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ABSTRACT

Dengue has a major impact on global public health, and the use of dengue vaccine is very limited. In this
study, we evaluated the immunogenicity and protective efficacy of a dengue vaccine made from a
recombinant measles virus (MV) that expresses envelope protein domain Il (ED3) of dengue-1 to 4.
Following immunization with the MV-vectored dengue vaccine, mice developed specific interferon-
gamma and antibody responses against dengue virus and MV. Neutralizing antibodies against MV and
dengue viruses were also induced, and protective levels of FRNTsq > 10 to 4 serotypes of dengue viruses
were detected in the MV-vectored dengue vaccine-immunized mice. In addition, specific interferon-
gamma and antibody responses to dengue viruses were still induced by the MV-vectored dengue vaccine
in mice that were pre-infected with MV. This finding suggests that the pre-existing immunity to MV did
not block the initiation of immune responses. By contrast, mice that were pre-infected with dengue-3
exhibited no effect in terms of their antibody responses to MV and dengue viruses, but a dominant
dengue-3-specific T-cell response was observed. After injection with dengue-2, a detectable but
significantly lower viremia and a higher titer of anti-dengue-2 neutralizing antibodies were observed in
MV-vectored dengue vaccine-immunized mice versus the vector control, suggesting that an anamnestic
antibody response that provided partial protection against dengue-2 was elicited. Our results with regard
to T-cell responses and the effect of pre-immunity to MV or dengue viruses provide clues for the future
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applications of an MV-vectored dengue vaccine.

Introduction

As the leading cause of mosquito-borne viral disease, dengue
results in approximately 400-500 million infections and 21,000
deaths annually, primarily affecting Southeast Asia and Latin
American.' The disease burden has increased over recent deca-
des due to global warming and an increase in international
travel.” To date, there are 4 dengue virus serotypes (DENV-1 to
4) circulating in endemic regions and the treatments to reduce
the risk of dengue infection are limited. DENV infections are
usually asymptomatic or self-limited febrile illnesses and elicit
long-lasting homotypic immunity to the infecting serotype and
short-lived heterotypic immunity to the others.>* However, a
severe, life-threatening dengue hemorrhagic fever or dengue
shock syndrome may occur in some individuals, especially
those with a secondary infection with a different serotype or in
infants with maternal antibodies.” Although the pathogenesis
of severe dengue is still unclear, a non-protective heterotypic
immune response has been reported to be associated with

severe dengue.® For example, antibody-dependent enhance-
ment (ADE) and the occurrence of original antigenic sin, as
mediated by cross-reactive antibodies and T cells, contribute to
the higher viremia and blood vessel damage observed in the
pathogenesis of severe dengue diseases.”” Therefore, it is
believed that an ideal dengue vaccine would be able to induce a
balanced immunity against all dengue serotypes.

Several dengue vaccine candidates, including live attenuated
or inactivated virus, recombinant or chimeric viral vectors, sub-
unit protein and DNA vaccines,'”'* are under development,
but none are currently licensed. Recently, a yellow fever virus-
based chimeric tetravalent dengue vaccine (CYD) have shown
promise in clinical trials for the prevention of dengue and was
licensed in Mexico, Philippines and Brazil; however, its rela-
tively weak efficacy against DENV-2 infection raises more con-
cerns.!>!® Similar to the other candidate vaccines, the chimeric
CYD tetravalent dengue vaccine contains dengue membrane
and envelope proteins that might be neutralized by pre-existing
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immunity against dengue or other flaviviruses. By contrast,
DNA or viral vector-based dengue vaccines contain only the
genes encoding dengue proteins, but not the proteins them-
selves, to avoid interference from pre-existing dengue-specific
antibodies.

It is well known that neutralizing antibodies play an
important role in blocking dengue virus infection. Dengue
envelope protein domain III (ED3) is the major target for
serotype-specific neutralizing antibodies.'” In addition to
neutralizing antibody, there is increasing evidence from
human and animal studies to indicate that interferon
(IFN)-y-producing T cells contribute to protection against
the dengue virus,'®*° highlighting the importance of the T-
cell responses that are induced by dengue vaccination.
However, the ED3-specfic T-cell response is less under-
stood, particularly for the responses elicited by tetravalent
dengue vaccines. Therefore, a comprehensive study on the
ED3-specific T-cell response is important for the develop-
ment of ED3-based tetravalent dengue vaccines.

The current used live attenuated MV vaccine is capable of
eliciting long-lasting immunity in infants without any severe
adverse effects.”’ Recombinant virus technology allows the MV
vaccine strain to become an efficient viral vector for vaccine
delivery **** and oncolytic virotherapy.”> However, previous
reports on MV-vectored dengue vaccines were focused on the
antibody response, and they were tested in immunocompro-
mised mice that lacked type-I interferon signaling,”**® which is
important for activating dendritic cells and T-cell responses.””
In this study, we extended the previous findings to analyze
both the T-cell and antibody responses induced by the MV-
vectored tetravalent dengue vaccine in immunocompetent
C57BL/6 mice expressing MV receptor-human CD46 (hCD46
mice), and we evaluated the influence of pre-existing immunity
to either MV or DENV on the immunogenicity and protection
of the MV-vectored tetravalent dengue vaccine. Our data pro-
vide a further understanding of the application of the MV-vec-
tored tetravalent dengue vaccine.

Results

Generation of a recombinant measles-vectored dengue
vaccine

The construction of the full-length infectious clone of MV
Moraten strain pMV was performed by overlapping RT-PCR.
An additional transcription unit (ATU) was inserted into the
intergenic boundary between the P and M genes for the expres-
sion of a foreign gene. To express tetravalent dengue ED3 pro-
tein, the genes encoding tandem repeats of bivalent ED3
proteins from DENV-1 and 3 or DENV-2 and 4 were subcl-
oned into the ATU site of the MV infectious clone (Fig. 1A). A
gene encoding enhanced green fluorescent protein (EGFP) was
also subcloned into the ATU site as a control. The amino acid
sequence for 4 serotypes of ED3 was aligned, and it is shown in
Fig. 1E. To generate the recombinant viruses, an MV-suscepti-
ble 293-hSLAM cell line was used for MV rescue. Usually,
recombinant viruses were obtained after 2-3 days and ampli-
fied on Vero cells. The purified recombinant viruses were har-
vested to analyze the expression of ED3 protein by Western
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blotting. As expected, ED3 proteins were detected in both the
supernatant and cell lysates of Vero cells that were infected
with rMV-DV13 and rMV-DV24, but not with the control
rMV-EGFP (Fig. 1B). This finding suggests that recombinant
viruses successfully produce and secrete dengue ED3 proteins.
To test the growth kinetics, we infected Vero cells with rMV,
rMV-EGFP, rMV-DV13 or rMV-DV24 at a multiplicity of
infection (MOI) of 0.02 and harvested the cells and lysates for
the determination of virus titers by plaque assay. The titers of
all recombinant viruses increased to a similar extent to those
observed in the parental rMV, except that significantly higher
titers were observed in rMV than in rMV-DV13 and rMV-
DV24 at day 3 (p<0.01; n = 2; Fig. 1C). In addition, we also
examined the expression of EGFP in rMV-EGFP-infected cells
by infecting Vero cells with rMV-EGFP, and we observed the
appearance of fluorescence. A typical image of MV-infected
syncytial cells with green fluorescence is clearly shown in
Fig. 1D.

The infection and replication of recombinant MV in hCD46
mice

To determine the efficiency of recombinant virus replication in
vivo, the plasma and tissues from parental rMV-infected hCD46
and C57BL/6 mice were collected at day 7, 9 and 15 for analysis
because these times are comparable to the viremia peak and
recovery stage in monkeys that were challenged with MV.*®
Although no MV plaque was detected in the plasma or tissues
of the hCD46 or C57BL/6 mice, a low level of MV RNA was
detected in the spleen and inguinal lymph nodes of rMV-
infected hCD46 mice (401+643 and 1091114 copies/ng RNA,
respectively) but not C57BL/6 mice 9 days after infection, and it
was no longer detectable in all the samples 15 days after infec-
tion (Fig. 2A and Table S1). This finding implies that limited
recombinant virus replication occurs in hCD46 mice. In addi-
tion, the hCD46-dependent infection by recombinant virus was
also validated by flow cytometry. At 24 h post-infection, the per-
centage of rMV-infected CD3-gated T cells and B220-gated B
cells for hCD46 mice were significantly higher than the percen-
tages in C57BL6 mice (p<0.05; Fig. 2B), suggesting the suscepti-
bility of hCD46 mice to recombinant MV infection.

The induction of T-cell immune responses by a MV-
vectored dengue vaccine

To understand the T-cell responses, we immunized hCD46
mice with either rMV-EGFP (2 x 10° pfu) or rMV-TDV (1
x10° pfu of rMV-DV13 and 1 x 10° pfu of rMV-DV24) by ip
injection. In a pilot study, the peak of specific responses
appeared after the primary but not secondary rMV-TDV
immunization (Fig. S1). Therefore, the spleens of immunized
mice were removed 9 days after a single immunization for T-
cell responses. The specific IFN-y and interleukin (IL)-4
responses were quantitated by ELISPOT assay under the stimu-
lation with dengue ED3 peptide mixtures or MV-infected cell
lysates (Advanced Biotechnologies Inc., Columbia, MD). Com-
parable levels of MV-specific IFN-y were detected in response
to all the recombinant viruses (Fig. 3A). The numbers of MV-
specific IFN-y-producing cells were 143 + 133 and 165 + 107
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Figure 1. Preparation of the recombinant measles viral vector tetravalent dengue vaccine. (A) Schematic diagram of the infectious clone pMV containing the antigenomic
cDNA of the Moraten MV strain is shown. The required elements including the T7 promoter (Pr;), an additional transcription unit (ATU), the delta ribozyme (8) and the T7
polymerase terminator (i) are also indicated. The infectious clones of the recombinant virus, which carried either an EGFP reporter gene (pMV-EGFP) or tandem repeats
of ED3 from DENV-1 and 3 (pMV-DV13) and DENV-2 and 4 (pMV-DV24) with a secretory signal (Ig) and linker (GGGGS x3) are shown at the bottom. (B) The presence of
dengue ED3 protein in the cell lysate and culture supernatant of Vero cells infected with recombinant viruses were detected by Western blotting with an anti-ED3 mono-
clonal antibody and indicated by the arrow; the signal for the actin protein in the cell lysate is also shown at the bottom. (C) Vero cells were infected with the different
recombinant viruses and cell lysate and supernatant were harvested to determine the virus titers by plaque assay. The growth kinetics of recombinant viruses are pre-
sented with the mean and standard deviation (SD) from 2 experiments. (D) Vero cells were infected with rMV-EGFP, and the merged image of rMV-EGFP-infected syncytial
cells from bright field and fluorescent microscopy is shown. (E) The consensus amino acid sequence from 4 serotypes of ED3 was aligned and listed.

spot-forming cells (SFC) per million spleen cells for rMV-EGFP
and rMV-TDV-infected hCD46 mice, respectively. In contrast
to the MV-specific T-cell responses, only rMV-TDV- but not
rMV-EGFP-infected hCD46 mice developed specific IFN-y
production against dengue ED3 and showed a significance of a
higher DENV-3 specific IEN-y responses compared to rMV-
EGFP-infected mice (p < 0.05 by Mann-Whitney t-test; n=4).
Among four serotypes of dengue viruses, the DENV-3 specific
response (68 + 46 SFC) was highest in comparison with
DENV-1, 2 or 4 specific responses (40 & 32, 31 £ 26 and 29+
20 SFC, respectively; n = 4). Additionally, the low or undetect-
able ED3-specific IL-4 production observed in all immunized
mice (Fig. 3B) for even the normal mitogenic IL-4 responses
suggested that the recombinant MV-vectored dengue vaccine
induced a Th1-biased response.

Induction of antibody responses by the MV-vectored
dengue vaccine

We further examined the specific IgG and neutralizing anti-
body responses that were elicited by the MV-vectored dengue
vaccine. Groups of hCD46 mice (n = 4) were immunized ip
with either rMV-EGFP or rMV-TDV and boosted 4 weeks
later. IgG titers and neutralizing antibody titers for dengue
viruses and MV were measured by ELISA and neutralization
assay. A similar MV-specific IgG titer was observed in all
immunized mice, regardless of the type of recombinant virus in
use (Fig. 4A). After a single immunization, MV-specific IgG
was induced, reached to the peak after boosting and lasted for
20 weeks following immunization. By contrast, mice infected
with rMV-TDV developed a significantly higher dengue-
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Figure 2. The infection and replication of recombinant MV in CD46 transgenic mice. (A) Groups of human CD46 transgenic C57BL/6 mice (hCD46; n = 3) and wild-type
C57BL/6 mice (B6; n = 2) were infected with 1 x10° pfu of rMV by ip injection. The mouse tissue and blood cells were harvested 9 days after infection, and the MV gene
copy number was determined by quantitative RT-PCR and presented as MV RNA copies per ng total RNA. (B) Spleen cells from hCD46 or B6 mice were infected with rMV
(MOI = 3) in vitro, and the rMV infected cells were detected by flow cytometry with FITC-conjugated anti-MV nucleoprotein monoclonal antibody. The mean and standard
deviation of MV-infected cells in the CD3* and B220™ cell populations from 3 experiments are shown.

specific antibody response than rMV-EGFP-immunized mice
8 weeks after immunization (Fig. 4B-E; p<0.05, p<0.001,
p<0.01 and p<0.01 for DENV-1, 2, 3 and 4, respectively; n =
4), but the significance between rMV-TDV- and rMV-EGFP-
immunized mice disappeared following the waning of IgG titers
21 weeks post immunization (n = 4). There was no difference
between antibody titers against 4 serotypes of dengue virus in
rMV-TDV-immunized hCD46 mice. In addition, neutraliza-
tion titers were higher in rMV-TDV- than rMV-EGFP-
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immunized mice, with a significant difference in DENV-3 and
DENV-4-specific neutralizing antibody responses (p<0.05 and
p<0.001 for DENV-3 and 4, respectively; Fig. 4F; n = 4). The
mean of FRNTs, for 4 serotypes of dengue virus in rMV-TDV-
immunized hCD46 mice was >10 (10 & 1.9, 18 &= 1.6, 21 2.3
and 22 + 2.1 for DENV-1, 2, 3 and 4, respectively). For the
MV-specific neutralizing antibody, similar neutralizing titers
were observed in both rMV-EGFP and rMV-TDV-infected
mice.
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Figure 3. The induction of both MV- and DENV-specific T-cell responses by the MV-vectored dengue vaccine. Groups of hCD46 mice (n = 4) were immunized with 2 x
10° pfu of rIMV-EGFP or rMV-TDV (1 x 10° pfu of rMV-DV13 and 1 x 10° pfu of rMV-DV24) by ip injection. Spleen cells were harvested 9 days after a single immunization
for the detection of IFN-y (A) and IL-4 (B) production specific to the MV or ED3 pooled peptides of each serotype by ELISPOT assay. The results are presented as the mean
and SD of spot forming cells (SFC) per million splenocytes. Mann-Whitney t-tests were used for statistical analyses. The dashed line indicates the cutting-off of 2 times the

background (medium alone).
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Figure 4. The antibody responses elicited by the MV-vectored dengue vaccine. Groups of hCD46 mice (n = 4) were immunized with either 2 x 10° pfu of rMV-EGFP or
rMV-TDV by ip injection and boosted 4 weeks later (indicated by arrow). The reciprocal titers of specific IgG to MV (A) and DENV-1 to 4 (B-E) were determined by ELISA.
The results are presented as the mean and SD of specific IgG titers. (F) The neutralizing antibody titers against parental MV and the 4 serotypes of DENV were determined
by plaque reduction and FRNT, respectively. The reciprocal titer leading to a >50% reduction (PRNTs, or FRNTS5) is shown. The detection limits for the IgG ELISA or neu-
tralization assay are indicated with a dashed line. Mann-Whitney t-tests were used for statistical analyses, and the significance compared with the rMV-EGFP control is

shown.

The effect of pre-existing immunity on the immunogenicity
of MV-vectored dengue vaccine

One challenge associated with the recombinant MV-vectored
dengue vaccine is pre-existing immunity. Even in infants, mater-
nal antibodies are still present, and they interfere with the effi-
cacy of vaccinations.”> Therefore, it is necessary to investigate
the effect of pre-existing MV and DENV immunity. We chose
DENV-3 as a model for evaluating pre-existing immunity to
DENV because DENV-3 ED3 contains more T-cell epitopes
than other serotypes in C57BL/6 genetic background (Fig S2).
Groups of hCD46 mice were pre-immunized by ip injection
with tMV-EGFP (1 x 10° pfu), DENV-3/H-087 (1 x 10° FFU)
or PBS as a naive control, prior to vaccination. After three weeks,
all the mice were immunized with rtMV-TDV by ip injection
and boosted 4 weeks later. The T-cell responses to both MV
and DENV ED3 were measured by ELISPOT. A comparably
high level in the MV-specific IFN-y response was observed in
pre-immunized mice and naive controls, suggesting that the
MV-specific T-cell response was not affected by pre-existing
immunity to MV (Fig. 5A). In contrast to the similar T-cell
responses to MV, a significantly higher IFN-y response to
DENV-3 was induced in mice that were pre-immunized with
DENV-3 than in naive mice (p<0.001; n = 4), but not to other

serotypes.

The pre-existing IgG titers were also determined prior to
immunization; MV-specific IgG was only positive in mice that
were pre-immunized with rMV-EGFP (Fig. 5B), and DENV-
specific IgG was also detectable in mice that were pre-immu-
nized with DENV-3 (Fig. 5C-F). After rMV-TDV vaccination,
no difference was observed in the induction of MV-specific IgG
responses between groups; however, mice that were pre-immu-
nized with rMV-EGFP had significantly lower MV-specific IgG
peak titers than those in the naive control (p<0.05; n = 4).
Similar results consisting of lower peak titers in mice that were
pre-immunized with rMV-EGFP were also observed in DENV-
specific IgG responses, although the difference was not statisti-
cally significant. Unlike the mice with pre-immunity to MV,
there was no difference in the MV- and DENV-specific IgG
titers between DENV-3 pre-immunized mice and the naive
control, except that significantly higher anti-DENV-3 IgG titers
were observed in mice that had been pre-immunized with
DENV-3 than in the naive control (p<0.01; n = 4).

DENV-2 clearance in the MV-vectored dengue vaccine-
immunized mice

To test the potency of dengue vaccine, groups of hCD46
mice that were either pre-immunized with rMV-EGFP or
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Figure 5. The effect of pre-existing immunity on the immune responses induced by the MV-vectored dengue vaccine. The immunization schedule is shown at the top of
the figure. Groups of hCD46 mice were pre-infected with 1 x 10° pfu of rMV-EGFP, 1 x 10° pfu of DENV-3 or a PBS-treated naive control. After three weeks, all mice were
immunized with rMV-TDV by ip injection and boosted 4 weeks later. (A) Specific T-cell responses to either MV or DENV were measured one week after a single immuniza-
tion by ELISPOT assay and presented with the mean and SD of SFC per million spleen cells. The specific IgG titers to MV (B) or DENV-1 to 4 (C-F) were determined by ELISA.
The detection limits for the ELISPOT assay or ELISA are indicated in a dashed line. Mann-Whitney t-tests were used for statistical analyses, and the significance compared

with the naive control is shown.

not were vaccinated with rMV-TDV as described previ-
ously, and mice immunized with rMV-EGFP alone were
used for the controls. All immunized mice were boosted
4 weeks later. Four weeks after the last immunization, the
mice were introduced a viremia with an ip injection of 5
x 107 DENV-2-infected K562 cells because the infection
efficiency is very low for non-mouse adapted strain of
DENV-2. Their viremia was detected as being up to 10°
focus-forming units (FFU)/ml at 4 h after the injection,
and it gradually decreased (Fig. 6A). A significantly lower
viral load was observed in mice that were immunized with
rMV-TDV 22 h post injection than that of the rMV-EGFP
control (p<0.05; n=3). The comparable viremia observed
in rMV-TDV-immunized mice that were either pre-immu-
nized with MV or not immunized suggests that the pres-
ence of MV-specific immunity did not affect the

protection conferred by the MV-vectored dengue vaccine.
The post-injection T-cell and antibody responses were also
measured, and the DENV-2-specific IFN-y responses
increased relative to those that occurred before the injec-
tion. However, the strongest IFN-y responses were still
targeted to DENV-3 in the rMV-TDV-immunized mice,
similar to the pattern observed prior to the injection
(Fig. 6B). The IgG titers in response to MV and the 4
DENYV serotypes post-injection were comparable to those
that were observed before the injection, except for the
increased DENV-2-specific IgG titers in rMV-EGFP-
immunized mice (Fig. 6C). The DENV-2 neutralizing anti-
body titers were significantly higher than other serotypes
in all the groups after the DENV-2 injection (Fig. 6D).
Although higher neutralizing titers were detected in
response to DENV-2 in rMV-TDV-immunized mice, no
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Figure 6. The protective efficacy of the MV-vectored dengue vaccine was evaluated in terms of DENV-2 viremia in mice. The immunization and challenge schedule is
shown at the top of the figure. Two groups of hCD46 mice (n = 3), with one pre-infected with 1 x 10° pfu of rMV-EGFP at 3 weeks prior to vaccination and one naive
group, were immunized with rMV-TDV by ip injection. As a control, hCD46 mice (n = 3) were immunized with 2 x 10° pfu of rMV-EGFP by ip injection. All the mice were
boosted 4 weeks later with the same vaccine and introduced a viremia via an ip inoculation of 5 x 107 DENV-2/16681-infected K562 cells at week 8. (A) Plasma viremia
titers from individual mice were determined by viremia assay and are represented as the mean and SD. (B) Spleen cells were harvested 1 month post-viremia for the
detection of DENV ED3-specific IFN-y production by ELISPOT assay. The sera collected at 1 month post-viremia were used to detect the ED3-specific IgG responses by

ELISA (C) and the neutralizing titers to DENV-1 to 4 by FRNT (D).

significant difference was observed relative to those of
other groups.

Discussion

Advances in recombinant virus technology have caused the live
attenuated MV vaccine to become a safe and immunogenic

delivery vector for the prevention of MV and other infectious
diseases. This 2-in-1 formulation and the advantages of the
well-established manufacturing and transportation system
make the MV-vectored vaccine more attractive for mass vacci-
nation. An MV-vectored ED3-expressing tetravalent dengue
vaccine was reported by Brandler et al, and it was evaluated in
a mouse model.”® The positive response of neutralizing titers



against 4 serotypes of dengue viruses revealed excellent immu-
nogenicity; however, the T-cell responses, including IFN-y pro-
duction, were not mentioned. Although T-cell responses as
elicited by MV-vectored HIV or chikungunya virus vaccines
have been reported,”?® the ED3-specific T-cell responses
induced by the MV-vectored tetravalent dengue vaccine and
the effect of pre-existing immunity in T-cell responses induced
by tetravalent dengue vaccine are still unknown. Therefore, our
results provide an extended understanding of the T-cell
responses induced by the MV-vectored tetravalent dengue vac-
cine. Similar to findings in the MV-vectored HIV vaccine,*
our data demonstrated that both MV- and DENV-specific T-
cell responses were induced by the MV-vectored tetravalent
dengue vaccine and biased toward IFN-y responses, which is
important for protection against dengue infection. In addition,
MV-specific IFEN-y responses were higher than the DENV-spe-
cific IEN-y responses, similar to the finding for the MV-vec-
tored HIV vaccine.?? Interestingly, we noticed that most
DENV-specific T-cell responses were targeted to DENV-3, pos-
sibly because there are more T-cell epitopes in DENV-3 ED3
than in the other serotypes (Fig. S2).

One function of CD4" T cells is to help stimulate B cells to
produce antibodies. Correspondingly, immunization with the
MV-vectored tetravalent dengue vaccine induced both MV-
and DENV-specific IgG responses and lasted for over 4 months
after the last vaccination (Fig. 4), suggesting that the MV-vec-
tored dengue vaccine elicited long-lasting antibody responses
similar to those of other MV-vectored vaccines.” Neutralizing
antibody has been reported to play an important role in pro-
tecting against dengue infection. Even though ED3 is not the
major target for human neutralizing antibodies after dengue
infection, the high serotype specificity for ED3-specific neutral-
izing antibodies ** also suggests ED3 as a good target for the
induction of a balanced immune response by the tetravalent
dengue vaccine. All four serotype-specific neutralizing antibody
titers were induced by the MV-vectored tetravalent dengue vac-
cine, and the neutralizing titers for DENV-3 and 4 were signifi-
cantly higher than those induced by the rMV-EGFP control.
The lower response in neutralizing titers against DENV-1 dif-
fers from Brandler’s results in which 83%, 70%, 58% and 47%
of mice showed neutralizing titers of FRNT5, >10 for DENV-
1, 2, 3 and 4, respectively.”® This discrepancy could have
occurred because the strain of DENV-1 virus (DENV-1/
Hawaii) that we used is different from the strain (FGA/NA
d1d) that they used.

The presence of pre-immunity is an important concern in
the application of the MV-vectored dengue vaccine. A previous
report demonstrated that pre-immunity to MV did not affect
the antibody responses in MV-vectored HIV vaccine-immu-
nized mice and monkeys.”* Our data from the MV-vectored
tetravalent dengue vaccine also confirmed that IgG production
was successfully induced by all dengue virus serotypes; how-
ever, the peak titers were 10-fold lower in the MV-pre-immu-
nized mice than in the naive control. The boosting effect,
which was observed in the naive control but not in the pre-
immunized mice, resulted in lower peak IgG titers in pre-
immunized mice. This discrepancy may be caused by different
mouse models used in our and others studies. Notably, type-I
IFN deficiency is required to support MV efficient replication
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in hCD46 transgenic mice,” and a lower replication efficiency
of recombinant MV was observed in our immunocompetent
mouse model than in others type-I IFN deficient mouse model
(~10* compared with ~10° copies of MV RNA/ng total RNA
in the spleen; Fig. 2A).*" We also need to notify that the virus
used in Fig. 2A was parental rMV but not MV-vectored dengue
vaccine candidates and there might be different between these
2 strains of recombinant MV. By contrast, mice with pre-
immunity to DENV-3 demonstrated a DENV-3 dominant T-
cell response. However, the antibody responses to MV and
DENV were comparable between the DENV-3 pre-immunized
mice and the naive control.

The major obstacle to dengue vaccine development is the
lack of a reliable animal model for the evaluation of protective
efficacy, and previous studies have not revealed the protection
of MV-vectored dengue vaccine. In this study, we used an alter-
native artificial dengue viremia model via ip injection of
DENV-infected K562 cells to induce a viremia, which is associ-
ated with the neutralizing antibody titers.”**> DENV-2 was
used for the virus clearance test because of its clinical impor-
tance and for the lower efficacy observed in CYD dengue vac-
cine clinical trials. A significantly lower but detectable viremia
observed in mice that were immunized with the rMV-TDV vs.
the MV-EGFP control suggests that the MV-vectored dengue
vaccine provides partial protection against DENV-2. The
DENV-2-specific neutralizing titers in mice that were immu-
nized with the MV-vectored dengue vaccine were boosted
higher after the virus injection than those in the rMV-EGFP
control, suggesting that a recalled antibody response was
observed. This finding is consistent with those of other stud-
ies.”** Surprisingly, the DENV-2 ED3-specific T-cell responses
were still lower than the dominant DENV-3 specific T-cell
responses after the challenge, suggesting that the DENV-2 ED3
region lacks a dominant T-cell epitope and highlighting the
role of T cells that are targeted to other viral proteins such as
NS3 * during the enhancement of DENV-2-specific neutraliz-
ing titers.

In conclusion, our studies have demonstrated the potential
for MV-vectored dengue vaccine to induce both MV- and den-
gue-specific T-cell and antibody responses efficiently, even in
individuals who received the MV vaccination or those who
were pre-infected with dengue viruses. Despite the lower repli-
cative efficiency of MV in mice, the immunity elicited by the
MV-vectored dengue vaccine still provides partial protection
against DENV-2 infection. This study contributes to an under-
standing of the MV-vectored dengue vaccine and the applica-
tion of the MV vector in the future.

Materials and methods
Ethics statement

C57BL/6 mice were obtained from the National Laboratory
Animal Center (Taipei, Taiwan), and human CD46 transgenic
mice that were purchased from the Jackson Laboratory (Bar
Harbor, Maine USA) were maintained in the animal facility of
the National Health Research Institutes. The protocol was
approved by the Animal Committee of the National Health
Research Institutes (Protocol No: NHRI-IACUC-098097-A)
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and performed according to their guidelines. For anesthesia
and euthanasia, the mice were subjected to 2-3% isoflurane
and CO, inhalation, respectively.

Cloning recombinant measles virus-vectored antigenomic
cDNA

A Moraten strain of MV from Dr. Diane E. Griffin was used to
clone infectious cDNA. In brief, the total RNA from MV-
infected Vero cells was isolated and reverse-transcribed with a
Superscript III kit (Life Sciences). Full-length MV antigenomic
cDNA was obtained by PCR by using a panel of 26 forward
and 23 reverse primer sets (Table S2). The mismatched nucleo-
tides were corrected to the cDNA that was identical to the pub-
lished sequence of the Moraten MV strain in GenBank
(accession number: AF266287). To express the foreign gene, an
additional transcriptional unit (ATU) with unique restriction
enzyme sites was inserted into the intergenic region between
the P and M genes. Delta virus ribozyme sequences and a T7
RNA polymerase terminator signal were added to the 3’-end of
the MV antigenomic cDNA to allow the MV RNA transcript to
be cleaved at a precise position. The recombinant MV antige-
nomic cDNA was inserted into the pVax-1 expression vector
(pMV, as shown in Fig. 1A). A DNA fragment encoding the
EGFP from a commercial plasmid (N3; Life Sciences) or tan-
dem repeats of ED3 (please see Fig 1E for the amino acid
sequence), which contain either one copy of DENV-1 and 3
ED3 (pMV-DV13) or one copy of DENV-2 and 4 ED3 (pMV-
DV24) with the leading peptide of the immunoglobulin 4 chain
and a linker (GGGGS x3), were subcloned into the ATU site of
pMV to form pMV-EGFP, pMV-DV13 and pMV-DV24 plas-
mids, respectively.

Generation of the recombinant measles viruses and the
vectored dengue vaccine

For MV rescue, 293-hSLAM cells that stably expressed human
CD150 (SLAM) were cultured in DMEM supplemented with
10% FBS in 6-well plates until they reached 90% confluence.
These cells were infected with vI'F7-3 (a gift from Dr. Moss) at
an MOI of 0.5 for 1 h prior to transfection. A DNA mixture of
infectious clones and 3 supporting plasmids (pCA7-N, pCA7-P
and pCA7-9301B-L from Dr. Makoto Takeda) at ratios of 5: 1:
1.5: 1, respectively,38 were co-transfected into vIF7-3-infected
293-hSLAM cells with Lipofectamine 2000 (Invitrogen). After
4 h, the medium was replaced with complete medium contain-
ing 100 pg/ml of 1-B-D-arabinofuranosyl cytosine (AraC;
Sigma) to inhibit vI'F7-3 replication. Typical MV syncytial cells
were observed 2-3 days later, and recombinant MV (rMV,
rMV-EGFP, rtMV-DV13 and rMV-DV24 were rescued from
the infectious clones of pMV vector, pMV-EGFP, pMV-DV13
and pMV-DV24, respectively) was continuously amplified in
Vero cells and purified by plaque purification. For the prepara-
tion of the tetravalent MV-vectored dengue vaccine, Vero cells
that were infected with rMV-DV13 or rMV-DV24 were har-
vested and lysed by freeze-thaw. After centrifugation, the
supernatants of the lysed cells were collected and titrated for
future use.

Western blot

Proteins produced from recombinant MV-vectored virus-
infected Vero cells were analyzed by Western blotting. In brief,
subconfluent Vero cells were infected with recombinant viruses
at an M.O.I of 0.02 for 1 h, and the medium was then replaced
with complete DMEM-10% FCS for culture. After 72 h, the
supernatant and cell lysate were collected separately and stored
at —20°C. Samples containing 1 pg of total cellular protein or
30 ul of culture supernatant were loaded into the wells of a 4-
20% gradient SDS-PAGE for electrophoresis. The proteins in
the gel were transferred onto a nitrocellulose membrane and
blotted with a monoclonal anti-dengue antibody with a strong
specificity to DENV-1 ED3 and a weak cross-reactivity to
DENV-2 ED3, but not to other serotypes (GeneTex), followed
by a horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG antibody (Pharmacia) and then developed by adding the
substrate. In addition, a monoclonal antibody (Chemicon) that
was specific to a housekeeping actin protein was used as a
control.

Immunization and evaluation of the potency for dengue
virus clearance

Groups of 6-8-week-old hCD46 or wild-type C57BL/6 mice
were immunized ip with rMV-TDV, a mixture containing 1 x
10° pfu of both rMV-DV13 and rMV-DV24, or 2 x 10° pfu of
rMV-EGFP for the control. The mice were boosted with the
same recombinant viruses and dosed 4 weeks later. In the virus
clearance experiments, the mice were introduced a viremia
4 weeks after the last immunization by intraperitoneal injec-
tions of 5 x 10”7 K562 cells that were infected with DENV-2/
16681 (containing 5 x 10" FFU at inoculation time), as pub-
lished elsewhere.**

Intracellular staining of MV N protein

Fresh spleen cells (5 x 10°) from hCD46 and C57BL/6 mice
were cultured in 96-well round-bottomed plates at 37°C in a
5% CO, incubator and infected with rMV (parental rMV with
no insert) at an MOI of 3 or medium alone for 1 h, and the
medium was then replaced with fresh RPMI complete medium
for continuous culture. The cultured cells were harvested to
analyze the MV-infected cells by flow cytometry. In brief, the
cells were washed with staining buffer (PBS with 0.5% BSA)
and blocked with anti-CD16 and anti-CD32 antibodies (BD
Bioscience) for 20 min at 4°C. The surface markers were
stained with anti-mouse CD3 and B220 conjugated with PE
and APC (BD Bioscience), respectively, for 20 min at 4°C. After
washing, the cells were fixed and permeabilized with Cytofix/
Cytoperm buffer (BD Bioscience) and stained with FITC-con-
jugated anti-MV N protein monoclonal antibody (Chemicon)
for 20 min at 4°C. Finally, the cells were resuspended in 0.5 ml
of fixing solution (eBioscience) and assayed by FACSCaliber.
The data were analyzed with FlowJo software (Treestar), and
the CD3™ T-cell or B220™ B-cell populations were gated and
presented.



Quantitative RT-PCR

Total RNA from the tissue homogenate and blood cells was iso-
lated with an RNA isolation kit (Invitec), reverse-transcribed to
c¢DNA by Superscript III (Invitrogen) and stored at —80°C
until use. MV cDNA was detected by quantitative PCR as pre-
viously described.”® In brief, the MV nucleoprotein (N) gene
was amplified (Applied Biosystems Prism 7900) by using Taq-
Man primers and probes. The copy number was determined
from the standard curve of 10" to 10° copies of a DNA plasmid
encoding the MV N gene. The data were normalized to the
amount of total RNA, and the results are expressed as follows:
the number of copies of MV RNA per ng of total RNA.

ELISA

ED3-specific IgG titers were determined by ELISA as previously
documented.” Four serotypes of rED3 were all expressed in E.
coli system (BL21-DE3) and purified by affinity column. The
endotoxin was removed by a polymyxin B agarose column and
the level of endotoxin in the final product was below 3 EU/mg
by Limulus amebocyte lysate assay. Purified recombinant ED3
was coated onto 96-well plates overnight and blocked with 2%
bovine serum albumin (BSA) in PBS for 2 h at RT. The sera
obtained by submandibular blood collection were diluted with
3-fold serial dilutions (starting at 1:100) and added to the wells.
Bound IgG was detected with HRP-conjugated goat anti-mouse
IgG antibody (GE Amersham). After the addition of 3,3',5,5'-
tetramethylbenzidine (TMB; KPL), the absorbance was mea-
sured with an ELISA reader at 450 nm. ELISA reciprocal titers
were defined as the serum dilutions that gave optical density
(OD) values that were 2-folds higher than the background. The
serum dilution was obtained from the titration curve by inter-
polation. If the OD value was less than 2-folds of the back-
ground at the starting dilution, a titer of 33 was used for the
calculations.

Neutralization tests and viremia assay

A traditional plaque reduction neutralization test (PRNT) was
used for MV as previously described.* In brief, the 3-fold seri-
ally diluted sera (starting at 1:10) were pre-mixed with the
Moraten strain of MV and added to a monolayer of Vero cells
in 6-well plates in triplicate. After virus adsorption, an overlay
medium containing 1% FBS and 0.8% methylcellulose in
DMEM was added. After 4 days of infection, the cells were
fixed for 15 min in 3.7% formaldehyde/PBS and stained with
crystal violet. The plaques were counted, and the neutralizing
antibody titer PRNT's, was calculated as the reciprocal titer that
produced a 50% plaque reduction when compared with virus
alone.

A modified focus reduction neutralization test (FRNT) was
used for dengue viruses as described previously.*' Sera were
diluted with 2-fold serial dilutions (starting at 1:8), and the sera
were heat-inactivated prior to testing. A monolayer of BHK-21
cells in 24-well plates was inoculated with virus (DENV-1/
Hawaii, DENV-2/16681, DENV-3/H-087, and DENV-4/H241
amplified in Vero cells; gifts from Dr. Yi-Ling Lin) that had
been pre-mixed at 4°C overnight with sera samples to a final
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volume of 0.5 ml. Viral adsorption was allowed to proceed for
3 h at 37°C. An overlay medium containing 2% FBS and 0.8%
methylcellulose in DMEM was added after the adsorption.
After 72 h of infection, the cells were fixed for 15 min in 3.7%
formaldehyde/PBS, permeabilized with 0.1% Nonidet P40/PBS
for 15 min and blocked with 3% BSA/PBS for 30 min. Infected
cells were detected with a monoclonal anti-dengue antibody
(2H2 for recognizing 4 serotypes of DENV), and they were
detected with an HRP-conjugated secondary antibody (GE
Amersham) and visualized using TMB (KPL). The FFUs were
counted, and the neutralizing antibody titer FRNT'5, was calcu-
lated as the reciprocal titer that produced a 50% reduction in
FFUs when compared with the virus alone.

To assess viremia, blood was drawn from the mice after the
injection and placed in tubes containing the anticoagulant
EDTA. Plasma samples were diluted in 10-fold serial dilutions
and added to monolayers of BHK-21 cells in 24-well plates to
incubate for 3 h at 37°C for viral adsorption. Infected cells were
detected as described above, and the FFUs were counted and
represented as FFU/ml.

Enzyme-linked immunospot (ELISPOT) assay

The production of IFN-y and IL-4 by mouse spleen cells was
measured by ELISPOT assay, as described elsewhere.”® In brief,
multiscreen plates (Millipore) were coated with 2 pug/ml of
anti-mouse IFN-y or anti-mouse IL-4 antibody (all from BD
PharMingen). After the plates were washed and blocked with
culture medium, 5 x 10° or 1 x 10° fresh mouse splenocytes
were added along with 2.5 ug/ml of ED3 peptide mixtures (a
panel of 16 15-mer peptides with 9 overlapping amino acids;
Table S3) for each serotype or 5 pg/ml concanavalin A (Sigma)
as a positive control. After 40 h of incubation, the plates were
washed and incubated with a biotinylated antibody against
IFN-y or IL-4 (2 pg/ml, BD Bioscience) for 2 h at 37°C. After
the plates were washed, HRP-conjugated avidin (Research Lab-
oratory Inc.) was added and incubated for 1 h at 37°C, and the
assays were developed with AEC solution (Sigma). The reaction
was stopped with tap water, and the plates were analyzed by
using an ImmunoSpot reader with ImmunoSpot software, ver-
sion 5.0.3 (CTL, Cleveland, OH). The data are presented as the
number of spot-forming cells (SFCs)/10° splenocytes.

Statistical analyses

All statistical analyses were performed by using 2-way ANOVA
with the Bonferroni post-test (GraphPad Prism), unless other-
wise specified. Differences with a p value of less than 0.05 were
considered statistically significant.
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