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Abstract 

Background:  Porcine circovirus type 2 (PCV2) virus-like particles (VLPs) are an effective vaccine against post-weaning 
multisystemic wasting syndrome. Burst sequence (BS) and the chicken 5′-HS4 β-globin (HS4) insulator were used to 
improve the production of PCV2 VLPs in insect cells.

Results:   BS was used to modify the polyhedron (polh) promoter, and the chicken HS4 insulator was inserted down-
stream of the target gene expression cassette. This enhanced effect was detected by EGFP, a generally used protein 
as reporter. The transcription-level analysis demonstrated that the double BS and the chicken HS4 insulator improved 
the transcription levels of the target genes. At the same time, the two regulatory elements also improved the PCV2 
VLPs’ expression. PCV2 VLPs’ expression levels increased by 14 and 24 % at 72 h p.i.  Further research observed an addi-
tive effect when the double BS and the chicken HS4 insulator simultaneously acted on the expression of PCV2 VLPs, 
with the PCV2 VLPs’ expression level increasing by 35 % at 72 h p.i.

Conclusions:   BS and HS4 insulator can be used to improve the production of PCV2 VLPs in insect cells.

Keywords:  Porcine circovirus type 2, Virus-like particles, HS4 insulator, Burst sequence, Baculovirus infection, 
Recombinant protein production
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Background
Porcine circovirus type 2, a member of the Circoviridae 
family, is a small, icosahedral, non-enveloped, single-
stranded circovirus DNA virus (size  ~17  nm) (Tischer 
et  al. 1982). The PCV2 genome is dominated by two 
open reading frames (ORFs). ORF1 encodes the viral 
replication (Rep) protein, and ORF2 codes the 233- or 
234-amino acid capsid (Cap) protein. The Cap protein 
is a major immunogen of PCV2. PCV2 is the primary 
causative agent of a group of diseases called porcine cir-
covirus disease (PCVD) in swine. The most relevant dis-
eases of PCVD are post-weaning multisystemic wasting 
syndrome (PMWS), porcine dermatitis and nephropathy 
syndrome (PDNS), and reproductive failure. Of these, 
PMWS has a serious economic impact on the world 
swine industry (Harding et  al. 1998; Chae 2005; Segalés 

et al. 2005). PMWS often occurs in 5–12 weeks weaned 
piglets. Symptoms include wasting, dyspnea, visibly 
enlarged lymph nodes, and jaundice (Ellis et  al. 1998; 
Harding 1996). PCV2 is a stable virus and has a strong 
tolerance for common detergents and disinfectants, mak-
ing environments contaminated with PCV2 difficult to 
clean.

To control the PMWS epidemic in swine, efforts have 
been made to develop vaccines against PCV2. In recent 
years, an inactivated PCV2 vaccine in post-weaning pig-
lets has shown clinical efficacy (Pogranichniy et al. 2004) 
and is commercially available. The experimental PCV2 
vaccine prototypes include recombinant DNA vaccines 
and subunit vaccines, which are based on the PCV2 
ORF2 gene. Related reports show that protection induced 
by the baculovirus-expressed Cap protein is better than 
that induced by the DNA vaccine. The former completely 
inhibits PCV2 replication (Blanchard et  al. 2003), pre-
venting viremia and effectively reducing the amount of 
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pig fecal and nasal virus. In addition, it also stimulates 
the production of PCV2-specific neutralizing antibodies.

The baculovirus expression vector system (BEVS) has 
become a popular platform for protein expression. The 
Autographa californica multiple nucleopolyhedrovirus 
(AcMNPV) is commonly used. However, heterologous 
proteins are less highly expressed in BEVS than the wild-
type AcMNPV polh protein (Sano et al. 2002). Many efforts 
have been made to improve the expression of heterologous 
genes in the BEVS. Experiments show that introducing the 
cis elements to baculovirus genome is an effective way.

VLP is composed of one or more structure proteins of 
a virus, has not viral nucleic acid, and has a similar mor-
phology with the authentic virus. VLP is a specific class of 
vaccine. The VLP vaccine has many advantages, such as 
displaying antigenic epitopes in the correct conformation 
in a highly repetitive manner and eliciting both humoral 
and cell-mediated immune responses even with no 
requirement of adjuvant for vaccine (Grgacic and Ander-
son 2006; Chackerian 2007; Liu et  al. 2012). Currently, 
Some VLP vaccines are licensed, and many others are in 
clinical development. GSK’s Engerix® (hepatitis B virus, 
HBV) and Cervarix® (human papillomavirus, HPV) and 
Merck’s Recombivax HB® (HBV) and Co., Inc.’s Gar-
dasil® (HPV) are widely used VLP vaccines in the market 
(Kushnir et al. 2012). Recombinant protein systems used 
for the production of VLP vaccines include Escherichia 
coli (E. coli), yeast, insect, mammalian, plant cell systems, 
and cell-free systems (Kushnir et al. 2012; Noad and Roy 
2003). Among these expression systems, the insect cell-
based expression system has been widely used for VLP 
production (Noad and Roy 2003; Yamaji 2014; Fernandes 
et al. 2013). Several VLP vaccines produced using insect 
cells, of which, human papillomavirus-like particle vac-
cine (Cervarix) has achieved industrial-scale manufac-
ture (Cox 2012; Schiller et al. 2012).

Many studies have demonstrated that the PCV2 Cap 
protein has antigenic properties and can spontane-
ously assemble into VLPs when the PCV2 Cap protein 
is expressed in insect cells (Nawagitgul et  al. 2000; Liu 
et  al. 2008; Fan et  al. 2007). Although the PCV2 VLP 
vaccine is available, because of the possible reason of the 
low expression of PCV2 VLPs, commercial promotion 
of the vaccine is not widespread. Establishing effective 
regulatory strategies to improve vaccine production has 
become an important research topic. Currently, PCV2 
VLPs’ expression in BEVS has been improved by adding 
P10UTR/Syn21 and TB expression cassette (Liu et  al. 
2015; López-vidal et al. 2015). Two regulatory elements 
were used in this study. The burst sequence, approxi-
mately 50  bp long, is located between TAAG and the 
translation initiation site and is required for the burst 
of expression from the polh promoter. Studies on the 

different numbers of BSs in the polh promoter showed 
that a double BS in the polh promoter is optimal for 
insect cells, and increasing the number of BSs weakens 
the polh promoter in AcMNPV (Manohar et  al. 2010). 
The exact reason of increasing heterologous protein 
activity in response to a moderate raise in the number 
of the BS may be increased transcriptional efficiency 
(Manohar et al. 2010). The other element is the chicken 
5′-HS4 β-globin insulator, approximately 1.2  kbp long. 
The chicken HS4 insulator improves the target gene 
expression by increasing the sensitivity of neighboring 
DNA to DNaseI when it is placed downstream of the 
polh promoter-directed foreign gene expression cassette 
in AcMNPV (Wang et  al. 2009). In this study, we first 
identified that the two regulatory elements increased 
the EGFP protein expression level in the BEVS. Next, we 
studied the expression and regulation of the two regula-
tory elements for the PCV2 VLPs in the BEVS. Moreo-
ver, the two regulatory elements were combined and 
applied in the BEVS, thereby improving the expression 
level of PCV2 VLPs.

Methods
Plasmids, media, insect cells cultivation, and virus
pFastbachtb vector and E. coli DH10Bac were purchased 
from Invitrogen (USA). pMD-HS4, including the HS4 
insulator, was a gift from Dr. Zhong, FuDan University. 
pMD-EGFP and pMD-Cap are kept in the laboratory. 
The Spodopterafrugiperda cell line (Sf9) was used to 
propagate baculoviruses and express the protein of inter-
est. Sf9 cells were suspension cultured in Sf900 II media 
(Invitrogen, USA) at 27  °C. Sf9 cells were routinely sub-
cultured according to 1 ×  106  cells/ml. In addition, Sf9 
cells were infected at a density of 2 ×  106  cells/ml. The 
recombinant viral stocks were collected by centrifug-
ing the infected Sf9 cells suspension at 500  g for 5  min 
to remove cells and large debris. All virus used for infec-
tion were at the second passage (P2). Virus titers were 
determined according to the end-point dilution protocol 
(O’Reilly et al. 1994).

Modification of pFastbachtb vector
The BS was included in the polh promoter. It was 
amplified from AcMNPV by PCR with primers BS-F 
(5′-AATCCGCGG(AaaI)CCGGGAAGCCGATC-3′) 
and BS-R(CGCGGTCCG(CpoI)AGATCCGCGCCCGA 
ATATTTATAGGTTTTTTTATTACAAAACTGTTACGA 
AAACAGTGGTGGGACGGTATGAATAA). The italic 
sequence of BS-R indicates the region of the polh pro-
moter that includes the BS. The amplified sequence was 
introduced into the AaaI and CpoI restriction sites of 
pFastbachtb to generate the plasmid pFa-2BS. An experi-
mental flow chart is shown in Fig. 1.
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The chicken HS4 insulator sequence was amplified 
from pMD-HS4 with primers HSF (5′-TACCTAGG(BlnI)
GAGCTCACGGGGACAGC-3′) and HSR (5′-GACCT 
AGG(BlnI)AATATTCTCACTGACTC). The chicken HS4 
insulator was inserted into the BlnI site of pFastbachtb. 
We named the modified plasmids with the HS4 insulator 
sequence inserted in the same or opposite direction with 
the polh promoter as pFa-HS4 and pFa-HS4−, respectively.

Construction of recombinant AcMNPV
The EGFP (720  bp) gene amplified from pMD-EGFP 
and the cloning vectors were digested with BamHI and 
SalI. The EGFP gene was inserted into pFastbachtb and 
the constructed vector described above to generate the 
donor plasmids, such as pFa-EGFP, pFa-BS-EGFP, pFa-
EGFP-HS4, and pFa-EGFP-HS4−. The structures of the 
donor plasmids are shown in Fig.  2. In the same way, 
the PCV2 ORF2 (702  bp) gene amplified from pMD-
Cap. The donor plasmids, such as pFa-Cap, pFa-BS-Cap, 

pFa-Cap-HS4, and pFa-Cap-HS4−, were generated by 
inserting the amplified PCV2 ORF2 gene into pFast-
bachtb, pFa-BS, and pFa-HS4. The plasmid pFa-BS-
Cap-HS4 was constructed on the basis of pFa-Cap-HS4. 
Recombinant baculoviruses, such as AcEGFP, AcBSEGFP, 
AcEGFP-HS4, AcEGFP-HS4− and AcCap, AcBSCap, 
AcCap-HS4, AcCap-HS4−, and AcBSCap-HS4, were 
constructed using the Bac-to-Bac™ system (Invitrogen, 
USA) following the manufacturer’s protocol. At the same 
time, AcBlank was constructed using pFastbachtb as the 
donor, which was used as the blank control in this study.

Detection of EGFP protein
The Sf9 cells used in this work were healthy, with greater 
than 95  % viability. AcBlank, AcEGFP, AcBSEGFP, 
AcEGFP-HS4, and AcEGFP-HS4− infected the Sf9 cells at 
a multiplicity of infection (MOI) of 1. The supernatant of 
the infected Sf9 cells was collected at 72 h p.i. by centrifu-
gation at 1000g. The infected cells were re-suspended in 
phosphate buffer saline (PBS) according to 2 × 105 cells/
ml, and 100 μl cell suspension was added into a well of a 
96-well black plate. The fluorescence intensity was meas-
ured by the multi-functional microplate reader using 485 
and 535 nm as the wavelength of excitation and emana-
tion, respectively.

Immunoblot
AcCap-infected Sf9 cells were collected at 48  h p.i. The 
total protein from approximately 1 ×  104 cells was sep-
arated through 12  % SDS-PAGE and transferred onto a 
polyvinylidene fluoride (PVDF) membrane (Millipore 
Corporation, USA) at 300  mA for 90  min. The mem-
branes were blocked with 5 % skim milk powder in PBST 
(PBS added 0.05 % Tween20), incubated with mouse anti-
PCV2 Cap monoclonal antibody (Jiamay, CHN), and 
detected with HRP-conjugated goat anti-mouse (TIAN-
GEN, Ger.).

Fig. 1  Construction of pFa-2BS. The fragment with one BS and 
polh was amplified from AcMNPV by BS-F (AaaI) and BS-R (CpoI). 
pFastbachtb and the fragment were digested and then ligated. The 
resulting plasmid containing two BSs was named pFa-2BS

Fig. 2  Construction of pFa-EGFP, pFa-BS-EGFP, pFa-EGFP-HS4, and pFa-EGFP-HS4−
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Transmission electron microscopy
To determine the ability of the PCV2 Cap protein 
expressed in insect cells to form VLPs, AcCap, AcBSCap, 
AcCap-HS4, AcCap-HS4−, and AcBSCap-HS4-infected 
insect cells were lysed by an ultrasonic processor with 
a power of 200 w and centrifuged at 12,000g for 30 min. 
The supernatant was then collected. First, the supernatant 
samples were placed on top of 40 % sucrose in PBS and 
centrifuged at 270,000g for 6  h. The pellets were re-sus-
pended in PBS for further purification (Fan et  al. 2007). 
Then, the re-suspended solution was laid on top of 60 % 
sucrose in PBS for another centrifugation according to the 
above condition. Finally, the pellet was dissolved in PBS 
for observation with transmission electron microscopy.

Partially purified PCV2 Cap protein was added onto 
copper grids for 2.5 min at room temperature. Then, the 
grids were stained with 3 % phosphotungstic acid (PTA) 
for 2.5 min (Yin et al. 2010) and viewed using JEM1400.

Transcriptional analysis
AcEGFP, AcBSEGFP, and AcEGFP-HS4-infected Sf9 cells 
were collected at 48  h p.i. Total RNA was isolated from 
virus-infected Sf9 cells by TRIzol (Life Technology, USA), 
a commercially available mixture of organic solvents. The 
detailed extraction steps followed the manufacturer’s pro-
tocol. Primary complementary DNA (cDNA) was syn-
thesized with RevertAid First Strand cDNA Synthesis Kit 
(Thermo Scientific, USA). Quantitative real-time PCR 
was performed using the 2×  SYBR Select Master Mix 
(Life Technologies, USA). The reaction volume was 25 µl, 
including 1  µl cDNA, 0.75  µl 10  mM each forward and 
reverse primers, 12.5 µl SYBR Select Master Mix, and 10 µl 
ddH2O. The real-time PCR protocol consisted of the ini-
tial denaturation at 95 °C for 2 min, followed by 40 cycles: 
95  °C for 15 s, 60  °C for 1 min. The forward and reverse 
primers of the EGFP were designed by the Primer Premier 
5.0 software. The sequences of the primers are as follows:

GF: 5′-AGGAGCGCACCATCTTCTTC-3′.
GR: 5′- TGCCGTTCTTCTGCTTGTCG-3′.
To determine the relative transcriptional level of the 

EGFP, real-time PCR data were analyzed by the 2−△△Ct 
method (Schmittgen and Livak 2008) using β-actin as 
a reference gene for normalization. The forward and 
reverse primers of the β-actin gene were as follows:

Actin-F: GAAATCGTTCGTGACATCAAGGAG.
Actin-R: CAAGAAGGAAGGCTGGAAGAGG.
The expected PCR product sizes were 201 and 183 bp 

in length for EGFP and actin gene, respectively.

Expression and detection of PCV2 Cap protein in insect 
cells
To investigate the enhanced effect of double BS and 
HS4 insulator on the PCV2 Cap protein, Sf9 cells were 

infected with AcBlank, AcCap, AcBSCap,AcCap-
HS4,AcCap-HS4−, and AcBSCap-HS4 at MOI =  1. The 
infected Sf9 cells were collected at 72 h p.i. by centrifu-
gation at 1000g. Then, the pellets were re-suspended in 
lysis buffer (PBS containing 1 mM PMSF) at a concentra-
tion of 1 ×  107  cells/ml. The protein was released from 
Sf9 cells by ultrasonic processor with a power of 200  w 
followed by centrifugation at 12,000 g for 15  min. The 
supernatant was collected for further quantitative analy-
sis by direct ELISA.

The purified PCV2 Cap protein was purchased from 
Zhejiang Tongdian Biological Technology Co., Ltd, 
as the standard substance for the standard curve. The 
wells of the ELISA plate were coated with 1000, 500, 
250, 125, 62.5, and 31.25 ng/ml (100 µl/well) standard 
substance diluted in coating buffer and then incubated 
overnight at 4 °C. After washing three times with PBST, 
5  % skim milk in PBS was added to the wells (200  µl/
well) and incubated for 1  h at 37  °C. After washing 
three times, 100  µl/well of 1:2000 diluted mouse anti-
PCV2 Cap monoclonal antibody (MAb) was added to 
the plates and incubated for 1 h at 37 °C. After washing 
three times, HRP-conjugated goat anti-mouse antibody 
was diluted 2000 times, added to the wells (100  µl/
well), and incubated for 1 h at 37 °C. After washing four 
times, TMB solution was added to the plates (100  µl/
well) for color development. The plates were incubated 
for 15 min at 37 °C. The reaction was ended by adding 
2 M sulfuric acid (100 µl/well). The absorbance values 
were then read at 450 nm with a microplate reader.

Statistical analysis
The significant differences between viruses were analyzed 
with triplicate experiments by SPSS19.0 Statistics. Stu-
dent’s t test was used to evaluate comparisons of means. 
Data were shown as mean ± standard deviation (SD). A p 
value less than 0.05 was considered significant.

Results
Effects of the double BS and the chicken HS4 insulator 
on EGFP protein expression
Fluorescence can be observed by fluorescence micro-
scope in all samples expect AcBlank-infected cells, indi-
cating that AcBlank cannot express EGFP protein. The 
fluorescence intensity of AcEGFP, AcBSEGFP, AcEGFP-
HS4, and AcEGFP-HS4−-infected Sf9 cells is shown 
in Fig.  3a. With AcEGFP-infected cells as the control, 
the EGFP expression in AcBSEGFP and AcEGFP-HS4 
increased by 24 and 32 %, respectively. The fluorescence 
intensity in AcEGFP-HS4− had no significant change. 
Comparing EGFP mRNA from different recombinant 
virus-infected cells, the mRNA levels in AcBSEGFP and 
AcEGFP-HS4 increased by 31 and 71  %, respectively, 



Page 5 of 8Li et al. Bioresour. Bioprocess.  (2016) 3:37 

compared to AcEGFP (Fig.  3b). These results indicated 
that the increased EGFP transcriptional level was the 
main reason for the increased EGFP protein expression 
level.

In mammalian cells, β-actin gene is the commonly used 
reference gene. However, in BEVS, Baculovirus infection 
can selectively affect the expression of host cell genes 
(Rohrmann 2011). The possible reason is that viral fac-
tor can induce the host cells apoptosis in the late phase 
of viral infection. We chose 48  h p.i to detect the tran-
scription level to avoid the inferior cell viability. In this 
experiment, the EGFP protein expression reached the 
maximum value at 72 h. p.i (data not shown). The protein 
expression level was detected at 72 h p.i to compare the 
maximum yield of EGFP.

Effects of the double BS and the chicken HS4 insulator 
on PCV2 VLPs’ expression
The Sf9 cells were infected with recombinant virus 
AcCap. PCV2 Cap protein expression was detected by 
Western blot (Fig. 4a). The results showed that a 28 kDa 
band corresponding to the PCV2 Cap protein was pre-
sent only in the AcCap-infected Sf9 cells and not in the 
AcBlank-infected and non-infected Sf9 cells. This indi-
cated that the PCV2 Cap protein expressed by recom-
binant virus AcCap had the correct size and could be 
recognized by anti-Cap monoclonal antibody. To verify 
the correct assembly of PCV2 VLPs, transmission elec-
tron microscopy was used to observe the purified sam-
ples (Fig. 4b). The PCV2 VLPs were observed with similar 
morphology to the wild PCV2 particles. The diameter of 
PCV2 VLPs was approximately 17 nm.

We established the direct ELISA to quantify the PCV2 
Cap protein in this study. The method was used to deter-
mine the expression level of PCV2 Cap protein at 72  h 
p.i. in Sf9 cells infected by AcCap, AcBSCap, AcCap-HS4, 
and AcCap-HS4−. The results showed that the expression 

Fig. 3  Effect of BS and HS4 insulator on EGFP expression and the 
relative transcriptional analysis. a Fluorescence intensity of AcEGFP, 
AcBSEGFP, AcEGFP-HS4, and AcEGFP-HS4−-infected Sf9 cells 72 h p.i. 
b Transcription of EGFP mRNA in AcEGFP, AcBSEGFP, and AcEGFP-
HS4-infected cells 48 h p.i. Error bars denote standard deviation 
(n = 3). Asterisks indicate a significant difference between viruses 
(*p < 0.05; **p < 0.01)

Fig. 4  PCV2 VLPs expressed in Sf9 cells. a Western blotting analysis of 
the PCV2 Cap protein expressed in insect cells. b Electron micro-
graphs of recombinant VLPs



Page 6 of 8Li et al. Bioresour. Bioprocess.  (2016) 3:37 

levels of PCV2 Cap protein in AcBSCap, AcCap-HS4, 
and AcCap-HS4− were 554, 605, and 464  µg/107 cells, 
respectively (Fig. 5). When AcCap was used as the con-
trol, AcBSCap increased by 14 %, AcCap-HS4 increased 
by 24 %, and AcCap-HS4− reduced slightly.

The production of EGFP and Cap was increased by 
polh with double BS in Sf9 cells. However, the degree of 
foreign protein increase is lower than Manohar’s report. 
The discrepancy may be due to the difference of insect 
cells and exogenous genes or to some uncharacterized 
factors. EGFP and Cap expression were improved when 
the chicken HS4 insulator sequence located in the down-
stream of the foreign gene expression cassette in AcM-
NPV. However, the results were significant ambiguity 
about the orientation of the chicken HS4 insulator in the 
BEVS. In our research, the recombinant virus AcEGFP-
HS4 with the chicken HS4 insulator in the same orien-
tation increased EGFP and Cap expression. HS4 in the 
opposite orientation had no positive effect on EGFP and 
Cap expression, which were even slightly reduced. This 
result is opposite of the finding of Wang et al.

The effect on PCV2 VLPs’ expression of combining the 
double BS and the chicken HS4 insulator
The double BS and the chicken HS4 insulator both 
improved the EGFP and PCV2 VLP expression. We, 
therefore, constructed recombinant baculoviruses AcB-
SCap-HS4 to investigate the interaction between the 
chicken HS4 insulator and the double BS in the BEVS. 
The results showed that the PCV2 VLPs’ expression level 
significantly increased to 659  µg/107 cells, an approxi-
mately 35 % increase over the control (Fig. 5). This result 
confirmed that the two regulatory elements could work 
together without interference to improve the expression 
level of PCV2 VLPs.

Discussion
As a potential vaccine candidate, VLP vaccines have 
many advantages, such as remarkable immunogenicity, 
safety, steady, and presentation of foreign antigens (Crisci 
et al. 2012). With the VLPs to be a potential vaccine, they 
need a suitable expression system to produce. BEVS is 
a common platform for foreign protein expression. A 
prominent characteristic of this expression system is the 
expression of viral structural proteins that can spontane-
ously form VLPs. BEVS for VLP vaccine production has 
many advantages. First, insect cells can be high-density 
suspension culture, and easily scale up. Second, baculo-
virus has a narrow host range, and is easily inactivated 
by chemical reagent. Finally, insect cell culture process 
greatly reduces the risk of culturing opportunistic patho-
gens (Liu et  al. 2013). With the baculovirus preparation 
process becoming more convenient, researchers will 
focus on improving the expression levels of exogenous 
proteins by changing the baculovirus genome. Regulatory 
elements are increasingly studied, including the lobster 
tropomyosin cDNA sequence of L21 (Sano et  al. 2002), 
the BS (Manohar et  al. 2010), the chicken HS4 insula-
tor sequence (Wang et  al. 2009), and the hr1 sequence 
(Pikaart et al. 1998). At the same time, VLPs’ expression 
and regulation through regulatory elements have become 
an important research topic.

The BS and chicken HS4 insulator were used in this 
study for the production of PCV2 VLPs. The BS is the 
A/T rich sequence of the very late promoter (Venkaiah 
et  al. 2004). Mutations in BS reduce protein expression 
by two- to 20-fold and lower both the RNA level and the 
rate of transcription initiation from the promoter (Ooi 
et al. 1989). The chicken HS4 insulator is one of the first 
identified and best-studied elements in mammalian cell 
lines. When the chicken HS4 insulator was integrated 
into an expression vector surrounded by a reporter gene, 
the protein was expressed steadily over time, but there 
was only modest increase of protein expression in CHO-
K1 cells (Pikaart et al. 1998; Izumi and Gilbert 1999). In 
recent years with the development of BEVS, the chicken 
HS4 insulator sequence was used in the BEVS to improve 
protein expression. The results showed that the reporter 
protein had an obvious increase when this element was 
integrated downstream of the polh promoter (Wang et al. 
2009).

This study verified that the double BS and the chicken 
HS4 insulator effectively improved the expression level of 
EGFP protein in Sf9 cells. The transcription-level analysis 
found that both regulatory elements improved the tran-
scription level of the target gene. The improvement of the 
EGFP transcriptional level may be the main reason for 
the improvement of the EGFP protein expression level. 
The results show that the two regulatory elements could 

Fig. 5  Effect of BS and HS4 insulator on PCV2 Cap protein expression. 
Error bars denote standard deviation (n = 3). Double asterisks indicate 
a statistically significant difference (**p < 0.01)
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also effectively improve the expression of PCV2 VLPs 
in Sf9 cells. In this study, EGFP as a report protein has a 
similar size with PCV2 Cap protein. Using the double BS 
to modify the polh promoter, the PCV2 VLPs’ expression 
levels increased by 14 %. In addition, when HS4 insulator 
was used, the PCV2 VLPs’ expression levels increased by 
24 %. Further research found an additive effect when the 
double BS and the chicken HS4 insulator combination 
acted on the expression of PCV2 VLPs. Here, the PCV2 
VLPs’ expression level increased by 35  %. However, 
there was significant ambiguity about the orientation of 
the chicken HS4 insulator in the BEVS. In our research, 
the recombinant virus AcEGFP-HS4 with the chicken 
HS4 insulator in the same orientation increased EGFP 
expression. HS4 in the opposite orientation had no posi-
tive effect on EGFP expression, which was even slightly 
reduced. This result is opposite of the finding of Wang 
et al. (2009).

Overall, this study confirmed the regulatory role of the 
double BS, the chicken HS4 insulator, and the combina-
tion of both in promoting the expression of PCV2 VLPs 
in the BEVS. This finding provides a guideline not only 
for improving the yield of VLPs but also provides an 
effective means for the wide application of PCV2 VLP 
vaccine.

Conclusions
We first established the direct ELISA to quantify the 
PCV2 VLPs. The results showed that the PCV2 VLPs’ 
expression level significantly increased to 659  µg/107 
cells, an approximately 35  % increase over the control, 
when both the cis elements were combined in AcMNPV. 
This finding provides a guideline not only for improving 
the yield of VLPs, but also provides an effective means for 
the wide application of PCV2 VLP vaccine.
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