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摘  要 : 针对 HBV 感染的治疗性 DNA 疫苗虽然具有很好的应用前景，但目前抗病毒效果并不高，表明在病

毒长期感染过程中存在免疫抑制机制。以 HBV 的表面蛋白(HBsAg)和核心蛋白(HBcAg)为 DNA 疫苗抗原，采

用 gp96 和 HSP70 作为佐剂联合电转以提高疫苗的活性。将 gp96 为佐剂的 HBsAg/HBcAg DNA 疫苗免疫 HBV

转基因鼠后引发抗原特异性的细胞免疫和体液免疫应答。使用 gp96 和 HSP70 佐剂引起 Treg 下调 20%。与没

有免疫的小鼠相比，以 gp96 和 HSP70 为佐剂的 DNA 疫苗显著降低血清中病毒 S 抗原水平和 DNA 拷贝数，

大幅降低小鼠肝脏中 HBc 的表达。该研究为设计以 gp96 为佐剂的乙肝治疗性 DNA 疫苗提供了依据。 
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Abstract:  Although DNA vaccination is now a promising strategy against hepatitis B virus (HBV) infection, this approach has 
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relatively modest antiviral effect, indicating that immunosuppressive mechanisms may occur in the long-term established 

infection. In this study, we studied the immunogenicity and anti-HBV efficiency of a combination of HBV surface (HBsAg) and 

core (HBcAg) DNA vaccine, enhanced by heat shock protein (HSP) gp96 or HSP70 and mediated by in vivo electroporation. 

Immunization with gp96 adjuvanted HBsAg/HBcAg DNA formulation induced potent T cell and antibody immunity against 

HBsAg and HBcAg. Notably, treatment with gp96 or HSP70 as adjuvant resulted in reduction of Treg populations by around 

20%. Moreover, compared with nonimmunized control mice, immunization with gp96 or HSP70 adjuvanted DNA vaccine 

dramatically decreased serum HBsAg and viral DNA levels, and HBcAg expression in liver. These results may therefore provide 

an effective strategy for designing gp96-based DNA vaccine for immunotherapy of chronic HBV infection. 

Keywords:  gp96, HSP70, HBV DNA vaccine, immunotherapy 

About 350 million people worldwide are 

chronically infected with hepatitis B virus (HBV)[1]. 

Chronic HBV infection is a serious global health 

problem as it is a major cause of chronic hepatitis, 

liver cirrhosis, and hepatocellular carcinoma 

(HCC)[2]. HBV persistence in chronic hepatitis B 

(CHB) is associated with a weak or undetectable 

antiviral immune response, especially the 

HBV-specific T cell responses[3-5]. Several molecular 

mechanisms have been shown to be involved in T 

cell impairment, tolerance and exhaustion in CHB, 

including upregulation of co-inhibitory molecule 

programmed death (PD)-1, the cytotoxic T 

lymphocyte antigen-4 (CTLA-4) or proapoptotic 

protein Bcl2-interacting mediator (Bim) on viral 

specific CD8+ T cells[6-8], and enhanced activities of 

regulatory T cells (Tregs) and the tolerogenic nature 

of the liver microenvironment in liver[9]. Tregs are a 

subset of CD4+ T cells with high expression of 

IL-2R α chain (CD25) and the forkhead/winged 

helix transcription factor (Foxp3). They suppress 

viral specific T cell responses and play an important 

role in inducing immune tolerance to HBV[10-12]. 

Most of the therapeutic HBV vaccines have 

been designed to stimulate or generate HBV-specific 

T cells, or target inhibitory signals on exhausted T 

cells[13-15]. In addition, strong Th1- or Th2-inducing 

adjuvants might substantially increase the efficiency 

of therapeutic vaccination[16-21]. HBV DNA vaccines 

encoding envelope proteins (preS1/S2/S) or other 

viral proteins including core, polymerase and X 

protein, in combination with antiviral therapy 

lamivudine to reduce HBV load, have been initiated 

in clinical trials for treatment of CHB[22-26]. Despite 

their safety and immunological effectiveness, the 

anti-HBV effect has been relatively modest in these 

clinical trials, indicating that immunosuppressive 

mechanisms may enter to play in the long-term 

established infection. 

Heat shock proteins (HSPs), including HSP70 

and gp96, have the ability to bind with antigenic 

peptides, and activate specific CD8+ and CD4+ T 

cells by presentation of bound peptides to MHC 

class I and class II molecules[27-30]. In our current 

study we choose the main HBV structure proteins 

core (HBcAg) and surface (HBsAg) protein as the 

target antigens, along with gp96 or HSP70 as 

adjuvant to analyze and compare HBV-specific 

T-cell responses and antiviral effects in HBV 

transgenic mice. The results could provide a 

promising and cost-effective approach for the 

development of HSP-based therapeutic DNA 

vaccines against HBV infection.  

 
1  Materials and methods 

    
1.1  Plasmid DNA constructs and analysis of gene 

expression 

The human gp96, HBs and HBc gene were 

inserted into a mammalian expression vector 
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pcDNA3.1, and designated as pcDNA3.1-gp96, 

pcDNA3.1-HBs and pcDNA3.1-HBc, respectively. 

pCMV-HSP70 (provided by Ye Xin, Institute of 

Microbiology, Chinese Academy of Sciences) was 

taken as the template to amplify the HSP70 sequence, 

and HSP70 gene was inserted into pcDNA3.1 and 

designated as pcDNA3.1-HSP70. All constructs 

were confirmed by enzyme digestion and DNA 

sequencing. Plasmids were expanded in Escherichia 

coli and purified using Plasmid Maxprep Kit 

(Vigorous Biotechnology, Beijing, China). 

The expressions of pcDNA3.1-gp96 and 

pcDNA3.1-HSP70 were verified by western blotting 

analysis of gp96 and HSP70 in transfected Chang 

liver cells. The expressions of pcDNA3.1-HBs and 

pcDNA3.1-HBc were verified by ELISA in 

transfected Chang liver cells. 

1.2  Mice immunization 

Female HBV transgenic Balb/c mice (6–8 

weeks old) were purchased from Transgenic 

Engineering Lab, Infectious Disease Center, 

Guangzhou, China. The HBV transgenic Balb/c mice 

were generated with a viral DNA construct pHBV 

1.3, containing 1.3 copies of the HBV genome 

(genotype D). All transgenic mice were detected 

positive for serum HBsAg and virus DNA, and 

HBcAg in hepatocytes in liver. These animals have 

normal serum alanine aminotransferase (ALT) levels. 

The mice were allocated into four groups, and each 

group contained at least five transgenic mice. The 

mice were injected with 20 µg of plasmid 

pcDNA3.1-HBs and pcDNA3.1-HBc with or without 

pcDNA3.1-gp96 and pcDNA3.1-HSP70 as adjuvant 

in 100 µL PBS in the tibialis anterior muscle of the 

hind leg. Mice immunized with the empty vector 

pcDNA3.1 served as control. Immediately after 

DNA administration, a pair of electrodes 

(TERESA-EPT-I Drug Delivery Device, Shanghai 

Teresa Healthcare Sci-Tech Co., Ltd., Shanghai, 

China) was placed over the injection site. 

Electroporation was applied with six electric pulses 

at a voltage of 36 V. All injections were performed at 

weeks 1, 3 and 6, respectively. 

1.3  ELISAs 

Quantitation of mouse anti-HBs and anti-HBc 

antibody was performed by ELISA as previously 

described[31]. HBsAg level in serum was determined 

by commercial enzyme immunoassay kits (Shanghai 

Kehua Bio-engineering Co., Ltd. shanghai, China). 

1.4  IFN-γ enzyme-linked immunospot (ELISPOT) 

assay 

HBV transgenic mice were sacrificed two 

weeks after the third immunization. Splenocytes and 

liver-infiltrating lymphocytes were harvested from 

individual mouse. ELISPOT assay was performed as 

previously described[31]. In brief, 96-well PVDF 

plates were precoated with the coating antibody 

overnight at 4◦C. Purified splenocytes or 

liver-infiltrating lymphocytes (5×105 cells/well) and 

HBsAg or HBcAg, or control protein BSA as 

negative control, or PMA/ionomycin as positive 

control were added to the well in triplicate and 

incubated at 37 ◦C for 36 h. The spots were counted 

and analyzed with the ELISPOT Reader (Biosys, 

Germany). 

1.5  Flow cytometry 

Splenocytes were stained with various 

fluorochrome-conjugated antibodies against 

interested surface markers. FITC-conjugated 

anti-mouse CD4, APC-conjugated anti-mouse CD8, 

PerCP-Cy5.5-conjugated anti-mouse CD3 and 

PE-conjugated anti-mouse CD25 and CD69 were 

purchased from eBioscience. Foxp3 cytokine 

staining was performed using the CytoWx/Cytoperm 

kits (eBioscience). Samples were analyzed using 

FACSCalibur and CellQuest software (BD 

Biosciences) after staining. 

1.6  Immunohistochemistry 

The detection of HBcAg expression and CD8+ 

T cell infiltration in liver tissues was performed by 

immunohistochemical staining as previously 

described[31]. 
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1.7  Real-time quantitative PCR assay 

HBV DNA levels in serum and levels of HBV 

DNA replicative intermediates in hepatocytes were 

determined by Real-time quantitative PCR using the 

SYBR Green Premix reagent (TaKaRa Bio Inc., 

Shiga, Japan). HBV DNA levels in hepatocytes were 

normalized to those for the single copy PLAT 

gene[32]. 

1.8  Statistical analysis 

The results are presented as x ±s. Student’s 

t-test was used for comparison between groups.  
 

2  Results 
    

2.1  Immunization with plasmids expressing 

HBsAg, HBcAg and HSPs induces antigen-specific 

T cell responses in HBV transgenic mice 

Female HBV transgenic mice (6–8 weeks old) 

were immunized three times with HBsAg and 

HBcAg DNA constructs or the empty plasmid 

pcDNA3.1 as control through intramuscular 

injection plus electroporation, along with gp96 or 

HSP70 as adjuvant. Two weeks after the third 

immunization, fresh splenocytes were collected from 

mice and HBV-specific T cells were quantified by 

IFN-γELISPOT assay. A control protein BSA was 

used for evaluation of the background of ELISPOT. 

As seen in Fig. 1A, only very low level of HBs- and 

HBc-specific T cell responses was observed in 

control mice, indicating that the HBV transgenic 

mice are immunotolerant to HBV. Immunization 

with HBsAg and HBcAg induced 3-fold and 4.7-fold 

increase of HBs- and HBc-specific T cell levels in 

mice, respectively, compared to control. Moreover, 

compared to immunization with HBsAg/HBcAg 

alone, gp96 treatment significantly increased HBs- 

and HBc-specific T cell response (both P<0.05), 

while HSP70 treatment only significantly increased 

HBs-specific T cell level. 

As CD69 is one of the earliest activation marker 

expressed on the surface of T lymphocytes [33-34], we 

also measured the proportions of CD4+ and CD8+ T 

lymphocytes expressing CD69. Similar to the results 

in ELISPOT assay, significant difference in 

frequency of CD69+CD8+ (Fig. 1B) and 

CD69+CD4+ (Fig. 1C) T cells were observed 

between HBsAg/HBcAg immunized mice treated 

with and without gp96 (both P<0.05). 

Next, we examined HBV-specific T cells in 

liver. Liver infiltrating lymphocytes were isolated 

from liver tissues of HBV transgenic mice and 

analyzed by ELISPOT assay. Compared to control 

mice, immunization with HBsAg/HBcAg DNA 

effectively elicited antigen specific T cells in liver 

(1.6-fold increase in mice immunized with gp96 and 

HBsAg/HBcAg, and 1.4-fold increase in mice 

immunized with HSP70 and HBsAg/HBcAg), as 

seen in Fig. 1D. Notably, mice treated with gp96 as 

adjuvant exhibited a significant increase in 

antigen-specific T cells, compared to no treatment 

(P<0.05). 

In the meantime, CD8+ T cells in liver were 

detected by immunohistochemistry staining. As seen 

in Fig. 1E , immunization with gp96 adjuvanted 

DNA vaccine caused a dramatic increase in the 

number of liver infiltrating CD8+ T cells compared 

to HBsAg/HBcAg alone and control (both P<0.01). 

These data indicate that HBsAg/HBcAg DNA 

effectively induces HBV-specific T cell responses in 

HBV transgenic mice, and gp96 could greatly 

enhance the T-cell responses. 

2.2  Immunization with plasmids expressing 

HBsAg, HBcAg and HSPs induces humoral 

immune responses 

The levels of HBs- and HBc-specific IgG, IgG1 

and IgG2a antibodies were determined by ELISA. 

No anti-HBsAg antibody response was observed in 

all immunization groups compared to control   

(Fig. 2A), which is probably due to the pre-existence 

of large amount of HBsAg produced in HBV 

transgenic mice. However, DNA vaccination with 

HBs/HBc combined with gp96 or HSP70 significantly 
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Fig.1  T cell responses induced by DNA vaccination in HBV transgenic mice. Mice were immunized with DNA constructs of 
HBsAg/HBcAg, HBsAg/HBcAg+gp96, HBsAg/HBcAg+HSP70, or the empty vector pcDNA3.1 as a control at weeks 1, 3 and 6, 
respectively. Mice were sacrificed at week 8 and splenocytes and liver-infiltrating lymphocytes were collected. (A) IFN-γ Elispot 
assay. Splenocytes were stimulated with HBsAg or HBcAg, or BSA for background evaluation. (B, C) FACS analyses were 
performed to quantify CD69+CD8+ (B) and CD69+CD4+ (C) T cell populations of splenoctyes. (D) Liver-infiltrating 
lymphocytes were stimulated with HBsAg, HBcAg or BSA as negative control for background evaluation, and analyzed by Elispot 

assay. (E) Immunohistochemistry analysis of CD8+ T cell infiltration in liver. Data show x ±s of 5 mice. *P< 0.05, **P< 0.01 

compared with control. Data are representative of two independent experiments. 
 

enhanced production of total IgG and IgG2a against 

HBcAg, compared to control mice (P < 0.05 or 0.01) 

(Fig. 2B). In contrast, no significant difference of 

IgG1 levels was observed between HBs/HBc 

combined with gp96 or HSP70 DNA immunized 

mice and control mice. The results suggest that 

HSPs as adjuvant more likely induce Th1-type 

immune response against HBV. 

2.3  Immunization with HSPs as adjuvant 

downregulates CD4+CD25+Foxp3+ Treg cells in 

transgenic mice 

As CD4+CD25+Foxp3+ Treg cells inhibit both 

the induction and effector function of T cells and 

play an important role in host immune tolerance in 

HBV infection, we then determined if HSPs 

immunization could affect Tregs by FACS analysis 

(Fig. 3A). There were no significant differences in 

the proportions of Tregs in spleen between the 

control mice and mice immunized with 

HBsAg/HBcAg DNA alone (Fig. 3B). However, the 

percentage of Tregs decreased significantly in mice 

treated with gp96 or HSP70 compared to control 

(both P < 0.05). Vaccination with gp96 or HSP70 as 

adjuvant resulted in reduction of Treg populations by 
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21% or 20%, respectively. The result indicates that 

downregulation of Tregs by gp96 and HSP70 may 

contribute to their enhancement of HBsAg- and 

HBcAg-specific T cell responses. 
 

 
 

Fig.2  Humoral immune responses by DNA vaccination. HBs-specific (A) and HBc-specific (B) IgG, IgG1 and IgG2a antibodies 

titers were determined by ELISA in immunized HBV transgenic mice. Data show x ±s of five mice. *P<0.05, **P<0.01 

compared with control (pcDNA3.1). Data are representative of two independent experiments. 

 

 

 
Fig.3  HSPs immunization downregulates CD4+CD25+Foxp3+Treg cells. (A) Splenocytes from immunized HBV transgenic 

mice were stained with antibodies against CD3, CD4, CD25 and intracellular Foxp3 and analyzed by flow cytometric analysis. (B) 

Comparisons of the frequencies of CD4+CD25+Foxp3+Treg cells among mice immunized with different DNA formulations. Each 

group contained at least 5 mice. *P <0.05, **P <0.01 compared with control group (pcDNA3.1). These experiments were repeated 

three times with comparable results. 
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2.4  Vaccination with HSPs as adjuvant caused 

pronounced antiviral responses 

Serum HBsAg levels in HBV transgenic mice 

were detected weekly after the first immunization. 

As shown in Fig. 4A, the HBsAg levels began to 

decrease from week 6 in all immunized groups. Mice  

 

 
 

Fig.4  Inhibition of HBV replication by DNA vaccination in HBV transgenic mice. Mice were immunized for three times with 

HBsAg/HBcAg, HBsAg/HBcAg+gp96, HBsAg/HBcAg+HSP70, or the empty vector pcDNA3.1 as a control at weeks 1, 3 and 6, 

respectively. (A) Serum HBsAg levels were determined weekly after the first immunization by ELISA. * P <0.05 compared with 

HBsAg levels at week 1. (B, C) HBV DNA levels in the serum (B) and viral DNA intermediates in hepatocytes (C) were 

determined by real-time PCR at week 8. (D) Serum ALT levels were detected at the indicated times. (E) Immunohistochemistry 

analysis of HBcAg expression in liver at week 8. Data show x ±s for five mice. *P< 0.05, **P< 0.01 compared with control. The 

data are representative of two independent experiments. 
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treated with gp96- or HSP70-adjuvanted DNA 

vaccine displayed a decrease of around 30% in 

HBsAg levels at week 8 (P < 0.05), compared to 

HBsAg levels at week 1 before treatment. 

Interestingly, a moderate decrease of HBsAg levels 

was also observed in the control group at week 7. A 

possible interpretation is that moderate 

immunoactivation against HBV in mice may, partly, 

if not all, cause the HBsAg repression as the ALT 

levels began to rise at week 3 and peaked at week 5 

in control mice (Fig. 4D). HBV DNA concentrations 

in serum were detected by quantitative PCR at week 

8. Compared with control, immunization with 

HBsAg/HBcAg along with gp96 or HSP70 induced 

8-fold or 5-fold decrease in serum HBV DNA levels 

(Fig. 4B) and 2.1 fold or 2.8 fold reduction of HBV DNA 

intermediates in hepatocytes (all P < 0.01) (Fig. 4C). 

Meanwhile, the serum ALT levels in gp96- and 

HSP70-immunized mice peaked at week 5 and return 

to normal level at week 8 (Fig. 4D), suggesting that 

vaccination-induced immune responses caused 

transient liver damage. 

We further detected the HBcAg expression in 

mice liver by immunohistochemistry (Fig. 4E). 

Consistent with the results of viral DNA levels, 

HBcAg expression in liver of gp96 or HSP70 

immunized mice was decreased by 4.7-fold or 

2.8-fold, respectively, compared to control mice. 

Taken together, immunization with HSP-based DNA 

vaccine could greatly inhibit HBV replication and 

lead to viral clearance. 

3  Discussion 

In this study, we investigated the efficiency of 

the therapeutic HBV DNA vaccines of combined 

HBsAg and HBcAg formulation along with HSPs as 

adjuvant by electroporation. Vaccination with gp96- 

or HSP70-based vaccine initiated potent cellular and 

antibody responses towards HBsAg and HBcAg in 

HBV transgenic mice. Notably, a marked decrease of 

Tregs was observed under co-administration of gp96 

or HSP70, indicating the novel immunomodulatory 

property of HSPs in breaking immune tolerance. 

Compared with nonimmunized transgenic mice, 

immunization with gp96 or HSP70 adjuvanted DNA 

vaccine dramatically reduced serum HBsAg and 

viral DNA levels, and HBcAg expression in liver. 

The current work may therefore help to elucidate the 

T cell activation mechanism of HSPs, and to design 

HSPs-based therapeutic HBV DNA vaccines against 

HBV infection. 

Electroporation has been shown to enhance 

DNA uptake in tissues and increase the 

immunological potency of DNA vaccines[35-37]. Our 

previous study showed that gp96 adjuvanted protein 

vaccine is able to potentiate anti-HBV humoral and 

T cell responses, however, the DNA vaccine is not as 

effective[31]. In this study, we assessed of using 

electroporation as an effective strategy for 

improving DNA vaccine-induced viral specific 

cellular immunity and anti-HBV efficiency in HBV 

transgenic mice. Our results demonstrated that 

electroporation treatment of HSP-based DNA 

vaccine produced high antigen-specific cellular and 

antibody immune responses, which provides a 

rationale to enhance immunogenicity of HBV DNA 

vaccine. 

Co-administration with adjuvant molecules is 

an effective approach to increase the 

immunogenicity of HBV DNA vaccines. The use of 

potent Th1-inducing adjuvants, including Fms-like 

tyrosine kinase 3 ligand[16], cationic liposomes and 

non-coding DNA complexes[17,19], CpG-enriched 

plasmids[18], and Levamisole[21], has been shown to 

induce robust humoral and cellular immune 

responses against HBV. Our previous study showed 

that immunization with HSP70 or gp96 as adjuvant 

could induce significant increase of T-cell and 

antibody immunity in BALB/c mice[38]. In this study 

we further investigated the ability of gp96 and 

HSP70 to initiate anti-HBV immune responses and 

viral inhibition in HBV transgenic mice which are 



徐亚星 等/电转联合热休克蛋白佐剂疫苗引发抗 HBV 的免疫应答 

cjb@im.ac.cn 

1773

generally immunotolerant to HBV. The results show 

that T-cell responses induced by gp96 or HSP70 

could dramatically suppress HBV expression and 

replication, validating the therapeutic effect of 

HSP-based DNA vaccines against HBV. A 

combination of two major HBV structural proteins, 

HBsAg and HBcAg, were chosen as the target 

antigens. Compared with HSP70, immunization with 

gp96 as adjuvant induced stronger antiviral 

immunity against HBsAg and HBcAg (Fig. 1 and 

Fig. 2). Unlike other HSPs, including the cytosolic 

HSP70, gp96 may be directly involved in antigen 

presentation to MHC class I and classⅡmolecules 

due to its location within the endoplasmic reticulum 

(ER) [39]. Although treatment with gp96 and HSP70 

led to a similar decrease of Treg populations (around 

20%), higher T cell responses were observed under 

gp96 treatment (Fig. 1). This may be probably due to 

the unique capability of gp96 to prime and induce 

CD8+ T cell response by cross-presentation of 

antigenic peptides to MHC class I molecules[40-41]. 

Indeed, similar CD4+ T cells levels but quite 

different CD8+ T cells levels were found between 

mice treated with gp96 and HSP70. This deserves 

further investigation. In addition, gp96 binds both 

hydrophobic and hydrophilic peptides, whereas 

HSP70 associates with peptides containing a 

hydrophobic core or only larger polypeptides[42-43]. 

The broad peptide-binding property makes gp96 a 

universal and powerful adjuvant for the generation 

of T-cell responses. 

We observed that the frequency of Tregs 

declined by more than 20% in the spleen of HBV 

transgenic mice under gp96 or HSP70 treatment. The 

HBV transgenic mice in the study are generally 

immunotolerant to HBV, which can be employed as 

a model of chronic HBV infection. Immune 

tolerance is a primary barrier to the development of 

effective vaccines to eradicate HBV in host of 

chronic infection. Tregs are believed to play a major 

role in host immune tolerance during HBV chronic 

infection[10,12,44]. Conceivably, down-regulation of 

Treg may be one of the contributing factors for the 

highly effective gp96 adjuvanted HBsAg/HBcAg 

DNA vaccine, as Treg may suppress HBV specific T 

cell responses which play critical role in viral 

elimination after infection. More studies are needed 

to understand the immunomodulatory role of gp96 in 

various states of HBV infection, which may help to 

optimize the efficiency of gp96-based vaccines 

against HBV infection. 
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