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The development of a safe and effective tetravalent dengue vaccine that elicits
protection against all dengue virus (DENV) serotypes is urgently needed. The consensus
sequence of the ectodomain of envelope (E) protein of DENV (cE80) has been examined
as an immunogen previously. In the current study, a cE80 DNA (D) vaccine was
constructed and evaluated in conjunction with the cE80 protein (P) vaccine to examine
whether both vaccines used together can further improve the immune responses.
The cE80 DNA vaccine was administrated using either a homologous (DNA alone,
DDD) or heterologous (DNA prime-protein boost: DDP or DPP) regimen, and evaluated
for immunogenicity and protective efficacy in mice. Among the three DNA-based
immunization regimens tested, DDP immunization is the optimal immunization regimen
that elicited the greatest systemic immune response and conferred protection against
all four DENV serotypes. This work provides innovative ideas for the development of
consensus E-based dengue vaccines and the testing of optimal immunization regimens.

Keywords: dengue virus, tetravalent vaccine, envelope, E80, consensus sequence, prime-boost

INTRODUCTION

Dengue viruses (DENVs) belong to the genus Flavivirus of the family Flaviviridae, which includes
several other major human pathogens such as Zika virus, Japanese encephalitis virus (JEV), and
yellow fever virus (YFV) (Lazear and Diamond, 2016). Four distinct but closely related serotypes
of DENV (DENV1–4) are the cause of a wide range of clinical presentations including dengue
fever, dengue hemorrhagic fever, and dengue shock syndrome. Dengue is one of the most prevalent
mosquito-borne viral diseases in tropical and subtropical countries with an estimated 390 million
annual cases (Miksanek and Wolford, 2017). In the past 50 years, incidence of dengue has increased
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30-fold, with expanded transmission from urban to rural settings
(Stanaway et al., 2016; Aggarwal and Garg, 2017), making it a
significant international public health problem.

As the most cost-effective public health tool, vaccination is
indispensable for addressing the global burden of dengue, and
thus the development of vaccine against dengue is urgently
needed. Various dengue tetravalent vaccine candidates are
currently in clinical and preclinical stage of development
(Kirkpatrick et al., 2016; Sirivichayakul et al., 2016; Saez-Llorens
et al., 2017; Whitehead et al., 2017), based mostly on combining
four antigens representative of four DENV serotypes into a single
tetravalent formulation. The CYD-TDV was the first and only
licensed tetravalent dengue vaccine approved in thirteen dengue
epidemic countries (Ferguson et al., 2016; Henein et al., 2017). It
is comprised of four monovalent dengue vaccines, each of which
is made by replacing genes encoding the precursor membrane
and the envelope (E) proteins of each DENV serotype with
the corresponding genes on the YFV-17D backbone. A recent
study reanalyzed data from three efficacy trials of the CYD-
TDV vaccine, and discovered that despite the vaccine conferred
protection against severe dengue and hospitalization for dengue
seropositive subjects for up to 5 years, but the same vaccine
put dengue naïve individuals at a higher risk of infection and
disease (Sridhar et al., 2018). These new data prompted a change
in the vaccine label by the vaccine maker and a reappraisal
of the CYD-TDV vaccination strategy by WHO Report (2018);
Strategic Advisory Group of Experts (Wilder-Smith et al.,
2019). An experimental tetravalent dengue vaccine, TV003,
showed some promise during clinical testing. This vaccine was
initially developed by the National Institutes of Allergy and
Infectious Disease of the United Stated, and then licensed to
the company Takeda. In phase I and II studies conducted in
dengue-endemic and non-endemic countries, TV003 elicited
robust neutralizing antibody (nAb) responses to all four DENV
serotypes, and it was well-tolerated in all subjects (George et al.,
2015; Rupp et al., 2015; Saez-Llorens et al., 2018). Currently,
TV003 is being tested in a phase III clinical trial in Brazil
(Whitehead et al., 2017). Other experimental dengue vaccines
that are also under development have recently been reviewed
(de Soarez et al., 2019).

It is generally believed that non-neutralizing cross-reactive
antibody response induced by a certain DENV serotype may
increase the risk of developing severe disease upon a secondary
infection by a different DENV serotype due to antibody-
dependent enhancement (ADE). Therefore, it is important for
developing tetravalent vaccines that are capable of inducing
balanced immune responses and broad protection against all four
DENV serotypes simultaneously. Instead of using four separate
components, a single vaccine with representative epitopes or
consensus sequences from multiple strains, and serotypes of
DENV may be a novel vaccine strategy needing exploration.

The developments in bioinformatics and computational
approaches have brought versatility in vaccine design. For
instance, the epitope-based vaccine design has been applied
to a variety of pathogens in which immune responses could
not be induced by conventional vaccines (Sette et al., 2001;
Sette and Fikes, 2003). Such consensus sequence-based vaccine

strategy had been applied to develop immunogens to elicit
broadly reactive, cross-reactive, and protective responses against
influenza A virus, human immunodeficiency virus (HIV), DENV,
and other genetically complex pathogens (Carter et al., 2016;
Meyerhoff et al., 2017; Sun et al., 2017; Wang et al., 2017). Many
studies have demonstrated that consensus predictions could
outperform single sequence determination method in vaccine
design (Mallios, 2003; Moutaftsi et al., 2006; Yan et al., 2007).
Importantly, not only conserved regions but also variable sites
could be incorporated in the consensus sequences, and such
design does not seem to alter structural and functional properties
of target protein on a given location (Schein et al., 2012).

The E glycoprotein of DENV has been considered as an
important antigen for dengue vaccine development, as it is the
major component on the surface of DENV and the primary target
for nAb (Trent, 1977; Beltramello et al., 2010). The E protein
and its ectodomain (an N-terminal 80% truncated at amino 395,
E80) are rich in serotype-specific neutralizing and cross-reactive
epitopes, and they have been applied widely in diagnostics and
vaccine development (Jarvi et al., 2013). To achieve as much
coverage as possible of all E80 of four DENV serotypes, it is
logical to construct a recombinant product composed of critical
neutralizing epitopes of each serotype of DENVs. The rivet
of epitopes from highly conserved regions of virus by using
consensus sequence is a reasonable option for targeting different
serotypes of DENV. Thus, we have previously designed a vaccine
based on the most conserved regions of E protein ectodomain,
named it consensus-based E80 (cE80), and then assessed its
immunogenicity in vivo (Sun et al., 2017). Our results showed
that immunization with three doses of the cE80 recombinant
protein vaccine was capable of eliciting both Th1 and Th2
responses, and nAb responses to all four DENV serotypes in
mice (Sun et al., 2017). In order to trigger broader immune
responses, especially cellular immune responses, and to improve
the potential protective efficacy of cE80 candidate vaccine, a new
DNA vaccine expressing the cE80 was constructed, and tested
in conjunction with the cE80 protein in the current study using
either homologous DNA immunization regimen or heterologous
DNA prime-protein boost regimens. Our results demonstrated
that among the three DNA-base immunization regimens, two
DNA prime plus one cE80 protein boost regimen evoked the
strongest humoral and cellular immune responses to all four
DENV serotypes, and conferred protection in mice against
infection by each of the four serotypes of dengue viruses. This
work provides new insights into the development of tetravalent
dengue vaccines.

MATERIALS AND METHODS

Cells, Viruses, and Mice
Vero cells were cultured in minimal essential medium (Gibco,
United States) supplemented with 5% fetal bovine serum (FBS,
Gibco, United States) at 37◦C. C6/36 cells were cultured in RPMI-
1640 medium (Gibco, United States) supplemented with 10% FBS
at 28◦C. All cells were cultivated under a humidified atmosphere
of 5% CO2.
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The DENV1 (Hawaii strain), the DENV2 (TR1751 strain),
the DENV3 (H87 strain), and the DENV4 (H241 strain) were
propagated in C6/36 cells and stored in a –80◦C freezer. DENV
particles were harvested from culture supernatant of C6/36
cells that had been infected by DENV, concentrated by 8%
polyethylene glycol precipitation, and then purified from clarified
extracts by ultracentrifugation.

Female BALB/c mice (6-week-old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.

Ethics Statement
The animal experiments were performed according to
“Regulations for the Administration of Affairs Concerning
Experimental Animals” which is the national guidelines for the
care and use of animals in scientific research. All experimental
procedures were approved by the Institutional Animal Care and
Use Committee of Capital Medical University, China.

cE80 Sequence
The gene encoding consensus sequence cE80 [cE80(max)] was
in silico calculated and synthesized as described previously
(Sun et al., 2017). The cE80 sequence has 87.41–94.50%
nucleotide homology and 73.33–88.25% amino acid homology
with E80 sequences of the four representative DENV serotypes
(Supplementary Table S1). The matching of cE80 with E80 of
each serotype of DENVs at predicted amino acid level was shown
in Supplementary Figure S1A.

Construction and Purification of
Recombinant Plasmid pV-cE80 and cE80
Protein
To construct a recombinant plasmid expressing the cE80
protein, the Kozak sequence and signal sequence from vesicular
stomatitis virus glycoprotein (MKCLLYLAFLFIGVNC) was
added upstream to the cE80 DNA sequence (Supplementary
Text S1). EcoRI and NotI sites were inserted upstream of the
translation start codon and downstream of the termination
codon, respectively. Finally, the synthetic cE80 sequence was
subcloned in between EcoRI and NotI sites of pVAX1 vector
(hereinafter, pV), and named as pV-cE80.

Baculovirus-expressed cE80 protein used in immunization
was constructed and purified as described previously
(Sun et al., 2017).

Immunization Schedule
Mice were divided into groups receiving either homologous
or heterologous prime-boost vaccinations (Supplementary
Table S2). As shown in Figure 1A, mice in all groups were
immunized three times at 3-week intervals. For the homologous
immunization regimen, mice were immunized with 50 µg pV-
cE80 in 50 µl of normal saline by intramuscular (i.m.) injection
into the anterior tibialis muscle with in vivo electroporation (EP)
as described previously (Wang et al., 2018), and this group was
designated as DDD. The control mice were administrated with
an equal quantity of pV.

For the heterologous prime-boost immunization regimens,
mice were either inoculated i.m. once with 50 µg pV-cE80 by
in vivo EP method and followed by boosted subcutaneously
(s.c.) twice with 10 µg cE80 protein emulsified with 10 µl of
Alhydrogel R© adjuvant (DPP), or primed with pV-cE80 twice and
followed by boost with the cE80 protein once (DDP). The two
corresponding control groups were given i.m. once/twice with
50 µg pV by in vivo EP method and followed by s.c. twice/once
with an equal volume of adjuvant.

Enzyme-Linked Immunosorbent Assay
(ELISA)
To detect DENV-specific IgG antibodies and their subsets IgG1,
IgG2a, IgG2b, and IgG3, each well of the 96-well plates was coated
with 2 µg purified viral particles from DENV1, or DENV2, or
DENV3, or DENV4; plates were then blocked with 3% bovine
serum albumin; ELISA was performed according to a reported
method (Wang et al., 2018). Sera from immunized mice were
twofold serially diluted in PBS (from 1:100 to 1:204,800), DENV-
specific antibodies were detected with goat-anti-mouse secondary
antibodies (1:4,000, HRP coupled, Abcam, United States) and
substrate solution of tetramethylbenzidine. The optical density
(OD) at 450 nm was measured using an ELISA reader (Thermo
Fisher Scientific, United States). The reciprocal of the highest
dilution which yields an OD value that is greater than one half
of the OD value of corresponding control at 1:100 dilution, was
recorded as the end-point titer of IgG antibody.

For the detection of IgG subclasses, sera from immunized mice
(at 1:100 dilution) were used as the primary antibodies, and the
levels of IgG subclasses were expressed as OD value.

Plaque Reduction Neutralization Test
(PRNT)
Anti-DENVs nAb titers were measured using PRNT as described
previously (Wang et al., 2018). DENV1 (Hawaii strain), DENV2
(TR1751 strain), DENV3 (H87 strain), and DENV4 (H241
strain) were used in this test. After heat inactivation at 56◦C
for 30 min, twofold serially diluted sera (from 1:5 to 1:1,280)
were mixed 1:1 with DENV suspension containing 50 plaque-
forming units (PFU), and incubated at 37◦C for 1 h. The mixture
was transferred to a Vero cell monolayer in a 24-well plate,
and incubated at 37◦C for another 1 h. The infected Vero
cells were washed, then overlaid with MEM containing 1.2%
methylcellulose. Plaques were stained and counted after 6–8 days
of incubation at 37◦C. The reciprocal highest serum dilution
that corresponded to a 50% reduction of the average number of
plaques on the virus infection only wells was determined as the
neutralizing titer PRNT50.

CD8+ T Cell Response in Splenocytes
Measured by Flow Cytometry
All antibodies and other staining reagents were purchased
from BD Biosciences, United States. After red blood cell lysis,
splenocytes were blocked with rat anti-mouse CD16/CD32
monoclonal antibody, and then stimulated at 1.5 × 106/ml
with 1 µg purified DENV2 particles for 6 h. The cells were
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FIGURE 1 | Immunization schedule and humoral immune response to DENV2 induced by different immunization regimens. (A) Immunization, sampling, and
challenge timeline. (B) Anti-DENV2 IgG antibody titers. (C) Anti-DENV2 nAb titers in serum samples (n = 8) and data represent the GMT + SD. (D–G) Distribution of
serum DENV2-specific IgG subclass responses, (D) IgG1; (E) IgG2a; (F) IgG2b; and (G) IgG3. The levels of IgG subclass were expressed as 450 nm OD. Data were
expressed as means + SD (n = 8). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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subsequently incubated with hamster anti-mouse CD3e-FITC,
rat anti-mouse CD8-APC-H7, rat anti-mouse CD44-APC, and
rat anti-mouse CD62L-PE. Finally, samples were analyzed on a
DxFLEX flow cytometer (Beckman Coulter, United States) using
CytExpert software (version 2.0), the complete gating strategy
was shown in Supplementary Figure S2.

Enzyme-Linked Immunospot
(ELISPOT) Assays
Splenocyte-produced IL-4 and IFN-γ were determined using
ELISPOT kits (BD, United States) as previously described (Wang
et al., 2018). In brief, splenocytes isolated from immunized mice
were aliquoted at 3 × 105/well into 96-well filtration plates
(Millipore, United States) pre-coated with capture antibodies and
stimulated with 5 µg/well purified DENV particles for 60 h at
37◦C. After incubation with biotinylated detection antibodies
and streptavidin-HRP, respectively, the spots were visualized by
adding 3-amino-9-ethylcarbazole substrate and then counted
with an ELISPOT reader (CTL, United States) and analyzed by
ImmunoSpot software (version 5.1).

DENVs Challenge
To investigate the protective efficacy of vaccine candidates, mice
were challenged 3 weeks after the last vaccination, intracerebrally
(i.c.) with either 1 × 105 PFU of DENV1 (Hawaii strain), or 200
PFU of DENV2 (Tr1751 strain), or 1× 107 PFU of DENV3 (H87
strain), or 1 × 105 PFU of DENV4 (H241 strain), individually.
The body weight change in individual mouse and survival rate
were monitored daily for 12 days.

Statistical Analysis
Statistical analyses were performed using SPSS version 17.0
(SPSS Inc., United States). The sequence alignments and
homology were analyzed with DNASTAR software (Version
7.1, United States). Differences of mean body weight changes
between groups were analyzed with repeated measures analysis
of variance (ANOVA). Kaplan-Meier survival curves were
plotted and evaluated statistically by Log-rank test. Comparisons
between groups were analyzed using one-way ANOVA. The
results were presented as means +/± standard deviation (SD),
and the difference between means is considered significant
if ∗P < 0.05, very significant if ∗∗P < 0.01, and extremely
significant if ∗∗∗P < 0.001.

RESULTS

Exploration of Optimal
Immunization Strategy
To determine which vaccination regimen can elicit the most
effective immune responses with cE80 DNA and cE80 protein
vaccines, we first examined their antigenicity. Specific fluorescent
signal was observed in the cytoplasm of transiently transfected
cells, indicating that plasmid-expressed cE80 protein could
be recognized by antibodies to four serotypes of DENV
in vitro, and it could be used in subsequent experiments

(Supplementary Figure S1B). We then compared three
immunization strategies, including thrice DNA (DDD), DNA
prime twice plus protein boost once (DDP), or DNA prime once
plus protein boost twice (DPP) (Figure 1A and Supplementary
Table S2). The humoral and cellular immune responses,
cytokine responses, and protective efficacy against DENV2 were
determined first to establish the optimal experimental conditions.

Three weeks after the last immunization, in the DDD
vaccine group, the geometric mean titer (GMT) of IgG against
DENV2 was 1:1,213 [95% confidence interval (CI), 1:877–
1:1,703]; whereas the GMT in the control group was 1:131 (95%
CI, 1:95–1:185, P < 0.01, Figure 1B). Next, the neutralizing
capacity of DENV2-specific antibody was measured by PRNT.
A GMT of anti-DENV2 nAb reached 1:139 (95% CI, 1:107–
1:184) following the DDD regimen; none of the control pV-
administrated mice showed detectable nAb activity (less than
1:10, P < 0.01, Figure 1C). These data demonstrated that the
DDD regimen can induce DENV2-specific humoral immune
responses in mice.

Mice immunized via heterologous prime-boost regimens
(DPP and DDP) induced significantly higher IgG titers. The
GMTs were 1:16,127 (95% CI, 1:11,874–1:22,210) and 1:25,600
(95% CI, 1:16,906–1:39,794) in the DPP and DDP regimens,
respectively, which were 13- and 21-folds higher than that
of the homologous DDD immunization group (P < 0.01,
Figure 1B). A similar result of higher nAb titers was also
observed. The sera nAb PRNT titers were 1:278 (95% CI, 1:133–
1:637) and 1:422 (95% CI, 1:251–1:740) in the DPP and DDP
regimens, respectively, which were 2–3-fold greater than that in
the DDD regimen.

To further characterize the specific profile of IgG antibodies
induced by different vaccination regimens, DENV2-specific
IgG1, IgG2a, IgG2b, and IgG3 in immune sera were analyzed
by ELISA (Figures 1D–G). In mice, it is known that IgG1
production is assisted by a Th2 response, whereas IgG2a, IgG2b,
and IgG3 production is helped by a Th1 response (Germann et al.,
1995), and thus by analyzing the antibody subclass distribution,
we can deduce which T cell subset was activated with different
vaccines. Our results showed that the DDD vaccination regimen
mainly elicited IgG1, IgG2a, and IgG2b antibodies, but not
the IgG3 subclass. In comparison, the heterologous regimens,
DPP and DDP, evoked anti-DENV2 antibodies of all these
subclasses, including IgG1, IgG2a, IgG2b, and IgG3. These data
indicated that heterologous vaccination could induce better IgG
diversification than homologous regimens, implying a better T
cell activation.

Taking together, the above data showed that among all
vaccination regimens tested, mice immunized with the DDP
regimen developed the strongest anti-DENV2 humoral immune
responses, the homologous DDD regimen induced the weakest,
and the DPP performed in between.

CD8+ T cell responses were analyzed 1 week after the third
vaccination. We first investigated central (CD44High CD62LHigh)
and effector (CD44High CD62LLow) memory T cells. Upon
stimulation with DENV2 antigen, cells from mice received all
three immunization regimens showed robust central and effector
memory T cells responses. Notably, the highest proportion
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FIGURE 2 | CD8+ T cell responses against DENV2 elicited by different immunization regimens. (A) Representative expression of CD44High T cells (gate on CD3+

CD8+ T cells). Quantification of the frequency of (B) CD44High CD62LHigh and (C) CD44High CD62LLow cells among CD8+ T cells. Data were expressed as
mean + SD (n = 8). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

of both central (Figures 2A,B) and effector memory T cells
(Figures 2A,C) was observed in the DDP regimen, and they were
significantly higher than those in the DDD and DPP regimens.
The DPP regimen also showed a higher proportion of effector
memory T cells population, but not central memory T cells,
than the DDD regimen (Figures 2B,C). These results suggested
that heterologous vaccinations, especially the DDP regimen,
effectively induced CD8+ T cell expansion.

To examine whether these vaccines could activate CD4+ T
cells equally, 3 weeks after the final immunization, we measured
the generation of Th1- and Th2-associated cytokines. Upon
stimulated with purified DENV2 particles, IFN-γ and IL-4 levels,
as representative indications of Th1 and Th2 cell responses, were
measured by ELISPOT assay. Mice vaccinated with all three
immunization regimens had significantly triggered DENV2-
specific IL-4 and IFN-γ responses as compared to controls
(Figures 3A,B). The DPP regimen induced more IL-4 than the
DDD regimen (Figure 3A), and the DDP regimen elicited the
highest levels of both IFN-γ and IL-4 responses (Figures 3A,B),
both were significantly higher than that in the DDD regimen

(P < 0.05). These results again indicated that the heterologous
DDP regimen was more effective at inducing both Th1 and Th2
cytokine responses than the other regimens.

To examine whether vaccine induced immune responses were
associated with protection, 3 weeks after the final vaccination,
each mouse was challenged i.c. with 200 PFU of DENV2 and the
protective effect was evaluated. During the observation period,
mice in all control groups showed 28–34% body weight loss
(Figures 4A–C) and none of them survived the viral challenge
(Figures 4D,E). In contrast, there was only a 16% of the
mean body weight loss in the DDD group, significant less
than controls (P < 0.01, Figure 4A); and 75% survived after
viral challenge (P < 0.05, DDD vs. control, Figure 4D). The
DPP group showed even less daily body weight loss (14%)
than controls (P < 0.01, Figure 4B) and also a survival rate
of 75% (P < 0.01, Figure 4E). Of note, the DDP vaccination
regimen protected 100% of all mice (P < 0.001, Figure 4F),
which showed no obvious body weight loss (P < 0.001,
Figure 4C). Thus, these results showed that, among three
DNA-based immunization regimens, the heterologous DDP
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FIGURE 3 | DENV2-specific cytokine-secreting splenocytes in different immunization groups. Cytokine-secreting splenocytes were determined after stimulation with
purified DENV2 particles. The positive splenocytes were counted and expressed as the mean SFU/3 × 105 cells. (A) IL-4-positve and (B) IFN-γ-positive splenocytes
with representative ELISPOT images, respectively. Data were expressed as mean + SD (n = 8). ∗∗P < 0.01, ∗∗∗P < 0.001.

prime-boost regimen is the optimal strategy because it conferred
the most effective protection, with concurrent induction of the
highest nAb level, activated CD8+ T cell, and elicited both Th1
and Th2 responses.

Comprehensive Evaluation for
Tetravalent Immune Responses of cE80
With the DDP Regimen
Having established the optimal vaccination strategy with a single
dengue serotype, DENV2, we wanted to explore whether using
the same DDP prime-boost regimen could induce tetravalent
immune responses against all four dengue serotypes.

Three weeks after the last vaccination using the cE80
vaccines with the DDP regimen, considerable IgG responses
were generated to DENV1 and DENV2, with GMTs of 1:16,890
(95% CI, 1:6,432–1:32,176), and 1:25,600 (95% CI, 1:16,906–
1:39,794), respectively; robust responses to DENV3 and DENV4
were also induced, with titers of 1:6,400 (95% CI, 1:6,400–1:6,400)
and 1:4,850 (95% CI, 1:1,847–1:9,240), respectively (Table 1).
Similarly, tetravalent neutralizing antibodies were generated by
the cE80 vaccines against all four DENV serotypes, with PRNT50
titers of 1:160 (95% CI, 1:38–1:358) to DENV1, 1:422 (95% CI,
1:251–1:740) to DENV2, 1:106 (95% CI, 1:40–1:201) to DENV3,
and 1:61 (95% CI, 1:23–1:116) to DENV4 (Table 1). We next
examined T cell responses induced by the DDP regimen. Three
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FIGURE 4 | Protective efficacy against DENV2 challenge in different immunization regimens. Mice immunized with different regimens were challenged i.c. with
DENV2 and monitored daily for body weight and survival rate for 12 consecutive days (n = 8). (A–C) Percentage changes of body weight from day 0 were
determined as 100 × (weight post-challenge)/(weight pre-challenge). Data were expressed as mean ± SD, (D–F) The survival rate shown as the percentage of
survivors. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

TABLE 1 | GMTs of DENV-specific IgG and PRNT50 in sera of DDP group.

Coating antigens/viruses Subgroups IgG (95% CI) P valuea PRNT50 (95% CI) P valuea

DENV1 Vaccine 16,890 (6,432–32,176) ∗∗∗ 160 (38–358) ∗∗

Control 230 (110–393) 10 (10–10)

DENV2 Vaccine 25,600 (16,906–39,794) ∗∗∗ 422 (251–740) ∗∗∗

Control 200 (200–200) 10 (10–10)

DENV3 Vaccine 6,400 (6,400–6,400) ∗∗ 106 (40–201) ∗∗

Control 230 (110–393) 10 (10–10)

DENV4 Vaccine 4,850 (1,847–9,240) ∗∗ 61 (23–116) ∗

Control 230 (110–393) 10 (10–10)

aP values were analyzed by one-way ANOVA when compared titers in vaccine subgroups with those of control subgroups, n = 5, ∗P < 0.5, ∗∗P < 0.01, ∗∗∗P < 0.001.
GMTs, geometric mean titers.

weeks after the final immunization, splenocytes were isolated
and stimulated with purified DENV1–4 particles individually, or
negative and positive controls, and then measured for IFN-γ and
IL-4 levels. Results showed that both IL-4 (Figure 5A) and IFN-γ
responses (Figure 5B) were elicited. To investigate whether
the above observed tetravalent immune responses induced by
vaccines could confer protection to all DENV serotypes, 3 weeks
after the last boost, mice vaccinated with the DDP regimen
were challenged i.c. with DENV1, DENV3, or DENV4 separately
(Figure 1A). After DENV1 or DENV3 challenge, the mean
body weight loss was only 8–11%, statistically lower than
that of the controls (P < 0.05, Figures 6A,B); after DENV4
challenge, vaccinated mice had a body weight loss of 16%, again
significantly lower than that of the controls (35%, P < 0.01,
Figure 6C). Moreover, a higher survival rate and a prolonged
survival time were observed in vaccinated mice (62.5%) than

controls (0%, P < 0.05, Figure 6D). Taken together, these results
demonstrated that the cE80 immunization with the DDP regimen
could induce protective immunity to four serotypes of DENV.

DISCUSSION

Heterologous DDP Immunization
Regimen Using a Single
Consensus-Based cE80 Vaccine
Effectively Improved Systemic Immune
Responses to DENV2
Ideal dengue vaccines and appropriate vaccination regimens are
urgently needed to solve the dengue problem on a global scale. In
this study, we first compared three vaccination regimens with a
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FIGURE 5 | DENV1–4-specific cytokine-secreting splenocytes elicited by the DDP immunization regimen. Cytokine-secreting splenocytes were determined after
stimulation with purified DENV1–4 particles, individually. The positive splenocytes were counted and expressed as the mean SFU/3 × 105 cells. (A) IL-4-positve and
(B) IFN-γ-positive splenocytes with representative ELISPOT images, respectively. Data were expressed as mean + SD (n = 8). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

DNA and a protein vaccine containing the same cE80 sequence
in either DDD, or DDP, or DPP format, and demonstrated that
DDP is the optimal method for inducing robust neutralizing
antibodies, strong antigen-specific T cell responses, and effective
protection against DENV2.

Consensus sequence coding target antigens has been widely
applied in vaccine development to induce universal and specific
immune responses, especially for those viruses with high degree
of genetic variation, such as influenza virus and HIV (Yan et al.,
2014; Yang et al., 2015). Previously, based on the consensus
sequences of the ectodomain of E protein (E80) of 3,127 DENV
strains including all four DENV serotypes, we designed and
constructed a tetravalent subunit vaccine, designated as cE80.

As a single immunogen rather than conventional tetravalent
formulation with four individual vaccine components, the cE80
might mechanistically avoid either the potential interference
among each of the four components, or the immune dominance
of a particular antigenic component of a specific serotype.
Moreover, it can reduce the cost and complexity for production
of a tetravalent vaccine. Indeed, we have shown that homologous
immunization with three doses of cE80 protein was sufficient
to induce binding and tetravalent nAb and Th2 type immune
response (Sun et al., 2017).

DNA vaccine has many advantages such as simplicity
of manufacturing, ease of preparation, cost-effectiveness and
biological stability (Dhama et al., 2008). In fact, a tetravalent
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FIGURE 6 | Protective efficacy against DENV1, DENV3, and DENV4 induced by the DDP immunization regimen. Mice immunized with the DDP regimen were
challenged i.c. with DENV1, DENV3, and DENV4 and monitored daily for 12 days (n = 8). Percentage changes of body weight from day 0 after challenge with
(A) DENV1, (B) DENV3, and (C) DENV4. The percentage was determined as 100 × (weight post-challenge)/(weight pre-challenge). Data were expressed as
mean ± SD. (D) The survival rate post challenge with DENV4 was shown as the percentage of survivors. ∗P < 0.05, ∗∗P < 0.01.

dengue DNA vaccine tested in a phase I clinical trial has
demonstrated its safety, tolerability, and capacity of eliciting
DENV-specific IFN-γ responses (Danko et al., 2018). We have
also demonstrated that DNA vaccine was capable of inducing
balanced immune responses and effective protection against
DENVs (Zheng et al., 2017).

When the protein and DNA vaccines were tested together,
we found that homologous immunization with three doses of
pV-cE80 DNA (DDD) and was less effective than heterologous
prime-boost regimens (DPP and DDP) using pV-cE80 and cE80
protein in combination. The specific reason for this observation
is unclear, but some possibilities could be considered.

For homologous DNA immunization, our previous work
showed that 50 µg of each immunogen dose was enough to
induce strong immune responses and protection in mice (Wang
et al., 2018). However, in this study, immunization with three
doses of 50 µg of pV-cE80 DNA only induced modest immune
responses and protection, revealed by the limited antibody titers,
CD8+ T cell response and 75% survival rate after DENV2
challenge, which may due to the mismatch between sequence

of cE80 vaccine and challenge virus DENV2. In contrast, for
heterologous immunization regimens, mice immunized using the
DPP or DDP regimens triggered effective anti-DENV2 humoral
and cellular immune responses, as well as cytokine responses
and effective protection as compared with DDD. In particular,
the DDP immunization regimen induced the strongest immune
responses and protection among all vaccination regimens tested
(Figures 1–4), indicating obvious advantages of the DDP, due
probably to protein boosting of memory T and B cell responses
to conserved antigens, elicited by DNA double priming.

Our results are consistent with some similar studies. De
Filette et al. (2014) reported that the DNA prime-protein boost
immunization strategy could result in a marked increase in
nAb titer and a complete protection against a lethal West Nile
virus (WNV) infection as compared to injection of E protein
of WNV alone. Kadkhodayan et al. (2017) demonstrated that
the DNA prime-protein boost regimen significantly improved
specific T cell response and antibody response against HIV or
influenza virus as compared to DNA or protein vaccination alone.
However, previous attempt to induce broad protection against
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multiple DENV serotypes has encountered some difficulty.
Apt et al. (2006) and Raviprakash et al. (2006) developed
three recombinant DENV E DNA constructs containing shared
epitopes from four DENVs using DNA shuffling and screening
technologies, but discovered that homologous vaccination with
the shuffled constructs only provided limited protection against
either DENV1 or DENV2 in vaccinated animals. Similarly, there
was also limited immunogenicity when vaccination with pV-cE80
DNA only in this study. In contrast, heterologous vaccination
regimens not only induced high level of memory T cells, but also
elevated antibody response and conferred protection against all
four serotypes of DENV. Thus, the tactic of DNA prime, followed
by protein boost may be suitable for developing DENV vaccine as
it did for other vaccines (De Filette et al., 2014; Wang et al., 2017).

It is not completely clear why heterologous vaccination
regimen produces a better immune response than homologous
immunization. Theoretically, the immune responses elicited
by DNA or protein are associated with the route of antigen
delivery and the mode by which antigens are presented to B-
or T-lymphocytes. DNA vaccines use the host cell machinery
for in vivo synthesis of target antigens, which can be delivered
through intra- or extracellular pathways to trigger both MHC-
I or MHC-II restricted T cell immune responses. Moreover,
intracellular antigens expressed by DNA vaccine tend to fold
in their native conformation and correctly glycosylated form
that may display the neutralizing epitopes in a similar pattern
as the native virus. In contrast, protein vaccines are delivered
exogenously to host cells and they mostly elicit antibody response
in connection with the MHC-II pathway of antigen presentation.
For these reasons, DNA is often used as a prime antigen for
pre-sensitizing antigen-specific memory B cells and increasing
the quantity and diversity of CD4+ T cell clones, and at the
same time it stimulates CD8+ T cell activation. Then the protein-
boost stimulates memory B cells to divide and differentiate into
plasma cells that secret antibody with greater magnitude (Letellier
et al., 2008; Ranasinghe and Ramshaw, 2009). Accordingly, the
activation of both humoral and cellular immune responses by
a DNA, followed by boosting with a protein vaccine in the
heterologous vaccination regimen will likely be more effective at
inducing protective immunity.

Interestingly, we found that the DDP regimen offered more
protective efficacy than the DPP regimen in this study. The
mechanisms for this observation can only be speculated at the
moment. Because antigen is mostly expressed in local myocytes
and/or keratinocytes after DNA vaccination, a single priming
with DNA priming in the DPP regimen may present too
low an amount of antigen to generate a long-lived antibody-
secreting plasma cell population and induce a potent high-
affinity antibody response, but should be possible to establish
a small number of non-antibody secreting memory B cells.
In comparison, for the DDP regimen, after once protein
boost as an adjuvant following two DNA immunizations,
antibody-secreting memory B cells could be activated, and
the recruitment of Langerhans cell from injection sites to
draining lymph nodes could be stimulated (Porgador et al.,
1998; Kahlon et al., 2003), both of which could contribute
to a better induction of antibody responses. These intricate

interactions during vaccination process might explain why the
DDP regimen led to the induction of higher level of antibody
and cytokine responses and conferred more effective protection
against DENV2 than the DDD or DPP. Taken together, the
results suggested that the heterologous DDP immunization
regimen would be advantageous in significantly improving the
DENV2-specific CD8+ responses and simultaneous Th1 and Th2
responses (Aviles et al., 2015; Wang et al., 2017; Cao et al.,
2018; Jung et al., 2018). Therefore, the DDP vaccination regimen
would be an appropriate strategy for developing dengue vaccines.
Whether the same principle applies to other vaccine antigens
needs to be further investigated.

Tetravalent Immune Responses and
Protection Were Elicited by a Single cE80
Vaccine Candidate via the DDP
Vaccination Regimen
We also evaluated whether the DDP vaccination regimen could
evoke immune responses and protection to other three DENV
serotypes. Significantly, the DDP vaccination not only induced
significantly levels of Th2 (IL-4) and Th1 (IFN-γ) cytokine
responses upon in vitro stimulation with purified DENV1, or
DENV2, or DENV3 or DENV4 particles (Figure 5), high levels
of IgG and nAb responses against four DENV serotypes, but also
protections against DENV1, DENV3 and DENV4 (Figure 6).
In this study, body weight changes were used for evaluating
in vivo protective efficacy in mice challenged with DENV1 or
DENV3. Only 8–11% of body weight loss was observed after
DENV1 and DENV3 challenge in vaccinated group mice, but
18–24% of body weight loss in controls. In case of challenge
by DENV4, the DDP immunization provided 62.5% survival
rate and significantly less body weight loss than controls. In
combination with the results of DENV2, above results indicated
that the cE80 vaccines used in a DDP immunization regimen
could induce tetravalent protection against infection by all
four DENV serotypes. Therefore, it represents a promising
immunization strategy for developing dengue vaccine.

There are some limitations in this study. Firstly, among four
serotypes of DENV, there was a relatively preponderant immune
response to DENV2 as revealed by the highest titers of IgG and
nAb (Table 1). This may be related to the fact that the cE80
sequence shares the highest homology in amino acid DENV2,
and it has the shortest evolutionary distance from DENV2, and
phylogenetically clustered together with DENV2 (Sun et al.,
2017); secondly, cE80 contains many predicted epitopes within
DENV2 (Supplementary Figure S1 and Table S1). These factors
could have contributed to a more robust humoral immune
response and protective immunity to DENV (Schein et al., 2012).
Additionally, there is a growing consensus that CD8+ T cell
immune response plays an important role in the protection
induced by dengue vaccine (Lam et al., 2017). It was reported
that a stronger CD8+ T cell response requires non-structural
protein (NS), although there are some CD8+ T cell epitopes
within E protein (Yauch et al., 2009). The lack of NS proteins
is also a flaw for our recombinant cE80 vaccine candidate. In
further studies, modification of vaccine design by including NS
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gene(s) might improve the cellular immune response and the
balance among the tetravalent immune responses induced by a
single dengue vaccine.

Although the development in dengue DNA vaccine has not
been problem-free, recent studies have indicated that Zika DNA
vaccines are highly effective at generating robust humoral and
cellular immune responses in mice and monkeys (Dowd et al.,
2016; Hampton, 2016; Griffin et al., 2017). Because of the
structural and genetic closeness between ZIKV and DENV, the
success of Zika DNA vaccines will likely to inform the rational
development of dengue DNA vaccine.

CONCLUSION

As an extension of our previous work with cE80 protein (P)
vaccine, this study examined whether adding a DNA vaccine (D)
encoding the same antigen, in three vaccination regiments: DDD,
DDP, and DPP, will augment the efficacy of the cE80 vaccine.
We found that, among the three DNA-base immunization
regimens, the DDP regimen is the optimal regimen which
enabled the generation of both strong and relatively balanced
humoral and cellular immune responses to all four serotypes of
DENV, as well as desirable cytokine response. Importantly, our
vaccine candidate when used in DDP regimen, afforded effective
protection against the challenge by each of the four serotypes of
DENV. Our results, for the first time, demonstrated vaccine with
a single dengue virus derived sequence conferring tetravalent
protection in mice. Our results offer a prototype DENV vaccine
that could be improved, and then tested in non-human primate
model, and eventually in human clinical trials.

ETHICS STATEMENT

The animal experiments were performed according to
“Regulations for the Administration of Affairs Concerning
Experimental Animals” which is the national guidelines for the
care and use of animals in scientific research. All experimental
procedures were approved by the Institutional Animal Care and
Use Committee of Capital Medical University, China.

AUTHOR CONTRIBUTIONS

RW designed and performed the experiments, analyzed the data,
and wrote the manuscript. XZ, JS, KF, NG, and DF helped the
experimental design. XJ designed the codon-optimized sequence.

HC designed the research, analyzed the data, and wrote the
manuscript. JA designed the principal research, supervised the
project, and drafted the manuscript.

FUNDING

This work was supported by National Natural Science
Foundation of China (81671971 and 81471957 to JA; 81772172
and 81372935 to HC; 31370870 and 31670941 to XJ), the
Scientific Research Plan of the Beijing Municipal Education
Committee (KZ201810025035 to JA), National Key R&D
Program of China (2016YFC1201000 to XJ), and Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDB29040301 to XJ).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.01113/full#supplementary-material

FIGURE S1 | Characterization of amino acid residues and in vitro expression of
cE80. (A) Distribution of predicted amino acid residues along the cE80 sequence
aligned with DENV1–4 E80 proteins. Line 1 (number), residue positions; Line 2
(red rhombuses), predicted protein binding region; Line 3 (dark red and blue bars),
dark red bar represents helix and blue bar represents strand; Line 4 (blue, white
and yellow bars), blue bar represents the region exposed on the surface, white
and yellow bars represent intermediate and buried regions; Line 5 (green bar),
disordered regions. The predicted features were created by an online website
(http://open.predictprotein.org/). (B) In vitro expression of cE80. BHK-21 cells
were transfected with recombinant plasmid pV-cE80. Transient expression of
cE80 protein was examined by indirect immunofluorescence assay. After fixation
with paraformaldehyde, the cells were permeabilized with 0.3% Triton X-100 in
phosphate buffer solution and then blocked with bovine serum albumin. Immune
sera obtained from mice infected with DENV1, 2, 3, or 4 were used as the primary
antibodies. Cells were stained with goat-anti-mouse IgG-FITC (in green) and
counterstained with DAPI (in blue) to identify cell nuclei (×200). The white bar
represents 50 µm.

FIGURE S2 | Gating strategy for T cell subsets in splenocytes. Cells stained with
different combination of antibodies were sequentially gated. First, gated on the life
cells (FSC area vs. SSC area, left). Second, gated on single cells (FSC width vs.
FSC area, middle). Finally, gated on CD3+ CD8+ T cell (right).

TABLE S1 | Homologous alignment of cE80 with different serotypes of DENV at
nucleotide and amino acid level. DENV, dengue virus; AA, amino acid.
aStandard strains.

TABLE S2 | Immunization groups and schedule. i.m., intramuscularly; s.c.,
subcutaneously; EP, electroporation.

TEXT S1 | Sequence of cE80.
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