoon1010, indicating that a strain difference in virus entry exists. 

Inhibiting endosome acidification with ammonium chloride and chloroquine reduced PCV2 

infection by 70-81%. Furthermore, 68-81% of PCV2 infection was abolished by inhibiting serine 

proteinases. Taken together, T-lymphoblasts support PCV2 antigen expression and genome 

multiplication for both strains 1121 and Stoon1010. PCV2 binds to T-lymphoblasts which is 

partially mediated by chondroitin sulfate, and enters via clathrin-mediated endocytosis. Strain 

1121 can exploit macropinocytosis as well. After entry, PCV2 needs a serine proteinase in an acid 

environment for virion disassembly. An evolutionary relationship between 1121 and Stoon1010 

was proposed. 

In Chapter 5, it was examined on a transcriptomic level how PCV2 establishes subclinical 

persistence, and how subclinical PCV2 converts to a lethal clinical disease. PorSignDB, a 

compendium of 256 gene-expression signatures describing in vivo porcine tissue physiology was 

first generated, using data from 1776 microarray chips retrieved from the online public Gene 

Expression Omnibus (GEO) repository. Then, it was applied to lymph node data (retrieved from 

GEO) that originated from pig farms with naturally occurring PMWS for pattern discovery. 

Analyses with PorSignDB indicated that subclinical and clinical PCV2 represent two diametrically 

opposed transcriptomic recalibrations, with disabled immune system networks in the former, and 

activated immune response in the latter. Moreover, hallmark gene sets that were markedly changed 

in a number of key regulatory networks and signalling pathways in pigs with PMWS or subclinical 

infection were collected. This revealed that IL-2 mediated immune activation of lymphocytes is a 

hallmark of a fulminant viremia. In other words, an increase in the amount of PCV2 occurs in an 

environment where IL-2 responsive genes are upregulated. Using a novel ex vivo lymphoblast cell 

culture system, IL-2 supplementary was confirmed to enhanced cell survival and PCV2 replication 

in the cells. Furthermore, functional genomics analysis of hallmark gene sets uncovered that 

STAT3 is a druggable PCV2 host factor. Cpd188, a STAT3-specific inhibitor, impaired PCV2 

infection in lymphoblasts. Finally, PCV2 infection in lymphoblasts was exacerbated when co-

cultured with porcine reproductive and respiratory syndrome virus (PRRSV)-infected 

macrophages. This demonstrated the existence of a macrophage-lymphoblast axis that enhanced 

PCV2 infection through paracrine signalling. From this study, it is concluded that the 

transcriptional input initially set by subclinical PCV2 was overridden by an extensive 
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inflammatory response in a PMWS condition after superinfection, thus triggering PCV2 viremia 

and PCV2 disease.  

In Chapter 6, a general discussion on the research data generated in this thesis was formulated, in 

which the insights in PCV2 epidemiology in Belgium and pathogenesis on cellular and 

transcriptomic levels were summarized. The main conclusions drawn in this thesis are: (1) PCV2 

genotypic evolution in Belgium evolves from PCV2a to PCV2b and from PCV2d-1 to PCV2d-2, 

and viral virulence and genotypes are not correlated. PCV2 evolved among/within genotypes to 

search for more efficient binding and entry pathways for replication and survival in its target cells.  

(2) PCV2 exploits clathrin-mediated endocytosis to enter porcine primary monocytes and T-

lymphoblasts, after which the endosomal pathway was followed by a virus trafficking in cells. In 

monocytes, PCV2 capsids are partially degraded, while the viral genome escapes from the 

endosomal system and persists in monocytes. In lymphoblasts, PCV2 disassembly occurs in an 

acid environment and is aided by serine proteinase, followed by a delivery of viral genome to cell 

nucleus to initiate productive infection. (3) Subclinical and clinical PCV2 represent two 

diametrically opposed transcriptomic recalibrations, with disabled immune system and repressed 

apoptosis networks in the former, and activated immune and apoptosis responses in the latter. 
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Samenvatting 

Porcine circovirus type 2 (PCV2) is een wereldwijd voorkomend virus welke jonge varkens 

infecteert na het spenen. Het grootste gedeelte van deze infecties kennen een subklinisch verloop. 

Echter, onder bepaalde condities kan PCV2 infectie aanleiding geven tot het Postweaning 

Multisystemic Wasting Syndrome (PMWS). Dit is een multifactoriële ziekte die gepaard gaat met 

lymfocyten depletie en monocyten infiltratie in lymfoïde weefsels. Op welke manier PCV2 de 

cellen binnen dringt en wat hier het resultaat van is, is tot nu toe nog ongekend. Ondanks de 

veelvuldige rapporteringen van nieuw opkomende PCV2 stammen en globale genotype shifts, is 

er nog maar weinig informatie beschikbaar betreffende de moleculaire epidemiologie van PCV2 

in België. Het doel van deze studie was daarom ook om de genotypische evolutie van PCV2 in 

België in kaart te brengen en om de pathogenese van PCV2 te onderzoeken zowel op cellulair als 

transcriptomics niveau.  

In Hoofdstuk 1 werd er een introductie gegeven betreffende de huidige kennis van PCV2 en de 

cellulaire endocytische pathways. Daarnaast werd ook de huidige kennis omtrent transcriptomic 

databases, bio-informatica analyses en genetische handtekeningen besproken.  

In Hoofdstuk 2 werden de doelen van de thesis opgesteld.  

In Hoofdstuk 3 werd de epidemiologie van PCV2 in België bestudeerd. Het totale percentage 

PCV2 in PCVAD-verdachte gevallen in België tussen 2009 en 2018 was 15.7% (50/319), waarbij 

8% van de stalen (25/319) sterk positief waren voor PCV2 (≥ 4.5 log10TCID50/g), 1% (3/319) 

matig positief (3-4.5 log10TCID50/g), 7% (22/319) zwak positief (≤ 3 log10TCID50/g), en 84% 

(269/319) negatief voor PCV2 isolatie. PCR en fylogenetische analyse van 43 PCV2 stalen 

toonden aan dat er drie verschillende genotypes aanwezig zijn in België: PCV2a (3/43), PCV2b 

(31/43) en PCV2d (9/43). Hierbij werden de drie PCV2a stammen geïsoleerd in 2009, terwijl de 

31 PCV2b stammen uitsluitend geïsoleerd werden tussen 2009 en 2013. Van de 9 PCV2d stammen 

werden er 6 PCV2d-1 stammen geïsoleerd in 2009 en 2010, en 3 PCV2d-2 sequenties werden 

geïdentificeerd in 2018. Hoge virale titers werden gevonden in 1 op 3 PCV2a isolaten (33%), in 

19 van de 31 PCV2b isolaten (61%) en in de helft van de PCV2d-1 isolaten (50%). Virus isolatie 

en titratie van PCV2d-2 uit serumstalen bleek onsuccesvol waardoor hieruit geen conclusie 

getrokken kon worden. Bij het uitvoeren van een sequentie vergelijking tussen de 43 PCV2 

isolaten kon gezien worden dat er 89.7-100% nucleotidesequentie en 88.5-100% 
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aminozuursequentie-identiteit aanwezig was. Door het uitvoeren van een driedimensionale analyse 

van genotype-specifieke aminozuren werd ontdekt dat het grootste gedeelte van de mutaties 

aanwezig waren op de buitenzijde van het capside-eiwit en een klein aantal, meer geconserveerde, 

aan de binnenzijde. Mutaties ter hoogte van de bovenste- en staartgedeelten van het capside-eiwit 

resulteren in een meer efficiënte binding, terwijl het lager gedeelte van het eiwit relatief 

geconserveerd was. Alles samengenomen suggereren deze resultaten een genotype shift van 

PCV2a naar PCV2b en later van PCV2d-1 naar PCV2d-2, als een manier van het virus om opzoek 

te gaan naar een efficiëntere binding met receptoren. 

In Hoofdstuk 4 werden de mechanismen en gevolgen van het binnetreden van PCV2 in porcine 

primaire monocyten en lymfoblasten bestudeerd in vitro.   

In Hoofdstuk 4.1 werd de ingang van PCV2 en het resultaat hiervan in primaire porcine monocyten 

en de rol van de monocyten in de genetische susceptibiliteit van PCV2 onderzocht. Primaire 

monocyten werden geïsoleerd uit PBMC’s met behulp van aanhechting aan plastiek. Virale 

partikels afkomstig van de gefilterde PCV2 stam 1121 virusstock werden aangekleurd en daarna 

gekwantificeerd onder de confocale microscoop. Na de toevoeging van PCV2 aan monocyten werd 

er gezien dat PCV2 capsides snel geïnternaliseerd werden in de monocyten. Dit werd gevolgd door 

een trage disintegratie van het capsid tot een restniveau. De opname van PCV2 werd verlaagd door 

chloorpromazine, cytochalasine D en dynasore, maar niet door amiloride en methyl-β-

cyclodextrine (mβCD). De geïnternaliseerde capsides volgden hierbij de endosomale trafficking 

pathway waarbij ze eindigden in lysosomen.  Het PCV2 genoom werd geknipt door lysosomaal 

DNAse II in vitro, maar bleef aanwezig in monocyten in vivo. Monocyten van de raszuivere 

Piétrain en een hybride ras vertoonden een verhoogde opname en disintegratie in vergelijking met 

deze van het Landras en de Large White. Ter conclusie kan worden gesteld dat het binnentreden 

van PCV2 gebeurt via clatherine-gemedieerde endocytose. Na de binnenkomst worden virale 

capsides gedeeltelijk gedesintegreerd, terwijl het grootste gedeelte van het genoom ontsnapt aan 

deze pathway zodat degradatie vermeden kan worden. De mate van PCV2 opname en disintegratie 

verschilt hierbij tussen verschillende varkensrassen.  

In Hoofdstuk 4.2 werd de replicatiekinetiek van PCV2 stammen 1121 en Stoon1010 in T-

lymfoblasten bestudeerd waarna virus binding, binnenkomst en demontage werden geanalyseerd 

met behulp van chemische inhibitors. Lymfocyten werden hierbij geïsoleerd uit PBMC’s en 

werden gestimuleerd met concanavaline A (ConA) voor 72h. Vervolgens werd interleukine-2 (IL-
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2) voortdurend toegevoegd aan de celcultuur om een langdurige proliferatie van T-lymfoblasten 

te bekomen. Daarna werd ofwel de abortus-geassocieerde stam 1121 of de PMWS-geassocieerde 

stam Stoon1010 gebruikt om de T-lymfoblasten te infecteren. Na PCV2 infectie konden zowel 

Rep als Cap gedetecteerd worden na 12h, waarbij Rep tot expressie kwam in 1.3-2.7% van de 

cellen en Cap in 1.6-3.3% van de cellen. De hoeveelheid viraal genoom en virus titer in het 

supernatans bereikte respectievelijk 0.5-1.4 x 1012 kopieën en 102.9-104.6 TCID50/mL na 72h. 

Daarnaast werd er bij 11-26% van de T-lymfoblasten aanhechting gezien van PCV2, terwijl maar 

bij 2.6-12.7% van de cellen  virus internalisatie plaatsvond. Chondroïtinesulfaat was aanwezig 

op maar 25% van de T-lymfoblasten en heparansulfaat was afwezig. Enzymatische verwijdering 

van chondroïtinesulfaat verminderde PCV2 infectie voor 30-40% in vergelijking met 

onbehandelde cellen. Daarnaast werd PCV2 infectie ook verlaagd door chloorpromazine, 

cytochalasine D en Clostridium difficile toxine B bij beide virale stammen. Wat betreft amiloride 

was dit enkel het geval voor 1121, maar niet Stoon1010, wat en verschil in virale entry tussen de 

stammen aangeeft. Bij het inhiberen van endosoom verzuring door het toevoegen van 

ammoniumchloride en chloroquine werd PCV2 infectie gereduceerd voor 70-81%. Verder kon 68-

81% van de PCV2 infectie tegengehouden worden door het inhiberen van serine proteïnasen. Alles 

samen genomen kan er gezegd worden dat T-lymfoblasten zorgen voor een ondersteuning van de 

PCV2 antigen expressie en genoomvermeerdering bij beide stammen, 1121 en Stoon1010. PCV2 

zal binden aan T-lymfoblasten waarbij gedeeltelijk gebruik gemaakt wordt van chondroïtinesulfaat 

en zal internaliseren via clathrin-gemedieerde endocytose. Stam 1121 kan hierbij ook het 

mechanisme van macropinocytosis uitbuiten. Na binnenkomst heeft PCV2 serine proteïnase nodig 

in een zure omgeving voor de demontage van het virion. Een evolutionaire relatie tussen 1121 en 

Stoon1010 werd naar voor gebracht.  

In Hoofdstuk 5 werd op transcriptomic niveau onderzocht hoe PCV2 subklinische persistentie 

bekomt en hoe deze subklinische PCV2 omgezet wordt in een lethale klinische ziekte.  

PorSignDB, een compendium van 256 genexpressie handtekeningen welke de in vivo porcine 

weefselfysiologie beschrijven, werd eerst gegenereerd, gebruikmakend van de data van 1776 

microarray chips verkregen via de online publieke Gene Expression Omnibus (GEO) databank. 

Dit werd dan toegepast op lymfeklier data (verkregen via GEO) dat afkomstig was van 

varkensbedrijven met natuurlijk voorkomend PMWS voor ‘pattern discovery’. Analyses met 

PorSignDB gaven aan dat subklinisch en klinisch PCV2 twee diametraal tegenovergestelde 
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transcriptomische herkalibraties vertegenwoordigen, met uitgeschakeld 

immuunsysteemnetwerken in het eerste, en een geactiveerde immuunrespons in het laatste. 

Bovendien werden hallmark gene sets verzameld die duidelijk waren veranderd in een aantal 

belangrijke regulatoire netwerken en signalling pathways in varkens met PMWS of een 

subklinische infectie. Dit onthulde dat IL-2 gemedieerde immuunactivatie van lymfocyten een 

belangrijk kenmerk is van een fulminante viremie. In andere woorden, een stijging van de 

hoeveelheid PCV2 komt voor in een omgeving waar IL-2 responsieve genen opgereguleerd zijn. 

Met behulp van een innoverend ex vivo lymfoblast celcultuur systeem werd bevestigd dat door 

toevoeging van IL-2 overleving van de cellen en PCV2 replicatie in de cellen gestimuleerd werden. 

Daarnaast kon aangetoond worden door middel van functionele genomic analyse van hallmark 

gene sets, dat STAT3 een PCV2 gastheerfactor is welke beïnvloedbaar is door medicijnen. Cpd188, 

een STAT3-specifieke inhibitor, verzwakt PCV2 infectie in lymfoblasten. Als laatste kon er 

aangetoond worden dat PCV2 infectie werd verergerd wanneer deze samen gecultiveerd werd met 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)-geïnfecteerde macrofagen. Dit 

gaf de aanwezigheid aan van een macrofaag-lymfoblast-as welke via paracriene signalisatie de 

PCV2 infectie versterkt. Uit deze studie kon geconcludeerd worden dat de transcriptionele input, 

initieel veroorzaakt door subklinische PCV2, overschreven werd door een extensieve 

inflammatoire respons in een PMWS conditie na superinfectie waardoor PCV2 viremie getriggerd 

werd en daardoor ook PCV2 ziekte.   

In Hoofdstuk 6 werd er een algemene discussie neergeschreven op basis van de onderzoeksdata 

die gegenereerd werden in deze thesis. Hierbij werden de inzichten betreffende PCV2 

epidemiologie in België en de pathogenese op cellulair en transcriptomic niveau opgesomd. De 

voornaamste conclusies die gemaakt kunnen worden uit deze thesis zijn: (1) De PCV2 

genotypische evolutie in België evolueerde van PCV2a naar PCV2B, en van PCV2d-1 naar 

PCV2d-2, en de virale virulentie en genotypes zijn hierbij niet gecorreleerd. PCV2 evolueerde 

tussen/binnen genotypes op zoek naar een efficiënte binding- en entry pathways om te kunnen 

repliceren en overleven in de doelwitcellen. (2) PCV2 buit de clathrin-gemedieerde endocytose uit 

om porcine primaire monocyten en T-lymfoblasten binnen te treden, waarna de endosomale 

pathway gevolgd werd door een virus trafficking in de cellen. Verder worden in monocyten PCV2 

capsides gedeeltelijk gedegradeerd, terwijl het viraal genoom ontsnapt aan het endosomaal 

systeem en persisteert in monocyten. In lymfoblasten gebeurt de demontage van PCV2 in een zure 



Summary/Samenvatting 

239 
 

omgeving en wordt dit bijgestaan door serine proteïnases, gevolg door een aanlevering van het 

viraal genoom aan de celkern om een productieve infectie te initiëren. (3) Subklinische en klinische 

PCV2 representeren twee diametraal tegenovergestelde transcriptomische herkalibraties, met een 

uitgeschakeld immuunsysteem en onderdrukte apoptose netwerken in het eerste, en een 

geactiveerde immuun- en apoptose respons in het laatste.  
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