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Both Zika virus (ZIKV) and four serotypes of dengue virus (DENV1–4) are antigenically

related mosquito-borne flaviviruses that co-circulate in overlapping geographic

distributions. The considerable amino acid sequence homology and structural similarities

between ZIKV and DENV1–4 may be responsible for the complicated immunological

cross-reactivity observed for these viruses. Thus, a successful Zika vaccine needs to

not only confer protection from ZIKV infection but must also be safe during secondary

exposures with other flavivirus, especially DENVs. In this study, we used a Zika DNA

vaccine candidate (pV-ZME) expressing the ZIKV premembrane and envelop proteins to

immunize BALB/c mice and evaluated the potential cross-reactive immune responses to

DENV1–4. We observed that three doses of the pV-ZME vaccine elicited the production

of cross-reactive antibodies, cytokines and CD8+ T cell responses and generated

cross-protection against DENV1–4. Our results demonstrate a novel approach for design

and development of safe Zika and/or dengue vaccines.

Keywords: Zika virus, dengue virus (DENV), DNA vaccine, PrM/E proteins, cross-reactive immune responses,

Zika-DNA-vaccination Confers Cross-protection to DENVs

INTRODUCTION

Both Zika virus (ZIKV) and four serotypes of dengue viruses (DENV1–4) belong to the genus
Flavivirus, family Flaviviridae. These viruses are antigenically related mosquito-borne pathogens
that are transmitted through the same vectors, Aedes aegypti and Aedes albopictus, and co-circulate
in overlapping geographic distributions. ZIKV and DENV1–4 share an overall 52–57% homology
in all amino acid sequences (Barba-Spaeth et al., 2016), which contributes to their cross-reactivity
in T cell and antibody responses (Wen et al., 2017; Delgado et al., 2018). Since 2016, with the spread
of ZIKV in DENV-endemic regions in the north of Brazil, individuals infected by ZIKV were
likely pre-exposed to DENV (Nogueira et al., 2018). This situation has aroused concern among
researchers regarding the cross-reactive immune response resulting from pre-existing DENV
immunity on Zika disease outcomes. Recently, several studies have indicated that pre-existing
DENV immunity mediated cross-protection against secondary ZIKV infection in mice (Pantoja
et al., 2017; Wen et al., 2017). Valiant et al. demonstrated that high levels of cross-neutralizing
antibodies (nAbs) against DENV in ZIKV seropositive individuals could potentially reduce the
enhancement of DENV infection (Valiant et al., 2018). However, some inconsistent results on the
outcome of cross-reactive immune responses between DENV and ZIKV have also been reported.
For example, pre-existing and highly seroprevalent anti-DENV antibodies may enhance ZIKV
infection (Bardina et al., 2017; Zimmerman et al., 2018). Thus, the substantial effect of pre-existing
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FIGURE 1 | Mouse experimental workflow. Groups of mice were immunized by intramuscular electroporation with 50 µg of either pV-ZME or pV and were boosted

twice at 3-week intervals. Splenocytes were obtained 1 week after the last immunization, and sera were collected 3 weeks after the last immunization. Subsequently,

vaccinated mice were challenged with 1 × 106 PFU of DENV1, 200 PFU of DENV2, 1 × 106 PFU of DENV3, or 1 × 105 PFU of DENV4. At days 1, 2, 4, 6, and 8 post

challenge, the peripheral blood of mice was collected to evaluate the dynamics of viremia. Body weight changes and survival rates were observed for 21 consecutive

days after challenge.

immunity on subsequent infection by closely related flaviviruses
requires further characterization in vaccinated or infectedmodels
(Priyamvada et al., 2016).

For the global fight against the ZIKV epidemic, several
types of vaccine candidates have been developed, including
whole inactivated, subunit, DNA and mRNA vaccines, with
the immunogenicity and efficacy of these experimental
vaccines having been well evaluated in mice or human
(Diamond et al., 2018). However, little has been described
regarding the characteristics of the cross-reactive immune
responses generated by the above vaccines to subsequent
infection with closely related flavivirus such as DENV,
which is an important issue associated with the safety
of vaccines.

We previously reported that pVAX1-ZME (pV-ZME), a Zika
DNA vaccine candidate based on the premembrane and envelop
proteins (prME), effectively elicited a strong protective immunity
in mice (Wang et al., 2018). Furthermore, numerous similar
studies have indicated that prME-based DNA vaccines can
protect mice, monkeys and humans from ZIKV infection (Dowd
et al., 2016; Hampton, 2016; Griffin et al., 2017). In this study,
we used a murine model vaccinated with pV-ZME to investigate
its cross-reactivity and protective efficacy against four DENV
serotypes. Our results demonstrate that in BALB/c mice, the
Zika DNA vaccine triggered cross-reactive humoral and cellular
immune responses to DENV1–4 that could cross-protect mice
against DENV infections.

MATERIALS AND METHODS

Cells, Viruses, Vaccine, and Mice
Vero cells were cultured in minimum essential medium
supplemented with 5% fetal bovine serum (FBS; Gibco,
USA). C6/36 and DC2.4 cells were cultured in RPMI-1640
medium supplemented with 10% FBS. Rhabdomyosarcoma (RD)
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS.

ZIKV (strain SMGC-1), DENV1 (strain Hawaii), DENV2
(strain Tr1751), DENV3 (strain H87) and DENV4 (strain H241)
were propagated in C6/36 cells. Enterovirus 71 (EV71, strain
CMU4232) was propagated in RD cells and served as an
irrelevant virus control for in vitro experiments.

Viral particles were harvested from the culture supernatants
of C6/36 or RD cells that had been infected by viruses.
Subsequently, the viral particles were concentrated by 8%
polyethylene glycol precipitation, purified from clarified extracts
and ultracentrifuged.

The Zika DNA vaccine pV-ZME was previously
manufactured by our lab, and pVAX1 (pV) served as a control
(Wang et al., 2018).

Female BALB/c mice aged 6 weeks were purchased from Vital
River Laboratories (China).

Mouse Experiments
Mice were randomized into eight groups, with those in
the vaccine or control groups immunized by intramuscular
electroporation with either pV-ZME or pV thrice at 3-week
intervals (Figure 1). Splenocytes from mice were aseptically
prepared 1 week after the last immunization. Three weeks
after the last immunization, sera were collected and then the
mice were intracerebrally challenged with DENV1–4 individually
(Figure 1). After being challenged, the peripheral blood of the
mice was collected from the tail vein. During observation, mice
exhibiting more than a 20% loss in weight were humanely
euthanized for ethical reasons.

Detection of Antibodies
Three weeks after the final immunization, the presence of
IgG antibodies in sera were evaluated with an enzyme-linked
immunosorbent assay using concentrated ZIKV, DENV1–4, or
irrelevant EV71 particles as coating antigens. The highest dilution
that gave an optimal density (OD) value greater than the cut-
off value (half of the OD value of the negative control diluted
1:100) was recorded as the end-point titer of the IgG antibodies
(Wang et al., 2018).

Similarly, the levels of nAbs were assessed using a 50% plaque
reduction neutralization test (PRNT50) as described previously
(Wang et al., 2018). The antibody titer was calculated as the
geometric mean titer (GMT).

Determination of Cytokine Profiles
The enumeration of IL-2-, IFN-γ-, IL-4-, and IL-10-producing
splenocytes frommice was performed following stimulation with
concentrated ZIKV, DENV1–4 or irrelevant EV71 particles using
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FIGURE 2 | Anti-DENV antibody responses of immunized sera (A). IgG antibody and (B) nAb titers against ZIKV, DENV1–4, and EV71. The titers of antibodies against

ZIKV and EV71 served as the positive and irrelevant (non-flavivirus RNA virus) controls, respectively. Each bar represents GMTs + SD (n = 7). *P < 0.05, **P < 0.01,

and ***P < 0.001.

an enzyme-linked immunospot (ELISPOT) assay as previously
described (Wang et al., 2018). Splenocytes (2 × 105/well) were
collected 1 week after the last immunization.

Detection of IFN-γ-producing CD8+ T Cells
Virus-specific IFN-γ-producing cells expressing CD3e+ CD8+

IFN-γ+ were stained and analyzed by flow cytometry (Huang
et al., 2017). Splenocytes (1.5 × 106/tube) collected 1 week after
the last immunization were stimulated with DC2.4 cells (0.2
× 105/tube) that were pretreated with heat-inactivated ZIKV,
DENV1–4, or irrelevant EV71.

Quantification of Viral RNA
Total RNA derived from the peripheral blood after challenge
was isolated using TRIzol (Sigma, USA). A primer pair targeting
the prM region of the DENV genome (Chen et al., 2015)
was used for qRT-PCR using a 7500 Real Time PCR System
(Applied Biosystems, USA) and a Quant One Step qRT-PCR Kit
(SYBR Green, Tiangen, China) according to the manufacturer’s
instructions. The proportion of mice that were viremic were
calculated after challenge.

Statistical Analysis
The data were expressed as the means ± standard deviation
(SD). Statistical analyses were performed using one-way ANOVA
to compare variables from different groups. The viremic
reduction trends after challenge were compared using the
Chi-square test. Kaplan-Meier survival curves were plotted
and statistically evaluated using the Log-rank test. Probability
values of ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 were
considered significant.

RESULTS

First, to determine the presence of ZIKV-specific antibodies
induced by pV-ZME-vaccination, an antibody assay was
performed using ZIKV and EV71 as positive and irrelevant
viral controls. We observed high levels of anti-ZIKV antibodies,
including IgG antibodies and nAbs, in the sera of immunized
mice, suggesting the induction of a ZIKV-specific humoral
immune response (Figures 2A,B). Furthermore, to investigate
whether the pV-ZME-vaccination elicited a cross-humoral

immune response to DENV, the presence of antibodies against
DENV1–4 in the sera of immunized mice was evaluated. As
shown in Figure 2, compared to the corresponding controls
and the irrelevant EV71 control, immunization with pV-ZME
induced high and relatively uniform levels of DENV-specific
cross-reactive IgG antibodies, with titers of more than 1:1,000.
Moreover, sera from pV-ZME-immunized mice displayed broad
cross-neutralizing potency against DENV1–4. The nAb titers
toward DENV1, DENV2, DENV3, and DENV4 were 1:72.5,
1:145, 1:59.4, and 1:88.3, respectively, and were significantly
different from their corresponding controls and the irrelevant
control (Figure 2B, P < 0.01). The results demonstrated that the
Zika DNA vaccine could elicit relatively balanced cross-reactive
antibody responses to DENV1–4.

Next, an ELISPOT assay was performed to examine whether
pV-ZME induced secretion of Th1/Th2-type cytokines in
response to ZIKV, DENV or irrelevant EV71. Upon stimulation
with ZIKV particles, splenocytes from vaccinated mice produced
a potent and mixed Th1 (IL-2 and IFN-γ)/Th2 (IL-4 and IL-10)-
type cytokine response (Figures 3A–D, P < 0.01), demonstrating
a positive response to ZIKV. In addition, DENV1–4 stimulation
induced higher levels of IL-2, IFN-γ, IL-4, and IL-10 in the
vaccine groups compared to that observed in the corresponding
controls or the irrelevant control (P < 0.01). These results
demonstrated that vaccination with pV-ZME elicited cross-
reactive Th1/Th2 mixed cytokine responses to DENV1–4.

Furthermore, the production of virus-specific IFN-γ was
detected in splenocytes stimulated with DC2.4 cells that had
been pretreated with heat-inactivated viruses. Similar to the
ELISPOT results, a large number of ZIKV-specific IFN-γ-
producing CD8+ T cells were generated in pV-ZME-vaccinated
mice (Figures 3E,F, P < 0.001). In addition, vaccinated mice
produced relatively high frequencies of cross-reactive CD8+

IFN-γ+ cells in response to DENV antigens but not to the
irrelevant control (P < 0.05). The results indicated that the Zika
DNA vaccine elicited the production of cross-reactive antibodies
and cross-reactive cell-mediated immune responses to all four
DENV serotypes.

Finally, we investigated whether the observed cross-reactivity
could protect immunized mice from DENV challenge. The
kinetics of viremia, body weight changes and survival rates after
challenge with DENVs are shown in Figure 4. In the pV group,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 May 2019 | Volume 9 | Article 147

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wang et al. Zika-DNA-Vaccination Confers Cross-Protection to DENVs

FIGURE 3 | Splenocyte-secreted cytokines and frequencies of IFN-γ-producing CD8+ T cells in splenocytes (A–D). Cytokine production by antigen-stimulated

splenocytes determined by ELISPOT. One week after the last immunization, splenocytes were isolated and stimulated with ZIKV, DENV1–4 or EV71 particles. After

72 h of stimulation and culturing, the (A) IL-2-positive, (B) IFN-γ-positive, (C) IL-4-positive, and (D) IL-10-positive spots were determined. The data are expressed as

the means + SD of each group with representative images. (E, F) Antigen-specific IFN-γ intracellular staining of CD8+ T cells detected by flow cytometry. (E)

Expression of IFN-γ+ in CD8+ T cells. Splenocytes were stained with anti-CD3e FITC, anti-CD8 APC-A750, or anti-IFN-γ PE monoclonal antibodies. Dot plots show

representative examples. (F) Percentages are expressed from the gates:CD3e+ CD8+ IFN-γ+ T cell areas. The results are expressed as the mean values + SD

(n = 7). *P < 0.05, **P < 0.01, and ***P < 0.001.

DENV RNA was detected in 71.4–100% mice at day 1 after
challenge, and viremic mice were continuously observed during
the detection period (until day 8 after challenge). In contrast,
mice were less viremic in the pV-ZME group, with 14.3–57.1%
of mice exhibiting viremia at day 1 after challenge with DENV1–
4, and the trends in viremia reduction were significantly different
from those observed in the pV group (Figures 4A–D, χ2 = 10.15
and P < 0.05 for DENV1, χ2 = 13.35 and P < 0.01 for DENV2,
χ
2 = 13.99 and P < 0.01 for DENV3, and χ

2 = 14.88 and P <

0.01 for DENV4).
Similarly, mice in the pV group showed obvious body weight

losses that ranged from 13.0 to 18.9% after DENV challenge.

Notably, all pV-ZME-immunized mice showed limited mean
body weight loss, ranging from 4.8 to 9.7%, compared to
the control mice (13.0–18.9%, Figures 4E–H, P < 0.01 for
DENV1 and DENV4, and P < 0.05 for DENV2 and DENV3).
Consistently, all pV-ZME-immunized mice survived being
challenged with DENV1, DENV3, or DENV4 (Figures 4I–L). In
contrast, survival rates of 28.6% (4/14), 50.0% (7/14), and 0%
(0/14) were noted in the corresponding controls, respectively.
For mice challenged with DENV2, mice immunized with pV-
ZME exhibited a body weight loss of approximately 9.7% and
a survival rate of 35.7% (5/14). Although the cross-protection
against DENV2 in vaccinated mice was not complete, the body

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 May 2019 | Volume 9 | Article 147

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wang et al. Zika-DNA-Vaccination Confers Cross-Protection to DENVs

FIGURE 4 | Immunization of mice with the Zika DNA vaccine pV-ZME confers a reduction in DENV viremia and cross-protection against challenge with four serotypes

of DENV (A–D). The kinetics of viremia was evaluated in peripheral blood on days 1, 2, 4, 6, and 8 after DENV1–4 challenge. (E–H) Body weight changes and (I–L)

survival rates were monitored daily for 21 consecutive days (n = 14). The results are expressed as the mean values ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

weight and survival rate were better than that observed for the
control mice (Figure 4F, P < 0.05 and Figure 4J, P < 0.01).
Taken together, our results demonstrated that pV-ZME can
confer cross-protection against four DENV serotypes in mice.

DISCUSSION

Recently, multiple Zika vaccine candidates, especially DNA
vaccines, have shown promising outcomes after undergoing
successful preclinical and clinical development (Abbink et al.,
2018). Because of the complicated immunological cross-
reactivity among flaviviruses, it is necessary to determine the
role of pre-existing ZIKV immunity in cross-reactivity to DENV
infection within the same host. This information will be crucial
for informing public health responses and valuable for the design
and application of Zika vaccine candidates.

In this study, mice immunized with pV-ZME showed
relatively high titers of cross-reactive IgG antibodies and nAbs
as well as relatively high levels of Th1/Th2 mixed cytokine
responses to four serotypes of DENV (Figures 2, 3A–D).
Furthermore, we also showed that the frequency of cross-
reactive IFN-γ-producing CD8+ T cells markedly increased
upon stimulation with DENV antigens (Figure 3F). More
importantly, transient viremia, limited body weight loss and

complete survival after DENV challenge confirmed that cross-
reactive immune responses induced by pV-ZME vaccination
could protect mice against DENV infection (Figure 4). These
results suggested that this Zika DNA vaccine candidate can
induce both cross-reactive humoral and cellular immune
responses to collaboratively provide cross-protection against
DENV infections.

ZIKV structures have revealed its high similarity to DENV,
and the two closely related flaviviruses share considerable
homology in their amino acid sequences, which contains
analogous surface regions associated with common epitopes. The
existence of a set of common epitopes or homologous antigenic
peptides is believed to be the primary reason for the cross-
reactivity between ZIKV and DENV (Sirohi and Kuhn, 2017).
Generally, both durable humoral immune responses and CD8+

T cell responses play essential roles in the efficacy of dengue
vaccines (Zellweger et al., 2014; Lam et al., 2017). Recently,
Wen et al. showed that the CD8+ T cell response induced
during initial DENV infection can provide cross-protection
against a subsequent ZIKV infection in mice (Wen et al., 2017).
In this study, we showed that following antigenic stimulation
with DENV proteins, pV-ZME was capable of generating cross-
reactive IFN-γ-producing CD8+ T cell in response to DENV.
Although non-structural (NS) proteins have been reported to
contribute to inducing a strong CD8+ T cell response, there are
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also some CD8+ T cell epitopes within the E protein (Yauch
et al., 2009) that may be responsible for inducing the cross-
reactive CD8+ T cell response in mice vaccinated with pV-ZME.
Thus, regarding future modifications of Zika vaccine design, a
reasonable introduction of NS gene(s) may improve the cell-
mediated immune response.

Furthermore, it should be noted that although relatively
comparable cross-nAb titers were detected against all four
DENV serotypes, a relatively limited protection against DENV2
was observed that was not significantly associated with
the nAb titers in the sera of vaccinated mice, the reason
for which remains unclear. Similarly, the licensed dengue
vaccine CYD-TDV falls short in affording enough protection
against DENV2, although it has a high neutralizing potency
toward DENV2 (Capeding et al., 2014; Villar et al., 2015;
Agarwal et al., 2017; Henein et al., 2017). Therefore, this
phenomenon regarding DENV2 requires further attention
for the development of dengue vaccines. Moreover, due to
antigenic diversity between ZIKV and DENV1–4, it is reasonable
that the Zika DNA vaccine confers different levels of cross-
protection against DENV1–4. For a successful Zika vaccine,
it is necessary to comprehensively evaluate both its protective
efficacy against ZIKV infection as well as the underlying
cross-reactive immune responses to closely related flaviviruses,
especially DENV.

Recent studies have indicated that Zika DNA vaccine
candidates expressing prM/E proteins can induce high levels of
specific antibodies and protection in monkeys and mice (Dowd
et al., 2016; Hampton, 2016; Griffin et al., 2017), with vaccinated
animals showing reduced levels of viremia and no visible signs
of illness. A DNA vaccine was previously reported to be unable
to induce a significant immune response in large animal species
(Dupuis et al., 2000). However, recent studies have demonstrated
the effectiveness of Zika DNA vaccines in generating strong
humoral and cellular immune responses in large animal models.
Our DNA vaccine has shown inconsistent success in triggering
relatively high levels of systemic immune responses to ZIKV and
DENVs. Thus, in combination with these reports, our results
suggest that pV-ZME is a promising Zika vaccine candidate
for future applications. Moreover, our data provides novel and
insightful information for the design and development of safe
Zika and/or dengue vaccines.

In summary, the results of our study demonstrated that pV-
ZME not only elicited systemic immune responses and effective

protection against ZIKV (Wang et al., 2018), it conferred cross-
protection to four serotypes of DENV in mice. Our results
indicate the potential for the widespread use of the Zika prME-
based DNA vaccine. Furthermore, it is worthwhile to identify
common epitopes for the future development of a novel bivalent
or multivalent recombinant subunit vaccine against both DENV
and ZIKV.
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