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ABSTRACT: Dengue virus (DENV), the causative agent of dengue fever (DF), is one of the most 

important mosquito-borne viruses that can infect humans. Although much effort has been made on 

prevention and control of dengue, there are currently no anti-viral drugs or worldwide approved 

vaccines yet. In this study, we immunized six-week-old Balb/c mice with DNA vaccine candidates 

E and NS1-2a of DENV serotype 2 or the combination of them (E+NS1-2a) via an electroporation 

(EP)-assisted intramuscular gene delivery system and evaluated the immune response and 

protection. The highest specific antibody titres and cytokine levels secreted by splenocytes as well 

as the highest survival rate were observed in the E+NS1-2a group, followed by E group and NS1-2a 

group. Our data suggested that the combination of E and NS1-2a delivered by EP may be a superior 

preventive strategy against DENV. 
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1. Introduction

Dengue viruses (DENVs) are members of the flaviviridae family and a major cause of 

arthropod-borne diseases worldwide. DENVs are composed of four serotypes (DENV1-4) and the 

infection with any serotype could cause classical dengue fever (DF) and/or severe dengue including 

dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS). The viruses are spread in 

tropical and subtropical areas of the world [1] with dramatically grown global incidence in recent 

years. It is estimated that there are 390 million dengue infections per year, of which 96 million 

manifest clinically [2], a rate is three times higher than that reported in 2009. Notably, in 2014, the 

Guangdong province (south of China) erupted in the most serious dengue epidemic in history, with 

more than 45,000 DF reported cases. Therefore, DF is one of the fastest-growing health burdens and 

has been a severe public health problem. However, there are no worldwide certified vaccines or 

specific antivirals available currently. Last year, a recombinant live-attenuated tetravalent dengue 

vaccine (CYD-TDV, ChimeriVax) produced by Sanofi Pasteur has been licensed in Mexico and 

other countries [3]. The CYD-TDV vaccine was asymmetrically protective. However, a recent study 

reported vaccine-related antibody-dependent enhancement (ADE), which causes younger children 
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and seronegative individuals an increased risk of developing a severe case during subsequent 

DENV infections [4]. Thus, it is still urgent to develop a safer, more effective and costless dengue 

vaccine. 

DNA vaccines have been proved to trigger long-lasting humoral and cellular immunity [5,6]; 

and therefore were considered to be a suitable choice for developing a dengue vaccine. Despite 

much effort has been made on research of DNA vaccines for decades, there is still no human DNA 

vaccine available in clinic, mainly due to the fact that naked DNA can be quickly degraded by 

DNases before uptake by host cells [7], which leads to a low immune response [6]. To resolve this 

issue, several strategies were recently developed, and the EP gene delivery system has been shown 

to enhance uptake and expression of DNA in host cells [8-11].  

The genome of DENV is a single-stranded positive-sense RNA that encodes three structural 

proteins (the capsid protein C, the precursor of membrane protein prM, and the envelope protein E) 

and seven non-structural proteins (NS1 to NS5). Of those, the E is the major structural protein 

exposed on the surface of the virion and contains the most important neutralizing epitopes. NS1 is 

the unique glycoprotein among seven non-structural proteins. It can not only be expressed on the 

infected cell surface, but also secreted into patient serum. Furthermore, antibodies against NS1 can 

interact with complement protein, which lyse the infected cell by antibody-dependent cell-mediated 

cytotoxicity (ADCC)[12]. It is widely accepted that the E gene is the main molecular target for 

developing flavivirus DNA vaccines. However, effect of NS1 in protection against DENVs 

remains controversy[13-17]. Previously we have demonstrated that recombinant plasmids 

expressing E and/or NS1 could induce immune responses when inoculate to mice with 

intramuscular (IM) injection with the varied survival rates (30% to 40%)[18], indicating a limited 

protection. The present study aimed to further evaluate the immunogenicity and protection of 

plasmids expressing E or NS1 or their combination through EP in mice. Our results suggested that 

the combined immunization of E+NS1-2a elicited an effective immune response and protection and 

EP is an effective way to deliver DNA vaccine. 

 

2. Materials and Methods 

2.1. Cells, virus and mice 

Aedes albopictus mosquito cells (C6/36) were grown at 28°C in RPMI1640 media containing 

10% fetal bovine serum (FBS, Gibco, Auckland, New Zealand). Vero cells were cultivated at 37°C 

in minimal essential medium (MEM, Invitrogen, USA) supplemented with 5% FBS.  

Six-week-old Balb/c mice were purchased from the Academy of Military Medical Sciences 

(Beijing, China) and were housed in a pathogen-free environment. The animals were manipulated 

according to “the animal experiments and experimental animal administrative regulations of Capital 

Medical University of China”. The protocol was approved by Comments of Animal Experiments 

and Experimental Animal Welfare Committee of Capital Medical University of China (approval 

number AEEI-2015-048).  

DENV2 (strain TR1751) was propagated in Aedes albopictus mosquito (C6/36) cells, and viral 
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titres were detected by plaque assay using Vero cell monolayer under 1.2% methyl cellulose. 

2.2. Construction and identification of plasmids  

E (from 877 to 2421bp) and NS1-2a (from 2388 to 4131bp) genes were amplified from 

DENV2-infected C6/36 cells by PCR, and the primers were listed in Table 1. The genes were 

constructed in the vector pReceiverM01 and were named pRe/E and pRe/NS1-2a. The recombinant 

plasmids were identified by sequence analysis (Sangon Biotech Co., Ltd., Shanghai, China) and the 

expression of the proteins was confirmed by indirect immunofluorescence (IFA)[19]. In brief, 

plasmids were transfected into Vero cells by Lipofectamine 2000 (Invitrogen, California, USA). At 

24h after transfection, the cells were fixed with 4% polyformaldehyde and permeabilized by 0.2% 

Triton X-100. After washing and blocking, the cells were incubated with monoclonal anti-DENV2 

E or NS1 antibody (Abcam, Tokyo, Japan) at 4°C overnight. Then, the cells were incubated with 

FITC-conjugated goat anti-mouse IgG (Earthox, San Francisco, USA). The results were analysed by 

fluorescent microscope (Olympus, Japan). 

 

Table 1. Constructions of plasmids of DENV2 

 

2.3. Immunization and challenge experiments in mice 

The 6-week-old Balb/c mice were divided into 4 groups (20 mice for each group): E, NS1-2a, 

E+NS1-2a, and pReceiverM01 groups. Mice were inoculated with E (50μg) or NS1-2a (50μg) or 

mixture of E and NS1-2a (50μg for each) through EP. Briefly, after injection using a syringe with a 

25-27 gauge needle, two silver electrodes (6mm apart) were immediately inserted the injection site 

bilaterally, and six electric pulses (36V, 10ms) were applied by a gene delivery device (Terasa 

Healthcare Sci-Tech, China). Mouse immunized with 50μg of pReceiverM01 served as a control. 

Three weeks after the final immunization, 6 mice in each group were euthanized for collecting sera 

and spleen samples to evaluate the humoral and cellular immunity. The other 14 mice were 

intracerebrally (i.c.) injected with a lethal dose (50LD50) of DENV2 using a 27-gauge one-stop 

needle (Top Injection Needle, Tokyo, Japan). These mice were monitored daily, and the morbidity 

and mortality was evaluated for three weeks. Clinical symptoms were scored as follows: 0: healthy; 

1: ruffled hair; 2: hunchbacked appearance; 3: bradykinesia; 4: paralysis; and 5: death.  
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2.4. Antibody assay by enzyme-linked immunosorbent assay (ELISA) 

Mouse serum samples were collected by tail-bleeding three weeks after the final immunization, 

and the antibodies against DENV2 were evaluated using ELISA as described previously[19]. 

Briefly, 96-well microtiter plates were coated with 5μg of concentrated DENV2 protein as the 

antigens. 100µl of two-fold serial dilutions of the serum samples were added to each well. After 

washing with 0.05% Tween-20 in Phosphate Buffered Saline (PBS-T), the plates were incubated 

with goat anti-mouse IgG-horseradish peroxidase (HRP) (1:3000, KPL, USA) at 37°C for 1h, 

followed by addition of the orthophenylenediamine substrate solution for visualization. The 

reactions were stopped by addition of 2M H2SO4. The absorbance was measured at 492nm with a 

microplate reader (Multiskan, Mk3, Thermo, USA). The end-point titres of the serum samples were 

determined as the reciprocal of the highest dilution, giving an optical density (OD) twice that of the 

non-immune serum. End-point titres of anti-DENV2 antibodies were recorded as geometrical mean 

titres (GMT). To determine the IgG subclass, antibody isotype ELISAs were performed, in which 

anti-mouse IgG-HRP was replaced with anti-mouse IgG1-HRP or anti-mouse IgG2a-HRP (BD 

PharmingenTM, USA).Values of IgG subclasses were reported as the mean ± SD of the OD at 

492nm at a serum dilution of 1:400.  

2.5. Cytokine ELISPOT assays 

Three weeks after the final vaccination, splenocytes were isolated by mouse lymphocyte 

separation medium (DAKEWEI, Beijing China), and the production of IFN-γ, IL-2, IL-4, and IL-10 

were measured using an ELISPOT assay according to the manufacturer’s instructions (BD 

Biosciences, USA) [20]. Briefly, 96-well filtration plates (Millipore, Bedford, USA) were 

pre-coated with anti-mouse IFN-γ, IL-2, IL-4 or IL-10 antibodies, and then 1×106 splenocytes were 

added to each well. After treatment with concentrated DENV2 (50μg/ml), ConA (5μg/ml, Sigma, 

positive control) or RPMI 1640 medium alone (negative control), biotin-conjugated antibodies were 

added (streptavidin-HRP). The spot-forming units (SFU), representing positive cells, were counted 

automatically using a CTL ELISpot reader (CTL, USA) and analysed using ImmunoSpot image 

analyser software v4.0. 

2.6. Statistical analysis 

All data were analysed with SPSS software (version 17.0). Significant difference between 

groups was calculated using one-way ANOVA and a survival Kaplan Meier analysis. The results 

were considered to be significant at p < 0.05 (*) and highly significant at p< 0.01 (**). 
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3. Results 

3.1. The recombinant plasmids efficiently expressed in eukaryotic cells 

To test the expression of the recombinant plasmids pRe/E and pRe/NS1-2a in eukaryotic cells, 

plasmid DNA was transfected into Vero cells, and IFA was performed. As shown in Figure 1., 

specific fluorescence was observed in the cytoplasm of the transfected-Vero cells, while no specific 

fluorescent signals were detected in control cells transfected with pReceiverM01. This indicated 

that all recombinant plasmids could be efficiently expressed in eukaryotic cells and can be used in 

subsequent experiments.  

 

 
Figure 1. The expression of recombinant plasmids in Vero cells. 

pRe/E or pRe/NS1-2a was transfected into Vero cells, and expression was analysed with anti-DENV2 E or NS1 antibody. 

A, B and C: Expression of pRe/E or pRe/NS1-2a or control plasmid pReceiverM01 in Vero was analysed with 

anti-DENV2 E antibody (A) or anti-DENV2 NS1 antibody (B) or mixture of these two antibodies ( C). 

 

3.2. Antibody response to immunizations 

Three weeks after the final immunization, serum samples were collected for determining 

anti-DENV2 antibody levels. As expected, the mice inoculated with E, NS1-2a or E+NS1-2a 

showed increasing end-point titres of anti-DENV2 IgG compared with the control group 

(pReceiverM01, P< 0.01). Of those, the E+NS1-2a group showed the highest anti-DENV2 antibody 

titres, with a GMT of 1:9051, while antibody titres in the NS1-2a and E groups were 1:800 or 

1:3200, respectively (Figure 2.). These results suggested that our DNA vaccine candidates could 

induce effective immune responses against DENV2. Levels of anti-DENV2 IgG1 and IgG2a were 

also detected, and results were shown in Figure 3.. Both IgG1 and IgG2a increased in all the groups 

compared to the control group. But there were some differences among these groups: in E group 

IgG2a titre was higher than IgG1 (p<0.05) with significantly increased IgG2a/IgG1 ratio, which 

showed unconspicuous change in NS-2a and E+NS1-2a groups. Interestingly, the obviously 

increased IgG1 level was observed in the E+NS1-2a group compared with that in E group (P<0.05) 

(Figure 3.). The results indicated that different immune response biases were induced by our DNA 

vaccine candidates, which express different immunogens and may be linked to the protective 

efficacy.   
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Figure 2. End-point titres of anti-DENV2 antibodies in plasmids-immunized mice (Mean ± SD). 

Mouse serum samples were collected three weeks after the final immunization, and the antibodies against 

DENV2 were evaluated by ELISA. The end-point titres in serum samples were determined as the reciprocal 

of the highest dilution, giving an optical density (OD) value twice that of the non-immune serum from control 

mice. The bar graph shows the geometrical mean standard deviation (SD) values for all the groups (n=6) 

(*p<0.05; **p<0.01, one-way ANOVA test). 

 

 
Figure 3. Determination of DENV2-specific serum IgG subclasses in each group (Mean ± SD, n=6). 

Antigen-specific ELISA is reported as the OD values at 492nm at a serum dilution of 1:400. The bar graph shows the 

mean SD values for OD values of all the groups with plasmids (*p<0.05; **p<0.01, one-way ANOVA test). 

 

3.3. Generation of cytokines in the plasmid-immunized mice 

Cytokines play a crucial role in the induction and modulation of the immune responses. The 

levels of cytokines secreted by splenocytes of immunized mice upon stimulation with the DENV2 
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antigen were evaluated by ELISPOT. As shown in Figure 4., all cytokines tested, including IFN-γ, 

IL-2, IL-4 and IL-10, showed a similar change pattern: the cytokines increased significantly in the 

E+NS1-2a and E groups (P<0.01 or 0.05) and showed no obvious change in the NS1-2a group 

compared with control group. It is known that IFN-γ and IL-2, as well as IL-4 and IL-10, act as 

markers of the Th1 and the Th2 immune responses, respectively. These results suggested that both 

antibody and cell-mediated immune responses were induced and they may contribute to protection 

against DENV2 infection. 

 

 Figure 4. Splenocyte-secreted IFN-γ, IL-2, IL-4 and IL-10 upon DENV2 antigen stimulation were detected by ELISPOT 

assays (mean±SD).  

Splenocytes were collected from mice (n=6) three weeks after the final immunization. The numbers of IFN-γ (A), IL-2(B), 

IL-4(C), and IL-10 (D) positive cells are recorded as the mean spot-forming units (SFU)/106splenocytes+SD (*p<0.05; 

**p<0.01, one-way ANOVA test). 

 

3.4. Protection against DENV2 challenge 

The protective efficacy was evaluated by challenge with a lethal dose of DENV2 in vaccinated 

animals and clinical symptoms and mortality rate were recorded for 21 days after the challenge. As 

shown in Figure 5., mice in the control group showed severe illness symptoms such as paralysis and 

moribundity and finally died. In contrast, mice in E+NS1-2a group only had slight and transient 

clinical signs such as ruffled hair appearance and hypokinesia and then gradually recovered. Mice in 

NS1-2a and E groups had asthenia, wasting or bradykinesia, indicating moderate severity of the 

illness compared with other groups (Figure 5.A). Accordingly, all mice in the control group died at 

day 13 after challenge. In contrast, the highest survival rate of 85.7% was observed in the 
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E+NS1-2a group (12/14), followed by 57.1% (8/14) in E group and 50% (7/14) in NS1-2a (Figure 

5.B). The survival rates in E and E+NS1-2a groups showed significant differences from that in the 

control group (P < 0.01 or 0.05).  

 

 
 Figure 5. Survival rate and sign score of mice immunized with plasmids and challenged with 50 LD50 of DENV2 

(n=14) 

Mice were challenged with DENV2 three weeks after the final immunization and the morbidity and mortality was 

evaluated for three weeks. Clinical symptoms were scored as follows: 0: healthy; 1: ruffled hair; 2: hunchbacked 

appearance; 3: bradykinesia; 4: paralysis; and 5: death. A. Sign score of mice immunized with plasmids and challenged 

with 50 LD50 of DENV2. Pathological symptoms are recorded as the mean sign scores.B. Survival rate of mice 

immunized with plasmids and challenged with 50 LD50 of DENV2. The survival rate was shown as the percentage of 

survivors. 

 

4. Discussion 

Dengue is an acute systemic viral disease that has established itself globally in both endemic 

and epidemic transmission cycles. Although the recombinant vaccine CYD-TDV has currently been 

licensed, it was reported that the vaccine increase severity of disease in younger children and 

seronegative individuals, which may due to the unbalanced immune response against all four DENV 

serotypes [4]. Moreover, a one-year inoculation period of the vaccine may limit the administration 

of the full course in travellers [21]. DNA vaccines have been proved to confer many advantages 

such as costless, high safety and long-term persistence of immunogens and holds promise for use in 

humans. DNA immunization has been widely employed in development of several vaccines since 

the 1990s and currently four veterinary DNA vaccines for horses, dogs, pigs and fish have been 

licensed [22]. However, there is no effective human DNA vaccine available due to the poor 

immunogenicity observed in clinical studies. Our previous studies and others showed that 

co-expressing prME and NS1 of DENV1 or DENV2 could induce strong immune responses and 

enhance survival of infected mice [18,23,24] when compared with prME alone. However, the long 

fragment of prME and NS1 may limit DNA expression and thereby reduce immune response. 

Recently, we have proved that EP could enhance DNA-uptake and expression in mice and pigs 

[10,11]. Thus, to obtain effective immune responses and protection against DENV2, E and NS1 

proteins were utilized to immunize mice via EP in this study. Compared with E or NS1-2a alone, 
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high levels of anti-DENV2 antibodies and cytokines as well as good protection against DENV2 

challenge were found in mice immunized with E+NS1-2a, indicating that E+NS1-2a via 

electroporation is effective way for prevention of DENV infection. 

Two factors were considered to contribute the effective protection in this study. We think that 

the first important one is the immunogens used in the experiment. Dengue E protein contains the 

most important neutralizing antigenic sites, and antibodies against E protein can neutralize the same 

serotype of DENV and block the infection. NS1 protein, the only non-structural glycoprotein 

expressed on the cell surface, is secreted in patient serum and can invoke an immune response and 

confer protection in animals by ADCC without the adverse effects of ADE [25]. In this study, E and 

NS1-2a were used separately or in combination and the characterization of immune responses 

induced by these two proteins showed some differences: in E group, the IgG2a levels were higher 

than the IgG1 levels (P<0.01) and all tested cytokines increased while the NS1-2a induced an 

equally increased level of both IgG1 and IgG2a and unchanged cytokine levels. This indicated that 

two proteins induced different immune response bias, which may be link to the limited protection 

observed in these two groups. The E+NS1-2a could produce elevated IgG1 and IgG2a titres, 

obviously increased cytokine (IFN-γ, IL-2, IL-4 and IL-10) levels and effective protection, 

indicating the importance of combined use of the two proteins in inducing balanced Th1 and Th2 

type immune responses and the prevention. Furthermore, E+NS1-2a induced the highest anti-DENV 

titre, indicating there was no interference in expression and inducing immune response between 

those two proteins, implying that two proteins may trigger immune response via different 

mechanism. Our results were further supported by study from Gonçalves group, which found that 

effective defences against DENV can be achieved with the combination of both antibodies and T 

cells responses but not any of them alone [24]. Our results suggested that a combination of E and 

NS1-2a could induce both humoral and cellular immunity and that a balanced Th1/Th2 immune 

response is a primary goal for the development of DENV vaccines. 

Next, effective immunity induced by E+NS1-2a should owe to EP delivery system. It is known 

that EP transiently creates pores in the myocyte membranes and then effectively enhances the 

cellular uptake of plasmids, which dramatically affects the magnitude of the immune responses. It 

was reported that DNA vaccines have been less efficient and limited protection in larger animal 

models, even at multiple immunizations and high DNA doses. However, our recent study 

demonstrated that elevated expression of the prME protein was observed in EP-administered mice 

and rabbits[11], and higher levels of specific IgG and neutralizing antibody were also successfully 

induced. It suggested that EP may circumvent the barrier, raise transfection efficiency and 

internalization and substantially elevate the potency of DNA vaccines and enhance immune 

protection. Taken together, our results suggested that a combination of E and NS1-2a may be a 

novel strategy against DENV infection and EP may be the inspiring gene delivery strategy in DNA 

vaccine development. 
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