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Modified recombinant adenoviruses increase porcine circovirus 2 capsid protein 
expression and induce enhanced immune responses in mice
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Summary. – Porcine circovirus type 2 (PCV2) is the primary viral pathogen of porcine circovirus associated 
disease (PCVAD) and vaccination is an important method to prevent and control the disease. The expression of 
PCV2 capsid protein (Cap) in adenovirus vector system has been investigated, but the poor immune responses 
limit its application. In this study, transcriptional enhancer element largest intron of the human cytomegalo-
virus (Intron A) and woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) were applied 
to increase the immunogenicity of PCV2 Cap adenovirus-based vaccine. Western blot and indirect immun-
ofluorescence assay (IFA) analysis showed that modified adenoviruses with Intron A and WPRE alone or both 
could significantly increase the expression of Cap compared to the unmodified adenoviruses. Furthermore, the 
humoral and cellular immune responses of the constructed recombinant adenoviruses were evaluated in mice. 
Indirect ELISA, virus neutralizing test and western blot showed that modified adenoviruses elicited higher 
humoral immune responses than unmodified adenovirus, and Intron A-WPRE-modified virus immunized 
group had better immune response than the others. Besides, the results of lymphocyte proliferation response 
and cytokines release assay showed that enhanced cellular immune responses were induced by modified ad-
enoviruses. These results demonstrated that Intron A and WPRE significantly improved the expression of the 
Cap protein in adenovirus vector system and enhanced the immune responses in mice, making the adenovirus 
vector system more applicable against PCV2. 
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Introduction

Porcine circovirus type 2 (PCV2), a primary pathogen 
of porcine circovirus associated disease (PCVAD), results 
in great economic losses in pig industry (Opriessnig et al., 
2007). Four open reading frames (ORFs) were identified as 
functional genes within PCV2 genome, identified as ORF1, 

ORF2, ORF3 and ORF4, of which ORF1 and ORF2 are the 
two major ORFs (Lv et al., 2014). ORF1 encoding replicase 
proteins is associated with virus replication (Beach and 
Meng, 2012), while ORF2 encodes the unique structural 
protein of PCV2, capsid (Cap) protein, which is responsible 
for virus assembly (Mankertz et al., 2000; Nawagitgul et al., 
2000). In addition, Cap protein is the main immunogen of 
PCV2 and contains type-specific antigenic epitopes, thus 
the Cap protein is usually used to develop vaccines against 
PCVAD (Khayat et al., 2011; Misinzo et al., 2006; Shang et al., 
2009). Although some commercial PCV2 vaccines have been 
available and played certain roles in preventing PCVAD, it is 
still needed to further improve efficacy of PCV2 vaccines for 
eradicating PCVAD in field (Beach and Meng, 2012). 

The adenovirus (Ad) expression system, one of the most 
widely-used viral expression systems, shows more advan-
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tages than other systems, such as easy construction, higher 
efficiency of gene transfer, higher titers and induction of 
humoral, mucosal and cellular immune responses (Benihoud 
et al., 1999; Douglas, 2007; Ferreira et al., 2005; Kovesdi et 
al., 1997; Thacker et al., 2009). Adenovirus vector system 
expressing PCV2 Cap protein has been studied, but has 
limited immune efficiency (Wang et al., 2006, 2007). One 
possible reason is that many proteins of adenovirus itself 
could induce strong immune responses, resulting in poor 
efficacy (Yang et al., 1995). So it is necessary to reduce the 
immunogenicity of adenovirus itself.

Largest intron of the human cytomegalovirus (Intron A) 
is a powerful transcriptional regulatory element which can 
increase the transgene expression (Bissonnette et al., 2006; 
Choi et al., 1991; Niwa et al., 1990). Woodchuck hepatitis 
virus post-transcriptional regulatory element (WPRE), 
a powerful enhancer, can improve targeted gene expression 
by modifying RNA polyadenylation, export and/or transla-
tion. Both of them have been widely used to improve the 
expression of various proteins (Li et al., 2012; Mariati et al., 
2010; Sridhar et al., 2008). In previous study, some research-
ers have found that a 700 fold increase in the level of luci-
ferase expression using an adenovirus construct with intron 
A and WPRE compared to the traditional adenovirus system 
(Xu et al., 2002, 2003). We therefore investigated whether 
these two elements could be applied to improve the immune 
responses to PCV2 Cap protein in adenovirus.

In this study, we attempted to construct the recombinant 
adenoviruses expressing PCV2 Cap protein modified with 
Intron A and WPRE, alone or both, and examined the im-
mune responses in mice. Our results showed that Intron 
A and WPRE could improve the Cap expression in adeno-
virus and could enhance the humoral and cellular immune 
responses to PCV2 Cap in mice.

Materials and Methods 

Viruses, cell lines and antibodies. Porcine circovirus type 2 
(PCV2) (GenBank No. EU366323) was used in this study. Porcine 
kidney 15 (PK15) cell line free of porcine circovirus type 1 (PCV1) 
and human embryonic kidney 293 (HEK293) cell line (ATCC, 
CRL-1573) were cultured in Dulbecco Minimal Essential Medium 
(DMEM, Gibco BRL, USA) with 10% heat-inactivated FBS (Gibco 
BRL) at 37°C in an incubator with 5% CO2. The rabbit anti-Cap 
polyclonal antibody was prepared by the standard procedures in 
our lab (data not shown).

Recombinant adenovirus construction. The ORF2 gene (without 
the nuclear localization signal peptide of 41 amino acid residues at 
N-terminus) was amplified from PCV2 strain. The fragment was 
cloned into the puc57 plasmid (GenScript, China) and named as 
puc-Cap. The Intron A element (nucleotides 1265–2088; Gen-
Bank No. M60321) and WPRE element (nucleotides 1095–1670; 

GenBank No. M18752) were synthesized by GenScript (Nanjing, 
China). Intron A was inserted upstream of the Cap using KpnI and 
XbaI sites, WPRE was inserted downstream of the Cap by SalI and 
HindIII sites, and designated as puc-Intron A-Cap-WPRE. Four 
fragments (Cap, IntronA-Cap, Cap-WPRE and Intron A-Cap-
WPRE) were amplified from the puc-Intron A-Cap-WPRE, with 
XhoI upstream and EcoRV downstream of the fragment. Amplicons 
were digested with XhoI and EcoRV and cloned into the transfer 
vector PShuttle-CMV following the instructions of AdEasy™ Adeno-
viral vector system (Agilent Technologies, USA). The recombinant 
plasmids, designated as PS-C, PS-A-C, PS-C-W, and PS-A-C-W, 
were verified by PCR, XhoI and EcoRV digestion and sequencing 
(Fig. 1). PmeI-linearized plasmids (PS-C, PS-A-C, PS-C-W, and 
PS-A-C-W) were co-transformed into E. coli bacteria strain BJ5183 
with pAdEasy-1 vector by electroporation with a Bio-Rad Gene 
Pulser at 2.5 kV, 25 μF and 200 Ω. The transformed bacteria were 
plated onto LB plate with 50 μg/ml kanamycin and cultured at 
37°C for 18 hr. Then the recombinant plasmids, named as rAd-C, 
rAd-A-C, rAd-C-W, and rAd-A-C-W, were extracted from the 
culture medium and verified by PCR. A plasmid without Cap was 
also constructed and named rAd-wild. Primers for PCR are listed 
in Table 1. The reaction was done in a thermocycler under the fol-
lowing conditions: initial denaturation at 94°C for 5 min, then 30 
cycles of denaturation at 94°C for 30 sec, annealing at 56°C for 30 
sec and extension at 72°C for 2 min, and then final polymerization 
at 72°C for another 10 min. 

Transfection and isolation of recombinant adenoviruses. HEK293 
cells were seeded in a 24-well plate over night before being transfected 
with 2 μg of recombinant plasmids (rAd-C, rAd-A-C, rAd-C-W, 
rAd-A-C-W and rAd-wild) digested with enzyme PacI by applying 
Lipofectamine 2000 transfection reagent (Invitrogen, USA) to each 
well. The viruses were collected 10 days later when cytopathic effect 
(CPE) appeared, propagated in HEK293 cells and purified thrice with 
plaque assay. Virus passaged until the fifth generation was titrated by 
the method of tissue culture infectious dose 50 (TCID50).

Western blot. HEK293 cells were cultured in 6-well plates over 
night. Then the cells were inoculated with four recombinant ad-
enoviruses at MOI of 20 for 30 hr. Lysates were separated by 10% 
SDS-PAGE and transferred to nitrocellulose membrane. Wild-type 
adenovirus and PBS-treated cells were regarded as control. Mem-
brane was blocked in the blocking solution (5% fat-free milk in PBS) 
at 4°C over night, followed by incubation with rabbit anti-PCV2 
serum for 1hr at room temperature and then incubated with goat 
anti-rabbit IgG antibody conjugated with horseradish peroxidase 
(HRP) (Boshide, China) for 1hr. Detection was conducted by 
chemiluminescence luminal reagents (Super signal west pico trial 
kit, PIERCE). Meanwhile, DBP, encoded by E2 gene of adenovirus, 
was also applied as a control in HEK293 cells. Besides, PK15 cells 
were also inoculated with four recombinant adenoviruses at MOI 
of 100 to test Cap expression. In the western blot for testing the 
immune sera, pET-32a-ORF2 was used as the PCV2 antigen.

Indirect immunofluorescence assay (IFA). Thirty hours after the 
infection by recombinant adenoviruses, the culture plates were 
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washed with 0.05% Tween-20 in PBS (PBS-T) three times, and fixed 
with cold ethanol for 15 min on ice. After washing three times, the 
cells were incubated with rabbit anti-PCV2 serum at 37°C for 1 hr. 
The cells were washed three times and stained with goat anti-rabbit 
IgG antibodies conjugated with FITC (Boshide) at 37°C for 1 hr. 
Fluorescence was determined by a fluorescent microscope.

Mice immunization with recombinant adenoviruses. Ninety 
Kunming mice (6-week-old) were purchased from the Animal 
Center, The Fourth Military Medical University, Xi'an, China. 
Animal experiments were done according to the Animal Ethics 
Committee of the North West Agriculture and Forestry Univer-
sity (protocol number P15026). Mice were randomly divided into 
six groups and every group contained 15 mice. Mice in group 
1–4 were immunized subcutaneously with 108 TCID50 of Ad-C, 
Ad-A-C, Ad-C-W, and Ad-A-C-W, respectively; mice in group 
5 were immunized subcutaneously with 108 TCID50 of wild-type 
adenovirus; mice in group 6 were treated with PBS as control. 
Booster immunization was conducted 14 days later under the same 
conditions. Sera of three mice from each group were collected on 
day 0, 14, 28, 35, 42, 49 and 56 after first vaccination for detecting 
specific antibody levels and neutralizing antibody levels by indirect 
enzyme-linked immunosorbent assay (iELISA), western blot and 
virus neutralization assay (VN). On day 28, 35, 42, 49 and 56 after 
first immunization, the spleens of three mice in every group were 
excised and detected by further lymphocyte proliferation assay and 
cytokines release assay.

iELISA. PET-32a-ORF2, containing ORF2 gene without the nu-
clear localization signal, was prepared in our lab (data not shown). 
The recombinant His-Cap protein was purified through His. Bind 
purification kit (Novagen, USA) was used for coating by 5 µg/ml 
of proteins into 96-well plates. The plates were incubated with 5% 
fat-free milk in PBS. Sera were diluted in two-fold, beginning with 
1:100. Then the plates were incubated at 37°C for 1hr. After washing 
three times, goat anti-mouse IgG antibodies conjugated with HRP 
were added and incubated at 37°C for 1hr. Meanwhile, sera from 
group 5 and 6 were applied as negative controls. The results were 
determined by the ratio of optical density at A490 conducted by 
serum samples divided by negative control. A ratio value higher 

Table 1. Primers for PCR amplification used in this study

Segments Primers Sequences (from 5' to 3') Product sizes/bp
puc-Cap puc-Cap-F TTATCTAGAATGAATGGCTTTTTCAACAGCCGCCT 579

puc-Cap-R ATTGTCGACATGGCATCTTCAACACCCGCC
PS-C PS-C-F AATCTCGAGATGAATGGCTTTTTCAACAGCCG 579

PS-C-R CCGGATATCTTAGGGTTTTAGTGGGGGGTCTTTC
PS-A-C PS-A-C-F AATCTCGAGGTAAGTACCGCCTATAGACTCTATAGGCAC 1412

PS-A-C-R CGGGATATCTTAGGGTTTTAGTGGGGGGTCTT
PS-C-W PS-C-W-F AATCTCGAGATGAATGGCTTTTTCAACAGCCGC 1164

PS-C-W-R ATTGATATCGCCCAAAGGGAGATCCGACTCGT
PS-A-C-W PS-A-C-W-F AATCTCGAGGTAAGTACCGCCTATAGACTCTATAGGCAC 1994

PS-A-C-W-R TCAGATATCGCCCAAAGGGAGATCCGACTC

The restriction sites are underlined.

than 2.1 was regarded as being positive. The titers were regarded as 
the highest dilution of antibody producing 2.1 ratio values.

Virus neutralization assay (VN). PCV2 neutralizing antibodies 
were tested on day 14, 28, 35, 42, 49 and 56 after first vaccination 
by VN. The sera were diluted in Roswell Park Memorial Institute-
1640 (RPMI-1640) (pH 7.2) in two-fold, beginning with 1:2. PCV2 
(1000 TCID50/ml) was equally added to the diluent and incubated 
at 37°C for 1hr. Mixture was added onto a 96-well plate with 
50–70% confluent PK15 cells as in the previous study (Blanchard 
et al., 2003). After 72 hr, the cells were fixed with cold ethanol 
for 15 min at 4°C, incubated with antibody to PCV2 and stained 
with FITC-conjugated goat anti-rabbit IgG antibodies. Titers were 
considered as the reciprocal of the last serum dilution at 70% or 
greater fluorescent focus reduction in inoculated cell cultures with 
a fluorescent microscope.

Lymphocyte proliferation assay. Splenocyte preparations were 
done according to the previous study (Kim et al., 2004). On day 
28, 35, 42, 49 and 56 after first vaccination, lymphocytes were 
separated aseptically from the spleens of three mice with mouse 
lymphocyte separation medium (DAKEWE, China) following the 
standard procedures. Lymphocytes were seeded onto a 96-well plate 
with the concentration of 2×106 cells/ml. Then the cultures were 
stimulated for 68 hr with either Concanavalin A (ConA; Sigma, 
USA; 5 µg/ml) as positive control, Cap protein (20 µg/ml) as the 
stimulant, or RPMI-1640 as negative control. Then 20 µl of MTT 
(3-[4, 5-dimethylthiazol-2-y]-2, 5-diphenyltetrasodium bromide 
Tetrazolium; Sigma; 5 mg/ml in PBS) was added per well with 
a further incubation for 4 hr. Hundred micro liters of dimethyl 
sulfoxide (DMSO) were added per well to stop the reaction. The 
absorbance of A570 was detected and the stimulation index (SI) 
was determined as: SI = mean Absorbance of Cap-stimulated cells/
mean Absorbance of unstimulated cells.

Cytokines release assay. Lymphocytes were separated as men-
tioned above on day 28, 35, 42, 49 and 56 after first vaccination. 
Then the lymphocytes were seeded onto 96-well plates with 2×106 

cells/ml. Triplicate wells with RPMI-1640 alone and 2 μg of Cap 
protein were added for 72 hr. Supernatants were collected. Titers of 
IFN-γ and IL-4 were detected by mice IFN-γ and IL-4 ELISA kits 
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(ExCell Bio, China) following standard procedures. The concentra-
tions of mice IFN-γ and IL-4 in the supernatants were evaluated 
by the standard curves.

Statistical analysis. All data were conducted as the mean + 
standard deviation (SD). One-way ANOVA and student's t-test 
were used to assess the statistical differences among groups with 
SPSS 19.0 software (SPSS Inc., USA). A value of *P <0.05 was 
regarded as significant.

Results

Vector construction and characterization

In this study, PShuttle-CMV with PCV2 ORF2 gene was 
modified (Fig. 1). The constructed plasmids were verified 
by PCR and digested with PacI. Two fragments of about 30 

Fig. 1

Combinations of PCV2 ORF2 expression cassettes by modification of the original PShuttle-CMV vector
Intron A (the largest intron of the human cytomegalovirus) was inserted upstream of the Cap. The WPRE (woodchuck hepatitis virus post-transcriptional 
regulatory element) was inserted upstream of the SV40 poly A (simian vacuolating virus polyadenylation signal) and downstream of the PShuttle-CMV 
are three stop codons. The locations of the restriction enzyme sites are indicated. 

Fig. 2

The recombinant plasmids were identified by PCR and digested with PacI enzyme
(a) The recombinant plasmids were identified by PCR. M1, 2K Plus Marker; lane 1, PS-C; lane 3, PS-A-C; lane 5, PS-A-C-W; lane 7, PS-C-W; lane 2, 4, 
6, 8, negative control. (b) The recombinant plasmids were digested with PacI enzyme. M2, 15K Plus Marker; lane 9, rAd-C; lane 10, rAd-A-C; lane 11, 
rAd-C-W; lane 12, rAd-A-C-W; lane 13, rAd-wild. 
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Fig. 3

Western blot analyses of Cap protein expression by different recombinant adenoviruses and Cap antibody levels in the mice immunized  
with different recombinant adenoviruses

(a) Western blot analyses of different recombinant adenoviruses expressing Cap protein in HEK293 cells. (b) Western blot analyses of different recombinant 
adenoviruses expressing Cap protein in PK15 cells. (c) Western blot of adenoviral DBP in HEK293 cells as a control of adenoviral presence. (d) Western 
blot of PCV2 Cap protein with sera of mice immunized with different recombinant adenoviruses. Lane 1, Ad-C; lane 2, Ad-A-C; lane 3, Ad-C-W; lane 4, 
Ad-A-C-W; lane 5, wild-type adenovirus; lane 6, PBS. The expression of β-actin is below as the internal control.

kb and about 5.0 kb were observed as expected (Fig. 2). At 
10 days post-transfection of five recombination plasmids 
(including the rAd-wild) into HEK293 cells, CPE was 
observed. Five recombinant adenoviruses were titrated by 
plaque purification three times, and named as Ad-C, Ad-
A-C, Ad-C-W, Ad-A-C-W and wild-type adenovirus. The 
viral titers of five recombinant adenoviruses were all about 
1010 TCID50/ml.

Expression of Cap protein in HEK293 cells

HEK293 cells were infected with Ad-C, Ad-A-C, Ad-C-W, 
Ad-A-C-W and wild-type adenovirus at MOI of 20 for 30 hr. 

Western blot showed that PCV2 ORF2 gene encoding Cap 
was observed in Ad-C, Ad-A-C, Ad-C-W and Ad-A-C-W in-
fected cells, but no corresponding band has appeared in wild-
type adenovirus infected or PBS mock treated HEK293 cells. 
In addition, the results showed that Cap protein expression 
levels were higher in modified recombinant adenoviruses 
(Ad-A-C, Ad-C-W, Ad-A-C-W) than that in unmodified 
recombinant adenovirus (Ad-C), and Cap expression levels 
were also different among modified recombinant adenovi-
ruses (Fig. 3a). Modified adenovirus Ad-A-C-W with Intron 
A and WPRE showed the highest Cap expression levels. Cap 
expression in PK15 cells was similar as the results of Cap ex-
pression in HEK293 cells (Fig. 3b). However, adenoviral DBP 

Fig. 4

Expression of the encoded Cap protein in infected HEK293 cells by IFA using specific antiserum to PCV2
Fluorescence was detected in HEK293 cells infected with Ad-C (a), Ad-A-C (b), Ad-C-W (c), and Ad-A-C-W (d). No fluorescence was detected in wild-
type adenovirus (e) and PBS-infected 293 cells (f).
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expression did not increase in modified adenoviruses with 
Intron A and WPRE (Fig. 3c). In indirect immunofluores-
cence assay, PCV2 Cap protein could be specifically detected 
in recombinant adenoviruses infected HEK293 cells, but not 
in the wild-type adenovirus (Fig. 4).

Detection of specific antibodies to PCV2 by iELISA 

PCV2 Cap specific antibody titers were measured in dif-
ferent recombinant adenovirus vaccinated mice on 14, 28, 35, 
42, 49, 56 days after first vaccination. The antibodies against 
PCV2 were detected in recombinant adenovirus treated mice 
on day 14 after first vaccination, and reached 1:2,400, 1:3,200, 
1:4,800 and 1:6,400 in mice injected with Ad-C, Ad-A-C, 
Ad-C-W and Ad-A-C-W on day 49 after first immuniza-
tion, respectively (Fig. 5). Among these groups, Ad-A-C-W 
vaccinated group showed highest antibody titers, followed 
by Ad-C-W, Ad-A-C and Ad-C groups. However, mice vac-
cinated with wild-type adenovirus or PBS did not contain 
Cap specific antibody throughout the whole experiments. 

Next, the specificity of antibody against Cap protein in 
each group was determined by western blot. The results 
showed that sera from group Ad-C, Ad-A-C, Ad-C-W and 
Ad-A-C-W could recognize the Cap protein on day 28 after 

first vaccination, while sera from groups of wild-type adeno-
virus and PBS inoculated mice could not (Fig. 3d). However, 
mice in all inoculated groups did not show obvious clinical 
signs throughout the whole experiment.

Virus neutralization assay (VN)

The neutralizing activity of sera from inoculated mice 
against Cap proteins were measured in PK15 cells challenged 
with PCV2. The sera from mice vaccinated with recombinant 
adenoviruses could prevent PK15 cells from PCV2 infection. 
On day 49 after first vaccination, neutralizing antibody titers 
reached 1:16, 1:20, 1:24 and 1:32 in Ad-C, Ad-A-C, Ad-C-W 
and Ad-A-C-W groups, respectively, but sera from wild-type 
adenovirus vaccinated mice or PBS-treated mice kept very 
low level in neutralizing activity (Fig. 6).

Lymphocyte proliferation assay

Lymphocyte proliferative response of mice was measured 
on day 28, 35, 42, 49, 56 after first immunization. As shown 
in Fig. 7, the proliferative response of different immunized 
groups increased after the immunization, and the SI of every 
immunized group reached highest level on day 49 after first 

Fig. 5

iELISA assay for PCV2-specific antibodies of sera from the mice immunized with different adenoviruses 
The results were expressed as the ratio of A490 produced by the serum samples compared to negative control serum. Sera, giving a ratio value higher 
than 2.1 were considered to be positive sera. The titers were expressed as the highest dilution of antibody producing 2.1 ratio values. Data are presented 
as the mean ± S.D. *P <0.05.
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Fig. 6

Virus neutralization assay of sera from the mice immunized with different adenoviruses
Neutralizing titers are reciprocals of the highest dilution of serum which yielded a 70% reduction in virus infectivity. Data are presented as the mean ± S.D. 
*P <0.05.

Fig. 7

Cell proliferation levels of splenocytes after in vitro stimulation
After immunization with adenoviruses Ad-C, Ad-A-C, Ad-C-W and Ad-A-C-W, wild-type adenovirus and PBS, three mice of each group were sacrificed 
and splenocytes were pooled for the lymphocyte proliferation assay. Data are presented as the mean ± S.D. *P <0.05.
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immunization. Besides, on day 49 after first immunization, 
mice inoculated with adenovirus Ad-A-C-W showed higher 
SI than the other three groups (*P <0.05), SI of group Ad-
A-C were significantly higher than group Ad-C (*P <0.05), 
but lower than group Ad-C-W (*P <0.05). 

Cytokine production

On day 28, 35, 42, 49, and 56 after first immunization, 
the secretion of IFN-γ and IL-4 was measured in the stimu-
lated lymphocytes to evaluate the Th1-type and Th2-type 
responses of immunized mice. IL-4 and IFN-γ production of 
stimulated lymphocytes from Ad-C, Ad-A-C, Ad-C-W and 
Ad-A-C-W vaccinated mice was higher than from wild-type 
adenovirus vaccinated mice or PBS-treated mice (*P <0.05). 
Cytokine titers of four modified recombinant adenovirus 
immunized groups reached highest level on day 49 after first 
immunization. On day 49 after first immunization, the levels 
of IL-4 and IFN-γ induced by group Ad-A-C was signifi-
cantly higher than Ad-C (*P <0.05), but lower than Ad-C-W 
(*P <0.05). Group Ad-A-C-W showed significantly higher 
levels of IFN-γ than other groups (*P <0.05). Although the 
level of IL-4 of group Ad-A-C-W was significantly higher 
than Ad-C and Ad-A-C (*P <0.05), it was slightly higher 
than Ad-C-W (*P >0.05) (Fig. 8). 

Discussion

Adenovirus vector, one of the most widely-used live virus 
vectors, has many advantages such as high transduction 

efficiency and wide tropism (Bergelson et al., 1997; Tomko 
et al., 1997). Adenovirus vector system against PCV2 has 
been investigated, but has limited efficacy (Wang et al., 2006; 
Wang et al., 2007). So it is necessary to improve the immune 
responses of PCV2 Cap adenovirus-based vaccine. In the 
previous study, Intron A and WPRE have been demonstrated 
to increase protein expression from an adenovirus vector (Li 
et al., 2012; Mariati et al., 2010; Xu et al., 2002, 2003), but not 
including PCV2 Cap. In the present study, we constructed the 
modified adenovirus with Intron A and WPRE and found 
that the recombinant adenovirus modified with both Intron 
A and WPRE could significantly improve the immunogenic 
expression in vitro and immune responses in mice. 

Adenovirus vector system has been used to express many 
proteins, including the Cap protein. However, adenovirus 
vector system expressing Cap protein has not been put into 
practice in field and no relevant commercial adenovirus 
vaccine has been available yet. The main reason is that many 
proteins expressed by adenovirus play an adverse impact on 
immunogenicity of the vaccine (Yang et al., 1995). To solve 
this problem, several studies have been conducted by co-
expressing cytokines to increase the protein expression (Liu 
et al., 2011; Wang et al., 2009). However, another optional 
approach is to improve the expression of target protein in 
adenovirus. Intron A is a strong transcriptional regulatory 
element which can improve protein expression by enhancing 
RNA polyadenylation and/or nuclear transport (Huang and 
Gorman, 1990). To improve the expression of Cap protein, we 
inserted Intron A into the adenovirus vector and evaluated the 
immune responses in mice. In vitro, protein expression assays 
showed that Intron A could substantially improve the Cap 

Fig. 8

Levels of IFN-γ and IL-4 produced from lymphocytes in immunized mice
On day 28, 35, 42, 49 and 56 after primary immunization, mice lymphocytes from each group were harvested, cultured in 96-well plates and stimulated 
with purified Cap protein. IFN-γ and IL-4 production in the supernatant were analyzed by ELISA. Data represent the mean ± S.D. *P <0.05.
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expression in HEK293 cells. In addition, adenovirus vector 
modified with Intron A could induce stronger humoral and 
cellular immune responses in mice than adenovirus without 
Intron A. These data demonstrated that Intron A could in-
crease Cap expression and enhance the immunogenicity of 
adenovirus vector vaccines against PCV2. 

Improvement strategies of expression vectors contain 
two important features, strong promoters and polyadenyla-
tion sequences (Hartikka et al., 1996). WPRE is a cis-acting 
element that could increase mRNA stability and mRNA 
extranuclear transport, resulting in increased mRNA levels 
in cytoplasm and protein expression (Zufferey et al., 1999). In 
this study, we evaluated the role of WPRE in Cap expression 
and the immunogenicity of adenovirus vector vaccines in 
mice. The results showed that the WPRE inserted in Ad-C-W 
significantly increased the expression of Cap and resulted 
in an increased humoral and cellular immune responses in 
mice compared to Ad-C without WPRE. Furthermore, Ad-
A-C-W elicited the highest immune responses compared to 
Ad-A-C or Ad-C-W. 

Though our study showed that Intron A and WPRE 
could improve the immune responses of adenovirus vector 
system expressing PCV2 Cap, the enhancing effect was not 
so satisfying in mice experiment. The specific antibody titers 
and neutralizing antibody titers of Ad-A-C-W vaccinated 
group was only 2.6 fold and 2 fold that of Ad-C vaccinated 
group on day 49 after first immunization. The results of 
lymphocyte proliferation responses and cytokine release 
assay were also not satisfying. The possible reason for lower 
efficiency of immune response was that the immune dose of 
adenovirus may be higher in mice. 108 TCID50 of adenovirus 
may induce the mouse's immune response to the limit. So the 
function of Intron A and WPRE on capsid expression just 
showed modest enhancing effect in Cap-induced immune 
response. The results of western blot analyses of different 
recombinant adenoviruses expressing Cap protein in PK15 
cells also proved this supposition. Our study showed that 
Intron A and WPRE could increase the immune responses 
of PCV2 Cap adenovirus vector vaccine in mice to some 
extent, but it is still needed to further improve efficacy of 
adenovirus vaccine with some other measures.

In conclusion, modified recombinant adenoviruses con-
taining Cap protein elicited enhanced immune responses 
in mice. Our data showed that Intron A and WPRE were 
helpful in enhancing the immune responses of adenovirus 
vector system expressing Cap protein, and they could work 
together both in vitro and in vivo. The results in our research 
highlight the possibility of decreasing the adverse effects of 
adenovirus vector on immune responses and increasing the 
potential value of adenovirus vector system against PCV2. 
Currently, the work to test the immunogenicity and protec-
tive efficacy of our modified recombinant adenoviruses in 
pigs is under way.
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