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Abstract 

Pseudorabies virus (PRV) and porcine circovirus type 2 (PCV2) are economically important swine viruses that cause 

pseudorabies (PR) and porcine circovirus-associated disease (PCVAD), respectively. Vaccination appears to be efficacious 

for PR eradication and control of PCVAD. Combining the PRV marker vaccine and the PCV2 immunogen in a single vaccine 

would reduce cost and stress on vaccination strategies. We constructed a glycoprotein E (gE)/thymidine kinase (tk) 

double-deletion pseudorabies virus (gE-tk-/PCV2cap+ PRV) containing PCV2 cap encoding the major capsid protein (Cap). 

The recombinant virus gE-tk-/PCV2cap+ PRV expressed PCV2 Cap proteins that self-assembled to form virus-like 

particles. Virulence of gE-tk-/PCV2cap+ PRV was completely attenuated in mice. Guinea pigs immunized with gE-tk-

/PCV2cap+ PRV mounted significant antibody responses against PRV and PCV2. The recombinant virus has the potential 

to be developed into a candidate live, attenuated bivalent vaccine to simplify vaccination strategies. 
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Introduction 

    Porcine circovirus type 2 (PCV2), a small, non-
enveloped virus with a circular single-stranded DNA 
genome, is the causative agent of porcine circovirus-
associated disease (PCVAD) [1]. PCV2 is an economically 
important disease agent in major pig-producing 
countries; it mainly affects nursery and fattening pigs [2-
4]. Hepatic disease is a classical clinical sign of PCVAD-
affected pigs, and severe hepatic lesions are reported to 
be associated in case of pseudorabies virus (PRV) and 
PCV2 co-infection [5]. The PCV2 genome is organized into 

two major ambisense open reading frames (ORFs). ORF1 
encodes the viral replication associated protein, Rep. 
ORF2 encodes the capsid (Cap) protein, the only 
structural protein of PCV2 [6,7]. The Cap protein is the 
primary immunogenic protein of PCV2 and the main 
target of vaccines and serological diagnostic reagents 
[8,9]. Self-assembling recombinant Cap proteins that form 
virus-like particles (VLPs) have been generated using 
baculovirus or Escherichia coli expression systems, 
suggesting that Cap is sufficient to constitute VLPs 
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[10,11]. All commercialized PCV2 subunit vaccines are 
based on Cap protein and induce a protective immune 
response against PCV2 infection in immunized hosts. 
PCV2 vaccines are highly efficacious in reducing PCVAD in 
pigs, decreasing the severity of lesions and preventing 
viral shedding and transmission in pig farms [12-14]. 
 
     Pseudorabies virus (PRV) is an alphaherpes virus that 
causes pseudorabies (PR), an economically important 
viral disease among pigs [6]. The genome of PRV is a 
linear, double-stranded DNA of about 150 kb [15]. The 
disease causes high mortality in infected newborns and 
results in stillborn fetuses in pregnant sows. The most 
common strategies against PRV infection are vaccination 
with marker vaccines and monitoring serum antibody 
using companion serological diagnostics reagents [16,17]. 
PRV strains that are genetically engineered to have 
double deletions of glycoprotein E (gE) and thymidine 
kinase (tk) have highly reduced virulence and are widely 
used as maker vaccines [18]. These vaccines are used as 
viral vectors against multiple pathogens due to their 
genomic accommodation properties [19]. Since both 
PCVAD and PR are threatening and economically 
important swine diseases, development of a bivalent 
vaccine for the two diseases could benefit farmers of 
breeding pigs and simplify vaccination programs. In our 
previous study, a recombinant gE-/PCV2cap+ PRV that 
contains the PCV2 cap gene replacing the gE gene showed 
potential as a vaccine candidate for developing a PCV2 
subunit vaccine [20]. The purpose of this study was to 
construct a PRV recombinant virus with a double deletion 
of the gE and tk genes (gE-tk-) that expressed PCV2 Cap 
proteins. We tested the immunogenicity of VLPs for 
further development as a bivalent vaccine against PRV 
and PCV2. 
 

Materials and Methods 

Cells and viruses 

     Porcine kidney cells (PK-15; ATCC CCL33) and wild-
type PRV TNL were cultured as described previously [20]. 
The parent virus gE-tk-GFP+PRV was a derivative of gE-
PRV [20], constructed by introducing a green fluorescent 
protein (GFP) gene driven by a CMV promoter into the tk 
gene to obtain the parent virus (Figure 1). Genomic 
material for PCV2 was extracted from 20 mg frozen lymph 
nodes that was collected from a piglet severely affected 
with PCVAD, as described previously [9]. 
 
 

 
Figure 1: Construction of recombinant gE-tk-

/PCV2cap+ PRV. A. The 150 kb genomic DNA of PRV 
was divided into unique long (UL), internal inverted 
repeat (IR), unique short (US), and terminal inverted 
repeat (TR) regions. B. Genes for gE and tk are at US8 
and UL23 regions, respectively. C. Recombinant gE-

/GFP+ PRV was constructed previously by replacing a 
defined 5'-region of the gE gene with the GFP gene 
driven by promoter Pcmv. D. GFP was deleted by 
recombination with the transfer plasmid pUC/gIgE3' 
to generate recombinant virus gE- PRV. E. UL24 and 
UL23 (tk) genes were cloned into pUC19 
(pUC19/UL2423) and the tk gene was truncated with 
the GFP gene to generate transfer plasmid 
pUC19/UL24/GFP/UL23. Recombinant gE-tk-/GFP+ 
PRV was constructed by recombination of gE- PRV 
with transfer plasmid pUC19/UL24/GFP/UL23. F. 
GFP gene was replaced with PCV2 Cap gene by 
recombination with transfer plasmid 
pUC19/UL24/PCV2cap/UL23 to generate 
recombinant gE-tk-/PCV2cap+ PRV. 

 
 

Plasmid construction 

     Coding sequences for the PRV UL24, UL23 (tk) gene 
and PCV2 cap gene were amplified by polymerase chain 
reaction (PCR) using primer pairs designed according to 
the PRV Ka strain (GenBank accession no. AY368490) and 
the PCV2 YL strain (GenBank accession no. AY885225). 
Primers contained restriction enzyme recognition 
sequences (Table 1). PCR reactions were as described 
previously [21]. UL24-UL23 gene fragments were gel-
purified and cloned into pUC19 to generate the 
recombinant plasmid pUC19/UL2423. The UL23 gene was 
partially deleted by insertion of PCMV-GFP derived from 
pEGFP-N3 (BD Biosciences) via NruI and DraIII digestion. 
The GFP gene coding region was replaced with the PCV2 
cap gene to generate the transfer plasmid 
pUC19/UL24/PCV2cap/UL23 (Figure 1). All 
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recombinant plasmids were confirmed by DNA 
sequencing. 
 

 
 

Oligonucleotides 
Sequence in 5’-3’ 

Directiona 
Restriction site Target region 

UL24f ggcgacgtactcggcgg / UL24-23 

 UL23r atctccgacatgaaggcgca / 

capf gctagcatgacgtatccaagg NheI 
PCV2 cap 

capr gctgagcttagggtttaagtgg BlpI 

CMVPpf tcgcgaattagttcatagcccat NruI Pcmv-GFP of pEGFP-

N3 GFPr2 gtcgacctccacctcaatcgat SalI 

Table 1: The sequence of oligonucleotides used for amplifying and cloning the defined target regions. 
aThe specific sequences on each gene are underlined and the sequences recognized by the restriction enzyme are 
boxed. 

 

Construction of recombinant PRV 

     PK-15 cells at 60% confluence were co-transfected 
with transfer plasmid pUC19/UL24/PCV2cap/UL23 
DNA and parent virus gE-tk-/GFP+ PRV DNA using 
Lipofectamine™ 2000 (Invitrogen) in accordance with the 
manufacturer's instructions. Recovery of recombinant 
PRV was by visualizing non-green fluorescent plaques 
using an Olympus IX 70 phase-contrast fluorescence 
microscope at 72 h post transfection. Individual plaques 
were isolated and amplified in PK-15 cells at least three 
times for plaque purification. Gene recombination was 
confirmed by PCR and DNA sequencing. 
 

Indirect immunofluorescence 

     Confluent PK-15 cells were infected with gE-tk-

/PCV2cap+ PRV at multiplicity of infection (MOI) 0.01. 
Infected cells were washed three times with phosphate 
buffered saline (PBS), and fixed with 10% formalin 
solution (Fisher) for 10 min at 18 h post infection. After 
washing with PBS, cells were treated with PBS with 1% 
bovine serum albumin (PBS/1% BSA), with an 
appropriate dilution of monoclonal antibody (MAb) 
specific to PCV2 Cap or swine immuneserum to PRV, then 
with 1000-fold diluted FITC-conjugated rabbit anti-pig 
IgG antibody (Abcam) or Alexa 488-conjugated goat anti-
mouse IgG (Invitrogen). Cells were visualized using an 
Olympus IX 70 phase-contrast fluorescence microscope. 
 
 
 
 

 

Western blotting analysis 

     Confluent PK-15 cells were infected with wild-type PRV 
TNL or gE-tk-/PCV2cap+ PRV at MOI 1 and harvested at 18 
h post infection. Time-course expression of gE-tk-

/PCV2cap+ PRV-expressed PCV2 Cap was determined at 
indicated intervals over 72 h. Pellets of gE-tk-/PCV2cap+ 
PRV-infected cells were resuspended in 100 l lysis buffer 
(M-PER Mammalian Protein Extraction Reagent; Thermo 
Scientific) and clarified by centrifugation. Protein samples 
were subjected to 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) followed 
by Western blotting analysis as described previously [20]. 
 

Growth curves 

     Confluent PK-15 cells were infected with gE-tk-

/PCV2cap+ PRV or wild-type PRV (TNL) at MOI 1. 
Supernatant samples were collected at indicated intervals 
over 48 h and viral titers determined by plaque assay. 
PRV titers were expressed as plaque forming units per ml 
(pfu/ml). 
 

Production and purification of VLPs 

     Confluent PK-15 cells were infected with gE-tk-

/PCV2cap+ PRV at MOI 0.1 and incubated at 37°C for 36 h. 
After three cycles of freezing and thawing, cell lysates 
were divided into supernatants and pellets by 
centrifugation at 3000 rpm for 15 min. Pellets containing 
mostly Cap VLPs were disrupted in lysis buffer and 
clarified  by   centrifugation   at   8000   rpm   for   30   min.  
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Supernatants were layered in centrifuge tubes containing 
an equal volume of 40% sucrose and centrifuged at 
270,000 ×g for 6 h at 4°C in a SW55 rotor (Beckman). 
Pellets were resuspended in 0.5 ml Tris buffer (50 mM 
Tris, 150 mM NaCl, pH 7.2) and examined by transmission 
electron microscopy (TEM). 
 

Transmission electron microscopy and 
immunogold staining 

     Purified VLPs were adsorbed onto carbon-coated 
copper grids for 3 min at room temperature. Grids were 
dried using filter papers, negatively stained with 6% 
uranyl acetate (UA) for 40 s and examined by TEM (JEOL 
JEM1400). For immunogold staining, purified VLPs were 
adsorbed onto formvar/carbon-coated nickel grids. After 
2 min blocking with PBS/0.1% BSA, grids were incubated 
with 1:100 diluted MAb specific to PCV2 Cap (Ingenasa) in 
incubation buffer (1% BSA in PBS) at 4°C for 18 h. Grids 
were gently washed with incubation buffer four times, 
followed by incubation with 1:20 diluted anti-mouse IgG 
goat antibody conjugated to 15 nm gold (Aurion), at room 
temperature for 1 h. Grids were washed twice with 
PBS/0.1% BSA, fixed with 1% glutaraldehyde, washed 
with distilled water and negatively stained with 6% UA 
for 40 s. Results were examined by TEM. 
 

Inoculation of Mice with gE-tk-/PCV2cap+ PRV 

     Thirteen 6-week-old specific-pathogen-free female 
BALB/c mice were randomly divided into three groups. 
Two inoculation groups (n = 5) were intraperitoneally 
inoculated with gE-tk-/PCV2cap+ PRV at 7 × 106 or 7 × 105 
pfu. The control group (n = 3) received PBS. Clinical signs 
and skin lesions were monitored and documented daily. 
 

Immunization of guinea pigs 

     Five Hartley guinea pigs around 350-400 g each were 
randomly divided into an immunized group (n = 3) 
immunized intramuscularly once with 1.4 × 107 pfu gE-tk-

/PCV2cap+ PRV or a control group (n = 2) that received 
PBS. Blood samples were collected by cardiac puncture 
under anesthesia for serological examination. 
 

Enzyme-Linked Immunosorbent Assay 

     Enzyme-linked immunosorbent assay (ELISA) plates 
(Corning) were coated at 4°C overnight with 50 μl 
purified 20 μg/ml PRV soluble antigen in coating buffer 
(15 mM Na2CO3,   35 mM   NaHCO3, pH 9.6)   and    indirect  
 

ELISA performed as described previously [20]. To 
examine specific PCV2 serum antibody from immunized 
guinea pigs, blocking ELISA kits (SERELISA® PCV2 Ab 
Mono Blocking; Synbiotics) were used. In accordance with 
the manufacturer's instructions, 10 l immuneserum was 
diluted with 90 l sample dilution buffer. Diluted serum 
sample were added to ELISA plates and incubated for 1 h 
at 37°C. After washing, horseradish peroxidase (HRP)-
conjugated MAb was added and detected by peroxidase 
substrate. Optical densities (OD) were calculated as: OD 
sample ratio (S/N) = mean OD sample (S)/ mean OD 
negative control (N). S/N ratio <0.4 was considered 
positive. 
 

Statistical analysis 

     ELISA OD values were expressed mean ± 1 standard 
deviation. Student's t-test was used to analyze numeric 
parameters (GraphPad Prism, Version 5.0) and for P 
values calculations. Statistical differences among groups 
were assessed by ANOVA using Tukey's test. All 
differences were considered significant at P <0.05 (*), and 
<0.01 (**). 
 

Results 

Characterization of recombinant gE-tk-

/PCV2cap+ PRV 

     Recombinant gE-tk-/PCV2cap+ PRV was constructed by 
sequential homologous recombination to delete defined 
regions of the gE and tk genes to obtain the PCV2 cap gene 
(Figure 1). The virus was subjected to five cycles of 
plaque purification. Gene recombination was confirmed 
by PCR and DNA sequencing (data not shown). Expression 
of PCV2 Cap proteins was examined by indirect 
immunofluorescence (IIF) (Figure 2A) and Western 
blotting analysis (Figure 2B) to ensure that that gE-tk-

/PCV2cap+ PRV-infected PK-15 cells and lysates were 
recognized by specific antibody to Cap. Expressed 
recombinant Cap protein was 28 kDa and continuously 
produced to72 h post infection (Figure 2C). Virus growth 
properties were analyzed using growth curves. No 
significant differences in viral replication were observed 
between the recombinant virus and wild-type PRV at 12 h 
post infection but gE-tk-/PCV2cap+ PRV had slightly 
decreased replication at 48 h post infection (Figure 2D). 
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Figure 2: Characterization of recombinant gE-tk-

/PCV2cap+ PRV.  
A. Recombinant gE-tk-/PCV2cap+ PRV-infected PK-15 
cell was incubated with MAb against PCV2 (-PCV2) 
and swine immuneserum to PRV (-PRV) at 18 h post 
infection followed by IIF and examined using a 
fluorescent microscope at 100× magnification.  
B. Supernatants of lysates of PK-15 cells that were 
uninfected (U) or infected with wild-type TNL (W) or 
recombinant gE-tk-/PCV2cap+ PRV (R) at 18 h post 
infection were separated by 12% SDS-PAGE, followed 
by Western blotting analysis with MAb against PRV gC 
(-PRV) or swine immune serum against PCV2 Cap (-
PCV2). The expected Cap protein is indicated by an 
arrow.  
C. Lysates from gE-tk-/PCV2cap+ PRV-infected PK-15 
cells at indicated times were analyzed by Western 
blotting analysis with swine immune serum against 
PCV2 Cap.  
D. Growth curve of gE-tk-/PCV2cap+ PRV. Recombinant 
gE-tk-/PCV2cap+ PRV (■) or wild-type (TNL) PRV (◆) 
were used to infect PK-15 cells at 0.1 MOI. Virus titers 
were determined at 6, 12, 24, 36 and 48 h post 
infection by plaque forming assays. 
 

 

VLPs formed by gE-tk-/PCV2cap+ PRV 

 -expressed Cap 

     VLPs harvested from gE-tk-/PCV2cap+ PRV-infected cell 
lysates were subjected to TEM and immunogold staining. 
Expressed Cap self-assembled to form VLPs with 

diameters of 17 nm to 25 nm (Figure 3A). Specificity of 
VLPs was confirmed by immunogold staining (Figure 3B). 
 

 
Figure 3: TEM images of VLPs assembled from Cap 
proteins. VLPs purified from gE-tk-/PCV2cap+ PRV-
infected cell lysates were negatively stained (A) and 
treated MAb to PCV2 Cap for immunogold staining (B), 
and observed by TEM. The scale bar is 100nm. 

 
 

Determination of virulence of gE-tk-/PCV2cap+ 

PRV in mice 

     Virulence of recombinant gE-tk-/PCV2cap+ PRV was 
examined by inoculation of mice with high virus titers of 7 
× 105 and 7 × 106 pfu. Clinical signs and skin lesions were 
monitored daily and percent surviving mice was 
determined for 2 weeks post inoculation. All gE-tk-

/PCV2cap+ PRV-infected mice were alive and healthy, 
even at the highest dose of 7 × 106 pfu. 
 

Immunogenicity of gE-tk-/PCV2cap+ PRV in 

guinea pigs 

     To evaluate the immunogenicity of gE-tk-/PCV2cap+ 
PRV, three guinea pigs were immunized intramuscularly 
with 1.4 × 107 pfu recombinant virus; two control guinea 
pigs received PBS. The immunized group seroconverted 
to PRV-specific antibody as determined by indirect ELISA 
at 2 weeks post immunization and antibody titers 
increased significantly afterward (Figure 4A). Specific 
antibody against PCV2 Cap was detected in the 
immunized group since 4 weeks post immunization using 
a commercialized blocking kit (Figure 4B). Control guinea 
pigs remained antibody negative to PRV and PCV2 during 
the experimental period. 
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Figure 4: Time course for antibody development in guinea pigs. Guinea pigs were 
inoculated with 1.4 × 107 pfu gE-tk-/PCV2cap+ PRV in the immunized group; controls 
received PBS. A. Specific antibody to PRV was determined by indirect ELISA. B. Specific 
antibody to PCV2 was detected by the PCV2 Ab Mono Blocking ELISA kit. 

 
 

Discussion 

     PCVAD is recognized one of the most economically 
important diseases worldwide [22]. Strategies for 
controlling PCVAD are eliminating virus co-infection, 
managing sanitary conditions, and implementing 
vaccination programs [12]. Three highly efficacious, 
commercialized subunit based-PCV2 vaccines and one 
chimeric PCV1-2 vaccine are major tools for controlling 
PCV2 infection and PCVAD prevalence. The high cost of 
mass vaccination strategies remains a great concern for 
pig farmers [23]. Sows and young piglets are suggested as 
the two main vaccination targets. In barren sows, 
vaccination could provide offspring with maternal 
antibody transfer or decrease the possibility of horizontal 
transmission [24]. Vaccination of young piglets could 
induce active immune responses against decayed 
maternal antibody [13]. 
 
     Use of marker vaccines and tests of antibodies with 
companion tests assist pseudorabies eradication 
strategies [17]. PRV vaccines with gE deletion have been 
examined for residual virulence and the latency 
reactivation [25,26]. The gE-deleted    vaccines    decrease  
 

 
virus excretion and transmission among pigs, but 
neuronal latency is not affected [27]. Although viral 
replication in resting non-dividing cells relies on 
thymidine kinase function, deletion of the tk gene from 
PRV vaccines could reduce viral virulence and invasion of 
neurons [18]. Based on our previous study, recombinant 
gE-/PCV2cap+ PRV retains vaccine efficiency and induces a 
significant antibody response to PRV and PCV2 [20]. In 
this study, recombinant gE-/PCV2cap+ PRV was further 
attenuated by deletion of the tk gene. All gE-tk-/PCV2cap+ 

PRV-infected mice were alive and healthy even with the 
highest titer of 7 × 106 pfu, suggesting complete 
attenuation in mice and potential as a live attenuated 
vaccine candidate. Deletion of the gE and tk genes did not 
interfere with the propagation characteristics of the 
recombinant viruses (Figure 2D), which is a prerequisite 
for a practical vaccine. Demonstration of the ability of 
expressed Cap to form virion morphologically and 
antigenically similar to native PCV2 was determined by 
TEM and immunogold staining (Figure 3). A further 
advantage of viral vector vaccines is that vectors carrying 
protein are processed in infected cells and presented to 
antigen-presenting cells for more efficient protection of 
immunized host, which is different from traditional 
inactivated vaccines [28]. Guinea pigs immunized with 
recombinant gE-tk-/PCV2cap+ PRV seroconverted to PRV- 
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and PCV2-specific antibody and retained vaccine efficacy. 
Combining PRV and PCV2 in a single inoculation could 
reduce the cost and labor of massive vaccinations and 
help farmers with profits from breeding pigs [23]. 
 
     VLPs-based vaccines are subunit vaccines that have 
been shown to be able to imitate the original structure of 
virions without carrying their genomic contents [29]. 
Direction of immune responses is influenced by antigen 
arrangements on VLP vaccines and enhanced by epitope 
densities on VLPs [30]. Trible et al. [31] found a decoy 
epitope at amino acid residues 169-180 of Cap that could 
drive different immune response outcomes. Complete 
assembly of PCV2 VLPs might bury the decoy epitope and 
direct the immunized host to produce neutralizing 
antibodies. In contrast, the decoy epitope exposed on an 
incorrect folding protein could result in an immunized 
host with a seroconversion state without neutralizing 
antibodies [31,32]. Therefore, a PCV2 VLP-based vaccine 
could be important for achieving vaccine efficacy. 
Recombinant Cap proteins expressed by gE-tk-/PCV2cap+ 

PRV-infected cells could self-assemble to form VLPs that 
block the decoy epitope. Furthermore, insertion of a 
proper antigen or epitope into VLP has been tested with 
PCV2 VLPs [33,34]. Further studies may take advantage of 
VLPs integrating immunomodulating agents against 
infections. 
 

Conclusion 

     In conclusion, a recombinant PRV double-deleted for 
gE/tk and containing the PCV2 cap gene (gE-tk-/PCV2cap+ 

PRV) was constructed. Expressed Cap proteins self-
assembled into VLPs during virus replication. Deletion of 
the gE and tk genes did not interfere with the propagation 
or immunogenicity of the recombinant virus. Virulence of 
gE-tk-/PCV2cap+ PRV was completely attenuated in mice. 
Guinea pigs immunized with gE-tk-/PCV2cap+ PRV 
mounted a significant antibody response against PRV and 
PCV2. The recombinant virus demonstrated the potential 
to develop into a candidate live attenuated bivalent 
vaccine to simplify vaccination strategies. 
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