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Abstract

We previously demonstrated that a DNA-based tetravalent dengue vaccine can induce balanced neutralizing
antibody responses against all four types of dengue virus (DENV1-4), using naive mice. On the other hand, individuals
receiving the dengue vaccine may have previously been infected with dengue virus (DENV1-4) or vaccinated with
other flavivirus vaccines. Thus, we investigated the effect of preimmunity against flaviviruses on immunogenicity of a
dengue tetravalent DNA vaccine in mice. Mice preimmunized with DENV2 developed higher antibody levels against
DENV2 than other types of dengue virus after the first dengue vaccination. However, the second vaccination provided
similar increases (4- to 8-fold) in antibody levels against all types of dengue virus, compared with non-preimmunized
mice. Preimmunization with yellow fever or Japanese encephalitis vaccines did not affect the immunogenicity of the
tetravalent vaccine, except for slight and occasional increases in antibody levels against certain types of viruses. Thus,
the dengue tetravalent DNA vaccine could provide balanced induction of dengue antibody responses even in mice

N

preimmunized with any of the three flaviviruses, at least after the second vaccination.
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Introduction

Dengue fever (DF) is a mosquito-borne viral disease widely
distributed in most tropical and subtropical regions [7,12]. An
estimated 50-100 million human cases occur annually. One of the
important features of this disease is the presence of its severe form,
dengue hemorrhagic fever (DHF). Approximately 250,000-500,000
cases of DHF have been reported every year. The causative agent of
DF and DHF is any of four types of dengue virus (dengue type 1-4
virus; designated DENV1-4), members of the genus Flavivirus in the
family Flaviviridae [25]. There are currently no approved vaccines and
no specific antiviral drugs available against the dengue virus [14,33].

Epidemiological evidence indicates that once an individual
becomes infected with one type of dengue virus they are usually
protected from subsequent homotypic infection [30], but disease
severity can progress from DF to DHF mostly following heterotypic
infection [4,11]. One of the potential mechanisms that leads to
this increased disease severity is the presence of non-neutralizing
cross-reactive antibodies [13,19,24] and/or cross-reactive memory
T lymphocytes [6] induced by an earlier infection. Therefore, a
tetravalent vaccine that can induce immune responses against
all four types of dengue virus would be required for developing a
safe and effective dengue vaccine [14,33]. It is highly probable that
neutralizing antibodies constitute an immunological correlate of
protection for dengue, although this is still being debated [15].

Several dengue tetravalent vaccine candidates are currently
under development, three of which are in the more advanced
stages, namely, traditional attenuation, engineered attenuation and
chimerization, which are all being developed via live attenuated
vaccine strategies [14,33]. Evaluation in clinical trials demonstrated
that these vaccine strategies have produced vaccines with high
seroconversion rates to all four types of the virus [3,10,28,29,32,34].
However, interference in virus replication is a potential problem that

may occur when infectious vaccines are combined. This is especially
important in the development of dengue tetravalent vaccines, since
imbalanced immune responses may cause enhanced disease severity
[31]. Therefore, dosage formulations and/or vaccine schedules are
considered important to adjust the immunogenicity of the four
different live vaccine components [9,18|.

DNA vaccines are non-infectious vaccines that incorporate a gene
of interest from the infectious agent concerned and they are delivered
to the cells of the inoculated host, where the gene is expressed [26].
Since the DNA vaccine strategy does not seem to cause interference
in antibody response due to combined immunization, the strategy is
considered suitable for developing a dengue tetravalent vaccine. We
have constructed and evaluated a dengue tetravalent DNA vaccine
consisting of pcDNA3-based plasmids expressing the premembrane
(prM) and envelope (E) genes of each of the four types of dengue
virus [20]. In a mouse model, this vaccine candidate did not show
detectable interference and induced balanced neutralizing antibody
responses to all four types of dengue virus.

It is important to consider that individuals residing in endemic
areas could have been infected with dengue virus prior to vaccination
with a dengue tetravalent vaccine. Similarly, individuals who receive a
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dengue tetravalent vaccine as a traveler’s vaccine may have also been
vaccinated with Japanese encephalitis (JE) vaccine or yellow fever
(YF) vaccine [2]. Since relatively high serological cross-reactivities
exist between flaviviruses [23], it is critical to examine if pre-existing
immunity to these viral antigens would affect the ability of a dengue
tetravalent vaccine to provide a balanced induction of neutralizing
antibody responses against the four dengue viruses.

This study assesses the effect of preimmunity to DENV2 infection
or JE or YF vaccination on the immunogenicity of our dengue
tetravalent DNA vaccine in a mouse model. The results demonstrated
that the ability of the tetravalent vaccine to induce balanced antibody
responses to all four types of dengue virus was not affected by
preimmunization, at least after two vaccinations. We speculate that
enhanced induction of broad cross-reactive neutralizing antibodies
may assist the balanced induction of dengue antibody responses.

Materials and Methods
Cells

Vero and C6/36 cells were cultivated as described previously [35].
Briefly, Vero cells were grown in Eagle’s minimum essential medium
(MEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and kanamycin 60 pg/ml. C6/36 cells were grown under the
same conditions except for the addition of nonessential amino acids
to the medium. All cells were cultured in a humidified atmosphere
containing 5% CO, at 37°C for Vero cells, or at 28°C for C6/36 cells.

Viruses

Dengue viruses used in this study included the Mochizuki strain
of DENV1, the New Guinea C (NGC) strain of DENV2, the H87 strain of
DENV3, and the H241 strain of DENV4 [20]. The Nakayama strain of
JE virus (JEV) has been described previously [16]. The 17D strain of YF
virus (YFV) was provided by Dr. Tomohiko Takasaki of the National
Institute of Infectious Diseases (NIID), Japan. Culture fluids harvested
from C6/36 cells infected with each of these viruses were used as
antigen for the neutralization tests and ELISA. For preimmunization
of mice with DENV2, the virus was administered in the form of a
20% homogenate of infected suckling mouse brains prepared with
10% normal mouse serum as a stabilizer. For preimmunization with
the 17D strain, culture fluids harvested from infected C6/36 cells
cultivated with medium containing 1% normal mouse serum in place
of 10% FBS were used.

Antibodies

Mouse monoclonal antibodies specific for E proteins included:
D1-4G2 (flavivirus group-crossreactive, purchased from American
Type Culture Collection, Manassas, VA), D1--15C12 (DENV1-reactive,
unpublished), D2-1I-11H4 (DENV2-reactive; 35) and JE-10B4 [JEV-
reactive, 22|. Hyperimmune mouse ascitic fluids (HMAFs) were
collected from mice repeatedly immunized with DENV1 (Mochizuki),
DENV2 (NGC), DENV3 (H87), DENV4 (H241) or JEV (Nakayama) in the
form of 10% homogenates of infected suckling mouse brains [20].
Hyperimmune mouse sera against YFV were collected from mice
repeatedly immunized with culture fluid harvested from 17D-infected
C6/36 cells cultivated in medium containing 1% normal mouse serum.
Hyperimmune rabbit sera against DENV1-4 were collected from
rabbits repeatedly immunized with the purified virion fraction of
each dengue virus [20].

Vaccines

Dengue DNA vaccines were the pcDNA3-based vaccine plasmids
encoding the prM and E genes of the DENV1 Mochizuki strain

(pcD1ME), the DENV2 NGC strain (pcD2ME), the DENV3 H87 strain
(pcD3ME) and the DENV4 H241 strain (pcD4ME) [20]. A mixture of
10 pg of each of these plasmids, pcD1ME, pcD2ME, pcD3ME and
pcD4ME (totaling 40 pg), was used as the dengue tetravalent DNA
vaccine. All DNAs were purified using a plasmid DNA purification kit
(Qiagen, Hilden, Germany). For the YF vaccine, the 17D strain of YFV
was used. For the JE vaccine, a mouse brain-derived inactivated JE
vaccine (JEVAX) purchased from Mitsubishi Tanabe Pharma (Osaka,
Japan) was used.

Mouse experiments

Groups of four to six 4-week-old male ddY mice (Japan SLC,
Shizuoka, Japan) were preimmunized by intraperitoneal (i.p.)
inoculation once or twice, with a 2-week interval, with DENV2
antigen (20% homogenate of infected suckling mouse brains), YFV
antigen (culture fluid harvested from infected C6/36 cells) or JEV
antigen (JEVAX). Three to four weeks after the preimmunization, mice
were vaccinated twice, with a 3- to 4-week interval, with the dengue
tetravalent DNA vaccine (40 pg per mouse) by inoculation into both
thighs using a spring-powered needle-free jet injector (ShimaET;
Shimadzu, Kyoto, Japan). The volume of the vaccine solution injected
into each thigh was adjusted to 50 pl (100 pul per mouse) with
phosphate-buffered saline. Mice were retroorbitally bled and sera
isolated. Pooled sera were examined for neutralizing antibody titers
and individual sera examined for ELISA antibody levels, except for
preimmunization experiments with DENV2 in which the pooled sera
were used for both neutralization tests and ELISA.

All animal experiments were approved by the Institutional
Animal Care and Use Committee (Permission number: P-070101 and
P-090615) and conducted according to the Kobe University Animal
Experimentation Regulations.

Neutralization test

Neutralizing antibody titers were determined on Vero cells using
a plaque reduction assay as described previously [20]. The antigens
used included YFV (17D), JEV (Nakayama), DENV1 (Mochizuki),
DENV2 (NGC), DENV3 (H87) and DENV4 (H241). The virus—antibody
mixture was incubated in the presence of rabbit complement at a
final concentration of 5%. Plaques were visualized by immunostaining
using D1--15C12, D2-1I-11H4, JE-10B4 and D1-4G2 monoclonal
antibodies to detect DENV1, DENV2, JEV and other viral antigens,
respectively. The neutralizing antibody titer was expressed as the
maximum serum dilution yielding a 70% reduction in plaque number.

ELISA

A conventional ELISA for measuring antibody levels was
performed as described previously [20]. Briefly, microplates were
sensitized with hyperimmune rabbit sera against DENV1-4 or JEV
and incubated with infected culture fluids containing corresponding
viral antigens. For measuring antibodies to YFV, hyperimmune rabbit
serum against DENV2 was used to capture YFV antigens, utilizing
their cross-reactivity. Sensitized plates were incubated serially
with test sera, alkaline phosphatase-conjugated anti-mouse IgG
and p-nitrophenyl phosphate. To minimize interplate variations, a
constant positive control serum was included in every plate, and the
absorbances obtained with the test samples were adjusted with the
positive control, which was taken as 1.0. The adjusted absorbances
were expressed as ELISA values. The positive control serum was the
pooled serum obtained at the end of the experimental period from
mice that had not been preimmunized but had been vaccinated twice
with the tetravalent DNA vaccine, unless otherwise specified. The
ELISA used to measure IgG1 and IgG2a antibodies was the same as
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that described above, except serial 2-fold dilutions of the test sera
and alkaline phosphatase-conjugated goat anti-mouse IgG1 or IgG2a
were used. The ELISA antibody titer was the maximum serum dilution
that showed an absorbance value greater than the average, plus three
times the standard deviation of the absorbance values obtained with
non-immune mouse sera. The IgG2a/lgG1 ratio was calculated from
the ELISA antibody titers obtained for IgG1 and IgG2a isotypes.

Statistical analysis

Significant differences in the geometric mean ELISA antibody
levels were evaluated using the Student’s t-test. Probability levels (P)
of less than 0.05 were considered significant.

Results

Cross-neutralization among JEV, YFV and dengue viruses

Although the neutralization test provides the highest specificity
among currently available serological tests to measure flavivirus
antibodies, it still detects some cross-reactive antibodies. Since this
study aimed to investigate immunogenicity of the dengue tetravalent
DNA vaccine in mice with preimmunity to antigens of DENV2, JEV
or YFV, we evaluated cross-neutralization among these viruses. For
this purpose, hyperimmune mouse ascitic fluids against JEV or each
of the DENV1—4 and hyperimmune mouse sera against YFV were
used for neutralization tests (Figure 1). Neutralizing antibody titers
of 1:640 to 1:5120 were detected against the homologous virus,
whereas antibody titers against heterologous viruses were <1:40 and
mostly <1:10 in all combinations examined. This result indicated that
the cross-neutralization titers were <1/32 and mostly <1/64 of the
specific titer under these experimental conditions using a 70% plaque
reduction assay.

Effect of pre-existing immunity to DENV2

To assess an effect of preimmunity to DENV2 on immunogenicity
of the dengue tetravalent DNA vaccine, mice were immunized with

DENV2 antigen, in the form of suckling mouse brain homogenates,
before vaccination with the DNA vaccine. In the first experiment,
groups of six mice were preimmunized with 5.0 X 107, 5.0 X 10°
or 5.0 X 10° plaque forming units (PFU) of DENV2 antigen. As a
control, the same number of mice were inoculated with PBS. At 4 and
7 weeks later, these mice were vaccinated with 40 pg of the dengue
tetravalent DNA vaccine (10 pg for each type). Nine weeks later (2
weeks after the second vaccination), mice were bled and the pooled
sera were examined for neutralizing antibodies (Table 1). Overall,
mice preimmunized with higher doses of DENV2 antigen showed
higher neutralizing antibody titers. Compared with control mice
without preimmunization, preimmunized mice showed a 4- to 16-
fold increase in neutralizing antibody titers against the homologous
antigen (DENV2), and a 1- to 8-fold increase against heterologous
antigens (other types).

To further assess the effect of preimmunization with DENV2
antigen, we carried out a second experiment to compare the
time course of antibody responses in mice with or without
preimmunization. Mice preimmunized with 5.0 X 107 or 5.0 X 10°
PFU of DENV2 antigen or inoculated with PBS were vaccinated with
40 pg of the dengue tetravalent DNA vaccine twice, with a 4-week
interval. Blood samples were collected just before (week 0) and every
week after the first vaccination, except for week 3, and pooled sera
were examined for neutralizing antibodies and ELISA antibodies
(Figure 2).

In mice preimmunized with 5.0 X 10” PFU of DENV2,
prevaccination neutralizing antibody titers were 1:80 against DENV2,
compared with <1:10 against other types. After the first vaccination,
antibody titers in preimmunized mice started to increase against
DENV2 at week 1 and against other types at week 1 or 2, whereas
non-preimmunized mice did not develop detectable neutralizing
antibodies against any of the four types within 2 weeks. Four weeks
after the first vaccination, the neutralizing antibody titer against
DENV2 in preimmunized mice (1:320) was 32-fold higher than that in
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Figure 1: Cross-neutralization among JEV, YFV and DENV1-4. The abscissa indicates virus species used for preparing hyperimmune mouse ascitic fluids (HMAF)
or hyperimmune mouse sera (HMS). The ordinate indicates neutralizing antibody titers obtained with HMAF or HMS as determined by the neutralization tests using

DENV3 DENV4

Neutralizing antibody titer against:®
Dose of DENV2
antigen (PFU)? DENV1 DENV2 DENV3 DENV4
5.0 x 107 1:160 1:320 1:160 1:160
5.0 x 108 1:160 1:160 1:80 1:80
5.0 x 10° 1:80 1:80 1:80 1:20
PBS 1:40 1:20 1:40 1:20

aGroups of six 4-week-old male ddY mice were preimmunized with the indicated doses of DENV2 antigen or inoculated with PBS as a control.

°Four weeks after the preimmunization, mice were vaccinated with 40 pg of the dengue tetravalent DNA vaccine (10 pg for each type) twice, with a 3-week interval. Two
weeks after the second dose of the DNA vaccine, mice were bled and pooled sera were examined for neutralizing antibodies.

Table 1: Neutralizing antibody titers in dengue tetravalent DNA vaccine-vaccinated mice with or without preimmunization with DENV2.
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mice without preimmunization (1:10), while the titers against other
types of DENV in preimmunized mice (1:40-1:80) were only 4-fold
higher than those in non-preimmunized mice (1:10-1:20). However,
two weeks after the second vaccination (week 6), the titer differences
between mice with and without preimmunization decreased to 4- to
8-fold against any type, and developed antibody titers of 1:160-
1:1280 and 1:40-1:160, respectively. Mice preimmunized with 5.0
X 10° PFU of DENV2 showed intermediate time courses between
mice without preimmunization and those preimmunized with 5.0 X
107 PFU of DENV2. Although ELISA antibody levels were affected by
cross-reactivities among DENV1—4 antigens, the time courses were
basically consistent with those of neutralizing antibody titers in terms
of the difference between mice with and without preimmunization.
These results indicated that, although preimmunization with DENV2
increased pre- and postvaccination antibody levels against DENV2
more effectively than those against other types, the differences in
antibody levels from those obtained with non-preimmunized mice
were similar across the four types (DENV1-4) following the second
vaccination.

Effect of pre-existing immunity to JEVAX

The effect of preimmunization with a commercial JE vaccine
(JEVAX) on immunogenicity of the dengue tetravalent DNA vaccine
was then investigated. Mice preimmunized with 1/2 or 1/10 of a
human dose of JEVAX were vaccinated twice with 40 pug of the dengue
tetravalent DNA vaccine. Mice were bled at weekly intervals. Pooled
sera were examined for neutralizing antibodies, and individual sera
were examined for ELISA antibodies (Figure 3). A 1/2 dose of JEVAX
induced a higher neutralizing antibody titer against JEV (1:80) than
a 1/10 dose (1:20) prior to vaccination with the dengue tetravalent
DNA vaccine.

Different from the results obtained with DENV2-preimmunized
mice (Figure 2), mice with or without JEVAX preimmunization
showed similar postvaccination neutralizing antibody titers, except
for those against DENV1, which were mostly 2-fold and sometimes
4-fold higher in preimmunized than non-preimmunized mice (Figure
3). ELISA antibody levels were significantly higher in preimmunized
than non-preimmunized mice against all types of dengue virus before
(week 0) and/or 1 week after vaccination, due to cross-reactivity
between antigens of JEV and DENV1-4. Following the second
vaccination (weeks 5 and 6), similar antibody titers were detected
between mice with and without preimmunization, against any type
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Figure 2: Effect of preimmunity to DENV2 on immunogenicity of the dengue
tetravalent DNA vaccine. Groups of four mice were preimmunized with 5.0 x 107
(closed circle) or 5.0 x 10° (open circle) PFU of DENV2 antigen or inoculated
with PBS (closed triangle). Four and eight weeks later, these mice were
vaccinated with 40 ug of the dengue tetravalent DNA vaccine (10 pg for each
type). Pooled sera were examined for neutralizing antibody titers (upper panel)
and ELISA antibody levels (lower panel) against DENV1—4 (indicated above the
\upper panel).

of dengue virus. These results indicated that preimmunization with
JEVAX did not affect the immunogenicity of the dengue tetravalent
DNA vaccine under these experimental conditions. As for the
neutralizing antibody titers against JEV, they remained unchanged
before the second vaccination, after which the titers increased 2- to
4-fold. On the other hand, ELISA antibody levels against JEV constantly
increased with time, in mice both with and without preimmunization,
due to cross-reactive antibodies detected by ELISA.

Effect of pre-existing immunity to YFV

To assess the effect of preimmunization with YF vaccine on
immunogenicity of the dengue tetravalent DNA vaccine, the YFV
17D strain harvested from culture fluids of infected C6/36 cells was
used in place of the commercial YF vaccine. Since one human dose
of a commercial attenuated YF vaccine (YF-VAX®) contains a release
titer of >5.6 X 10* PFU [27]. We used a virus infective titer of 5.6
X 10* PFU as one human dose, however, preliminary experiments
indicated that this dose did not induce high neutralizing antibody
titers in mice, and so a higher dose (5.6 X 10° PFU corresponding to
100 human doses) was also used for preimmunization. Preimmunized
mice were vaccinated twice with 40 pg of the dengue tetravalent
DNA vaccine. As shown in (Figure 4), preimmunization with 100
human doses induced a neutralizing antibody titer of 1:160 against
YFV, while one human dose induced a titer of 1:10. Mice were bled
at weekly intervals to examine pooled sera for neutralizing antibody
titers and individual sera for ELISA antibody levels.

Similar to the results obtained by preimmunization with JEVAX
(Figure 3), mice with or without preimmunization showed similar
time courses of antibody titers/levels against each of the dengue
virus types, DENV1-4 (Figure 4). Four-fold higher neutralizing
antibody titers were detected against DENV1 or DENV2 at a certain
time point in mice preimmunized with 100 human doses compared
with non-preimmunized mice, while significant differences in ELISA
antibody levels were occasionally detected against DENV1 and
DENV3 between mice with and without preimmunization following
the second vaccination. As for neutralizing antibody titers against
YFV, they increased one or two weeks after the first vaccination in
preimmunized mice but one week after the second vaccination in
mice without preimmunization. Low ELISA antibody levels against
YFV were observed in mice preimmunized with one human dose,
probably because of low sensitivity in the ELISA system where rabbit
anti-DENV2 antibody was used to cross-reactively capture YFV antigen.
However, the levels were significantly higher than those obtained
with non-preimmunized mice following the first vaccination. These
results indicated that antibody titers/levels induced by the dengue
tetravalent DNA vaccine were not affected by preimmunization with
YFV in mice, except for slight and sporadic increases against certain
types of dengue viruses.

Pre- and postvaccination IgG isotype profiles

Antibodies induced by the dengue tetravalent DNA vaccine in
mice preimmunized with flavivirus antigens were further analyzed to
determine their IgG1 and IgG2a isotype profile to each immunogen.
DNA vaccines are known to induce Th1-type immune responses with
an isotype profile of IgG2a>IgG1 in mice, when inoculated by the
intramuscular route [5].As shown in (Table 2), mice vaccinated with
the dengue tetravalent DNA vaccine by needle-free jet injection into
the thigh (without preimmunization) also developed higher IgG2a
than IgG1 antibody titers against all four types of dengue virus.
Preimmunization with DENV2 induced IgG2a antibody titers higher
than the IgG1 antibody titers against DENV1-3. After vaccination, the
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Figure 3: Effect of preimmunity to JEVAX on immunogenicity of the dengue tetravalent DNA vaccine. Groups of six mice were preimmunized by two inoculations, with
a 2-week interval, with a 1/2 (closed circle) or 1/10 (open circle) human dose of JEVAX or inoculated with PBS (closed triangle). Two and six weeks after the second
inoculation for preimmunization, these mice were vaccinated with 40 pg of the dengue tetravalent DNA vaccine (10 pg for each type). Pooled sera were examined for
neutralizing antibody titers (upper panel) and individual sera were examined for ELISA antibody levels (lower panel) against DENV1-4 and JEV (indicated above the
upper panel). For ELISA, mean ELISA values were plotted with SD (indicated by bars). Significant differences in mean ELISA values from non-preimmunized mice
were indicated by * (P<0.05), ** (P<0.01) and *** (P<0.001) for mice preimmunized with a 1/2 dose of JEVAX and + (P<0.05), ++ (P<0.01) and +++ (P<0.001) for mice
preimmunized with a 1/10 dose of JEVAX.
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Figure 4: Effect of preimmunity to the 17D strain of YFV on immunogenicity of the dengue tetravalent DNA vaccine. Groups of six mice were preimmunized by two
inoculations, with a two-week interval, with 5.6 x 108 (closed circle) or 5.6 x 10* (open circle) PFU of YFV or inoculated with PBS (closed triangle). Two and six weeks
after the second inoculation for preimmunization, these mice were vaccinated with 40 pg of the dengue tetravalent DNA vaccine (10 ug for each type). Pooled sera were
examined for neutralizing antibody titers (upper panel) and individual sera were examined for ELISA antibody levels (lower panel) against DENV1-4 and YFV (indicated
above the upper panel). The positive control for the DENV1-4 ELISA was obtained from mice only vaccinated with the tetravalent vaccine, while that for the YFV ELISA
was obtained from mice preimmunized with 5.6 x 10° PFU of YFV and then vaccinated with the tetravalent vaccine. Since this experiment was performed in parallel
to the experiment shown in Figure 3, time courses obtained with the control mice (closed triangles) are the same as those shown in Figure 3. Significant differences in
mean ELISA values from non-preimmunized mice were indicated by * (P<0.05), ** (P<0.01) and *** (P<0.001) for mice preimmunized with a 1/2 dose of JEVAX and +
(P<0.05), ++ (P<0.01) and +++ (P<0.001) for mice preimmunized with a 1/10 dose of JEVAX.
&

Preimmunized with: lgG2a/lgG1 ratio”
Week® DENV1 DENV2 DENV3 DENV4 JEV YFV
DENV2 0 64 2 64 1 -d -
6 2048 16 512 8 - -
Control® 6 512 16 64 16 - -
JEVAX 0 12 1/4 1/64 12 1 -
6 16 2 8 2 1 -
Control 6 512 32 16 16 8 -
YFV 0 4 1/8 1 1/4 - 4
6 64 1 4 4 - 1
Control 6 512 32 16 16 - 8

alnoculated with PBS.

Period (week) after the first vaccination with the dengue tetravalent DNA vaccine. “0” indicates the time point just before the first vaccination.
°The ratio of IgG2a to IgG1 antibody titers against each of the viruses: DENV1-4, JEV and YFV.

“Not tested.

Table 2: 1gG isotype profiles of the antibodies induced in mice preimmunized with flavivirus antigens and then vaccinated with the dengue tetravalent DNA vaccine.

IgG2a/lgG1 ratio increased for all types of dengue viruses. On the aftervaccination. Antibodies against DENV1 showed the highest IgG2a/
other hand, preimmunization with JEVAX induced higher IgG1 than IgG1 ratio, irrespective of whether or not mice were preimmunized
IgG2a antibody titers (with IgG2a/lgG1 ratios of less than one) for and irrespective of the immunogen used for preimmunization. In mice
DENV1-4. However, the IgG2a/IgG1 ratio increased to greater than preimmunized with JEVAX or YFV, vaccination with the dengue DNA
one following vaccination. Similarly, mice preimmunized with YFV vaccine did not increase the IgG2a/IgG1 ratio for antibodies to JEV or
showed increased 1gG2a/IgG1 ratios for all types of dengue viruses YEV. These results indicated that the dengue tetravalent DNA vaccine
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induced higher IgG2a than IgG1 antibody titers against DENV1-4
even in preimmunized mice, as far as preimmunization with DENV2,
JEVAX or YFV was concerned. Attempts to detect any relationship
between the IgG2a/IgG1 antibody ratio and the neutralizing antibody
titers failed, probably because the neutralizing antibody titers of sera
with an isotype profile of IgG1>1gG2a were mostly <1:10.

Discussion

This study assessed the effects of preimmunity to DENV2,
JEVAX and YFV on immunogenicity of the dengue tetravalent DNA
vaccine in mice. Most members of the genus Flavivirus are grouped
into eight antigenic complexes, within which members show high
serological cross-reactivities [7]. DENV1-4 constitute the dengue
virus serocomplex, while JEV and YFV belong to other serocomplexes.
When preimmunized with DENV2, mice developed neutralizing
antibodies only against DENV2 as expected, this implied imbalanced
antibody responses against DENV1-4 before vaccination with the
tetravalent vaccine. However, after two vaccinations, mice developed
neutralizing antibody titers efficiently against other dengue types
and the titers against DENV1-4 at the end of the experimental
period (6 weeks after the first vaccination) were 4- to 8-fold higher
than those induced in vaccinated mice without preimmunization,
providing balanced neutralizing antibody responses against DENV1—
4. Preimmunization with viral antigens of other serocomplexes
(JEV and YFV) sporadically increased neutralizing antibody titers
against certain types of viruses (maximum of four-fold), but did not
significantly affect the ability of the dengue tetravalent DNA vaccine
to induce balanced antibody responses. Although pooled sera were
used for neutralization tests in the present study, individual variations
in antibody titers were usually within 2-fold in mice immunized with
dengue or JE DNA vaccines in our previous studies [16,21].

Neutralizing antibody titers induced by the dengue tetravalent
DNA vaccine were increased by preimmunization with only one
type of dengue virus (DENV2) not only against the homotype
but also against the viral heterotypes. Increases in the antibody
titer against heterologous viruses are partly explained by cross-
neutralization. However, the increase was larger than that estimated
by cross-neutralization. For instance, the neutralizing antibody titer
against DENV1 at week 6 of vaccination was 1:80 in mice without
preimmunization and 1:320 in mice preimmunized with 5.0 X 107 PFU
of DENV2 antigen. Since hyperimmune sera against DENV2 showed a
neutralizing antibody titer of 1:2560 against DENV2 and 1:10 against
DENV1 (cross-neutralization titer of 1/256; Figure 1), it is expected
that serum showing an antibody titer of 1:1280 against DENV2 only
contributed towards increasing the titer to 1:5 against DENV1. Thus,
the difference between the 1:80 and 1:320 antibody titers cannot be
explained solely by cross-reactivity between DENV1 and DENV2 in
our neutralization test. A potential explanation for this observation is
an enhancement in the immunogenicity of pcD1ME, a DENV1 antigen
component of the dengue tetravalent DNA vaccine, in cases where
mice had previously exhibited immune responses to DENV2, which
resulted in induction of broad cross-reactive neutralizing antibodies.

The enhanced induction of cross-neutralizing antibodies shown
in this study was demonstrated by using a dengue tetravalent DNA
vaccine and an additional antigen prior to vaccination. A similar
phenomenon was previously shown in a mouse model using our
dengue tetravalent DNA vaccine, but the additional antigen was used
after vaccination [20]. Specifically, groups of mice, which had been
vaccinated twice with the dengue tetravalent DNA vaccine, were
inoculated with each of the DENV1—4 antigens in the form of infected

mouse brain homogenates 3 weeks after the second immunization.
The heterotypic, as well as the homotypic, neutralizing antibody
titers were significantly elevated after the inoculation. For instance,
mice vaccinated with the tetravalent DNA vaccine and then inoculated
with DENV2 developed neutralizing antibody titers of 1:640 against
DENV2 and 1:320 against DENV1, whereas the control mice vaccinated
only with a DENV2 DNA vaccine and then inoculated with DENV2
developed titers of 1:1280 against DENV2 and as little as 1:40 against
DENV1. The high-level induction of cross-neutralizing antibodies has
also been reported previously in mice co-immunized with the dengue
tetravalent DNA vaccine and a protein vaccine that consisted of DENV2
subviral extracellular particles [16]. The neutralizing antibody titer
against DENV1 induced by the tetravalent DNA vaccine alone (1:20)
was increased to 1:160 by co-immunization with the DENV2 protein
vaccine. This 8-fold increase was much higher than expected from the
cross-reactivity of the DENV2 antibody induced by the DENV2 protein
vaccine alone (neutralizing antibody titer of <1:10 against DENV1).

Immune responses against sequential exposures to dengue and
other flavivirus antigens in humans have been intensively studied
using live attenuated dengue and YF vaccines [1,17]. As described
above, DENV1-4 and YFV belong to different serocomplexes: thus,
serological cross-reactivities between DENV1—4 and YFV are less than
those among DENV1-4. Although the present study only showed a
slight effect of preimmunization with YFV on immunogenicity of the
dengue tetravalent DNA vaccine in mice, clinical trials evaluating live
attenuated dengue vaccine candidates suggest that preimmunity to
YFV can increase immune responses against DENV on subsequent
dengue vaccination. Specifically, a live attenuated DENV2 vaccine
showed a significantly higher seroconversion rate in YFV-immune
than non-immune recipients [90% vs. 61%; P<0.01: 1]. Moreover,
monovalent live attenuated vaccine against each of the DENV1-4
induced neutralizing antibody responses against all four types of
dengue virus in volunteers with immunologic memory against YFV,
while only monovalent antibody responses were shown in most naive
volunteers [17].

It is generally accepted that almost all individuals who survive
infection with two different types of dengue virus are then protected
from infection by all four virus types |7]. Considering the situation in
endemic areas, the enhanced cross-neutralizing antibody responses
shown in this study potentially contribute to long-term immune
responses against all types after dengue tetravalent vaccines. It is
likely that individuals who receive the dengue tetravalent DNA vaccine
develop balanced neutralizing antibody responses against all four
types of dengue virus irrespective of whether they acquire infection
with a single type before and after vaccination. The observation
in the present study may be consistent with a complementary
mechanism suggested by dengue chimeric vaccine studies using
heterologous prime-boost immunizations [8,9]. It is speculated that
this phenomenon is related to the enhanced neutralizing antibody
responses against cross-reactive antigenic epitope(s), possibly by a
mechanism involving molecular mimicry of an epitope presented on
the envelope proteins of DENV1-4 that is recognized by immune
cells.

In conclusion, preimmunization with DENV2, JEVAX or YFV did
not affect the ability of our dengue tetravalent DNA vaccine to induce
balanced neutralizing antibody responses in a mouse model. In
endemic areas where people are frequently exposed to dengue virus
infection, the tetravalent vaccine is considered to induce relatively
strong cross-reactive neutralizing antibodies, which is important for
durable vaccine effectiveness against all four types of dengue virus.
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