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Dengue virus (DENV) infection is a major global public health
concern, and there is no effective vaccine for it. In this study, we
describe the design and characterization of three nucleotide-
modified mRNA vaccines (prME-mRNA, E80-mRNA, and
NS1-mRNA) for DENV-2. Our results showed that vaccination
with E80-mRNA alone or a combination of E80-mRNA and
NS1-mRNA can induce high levels of neutralizing antibodies
and antigen-specific T cell responses; furthermore, these vac-
cines confer complete protection against DENV-2 challenge
in immunocompetent mice. These data provide foundations
for further development of a tetravalent DENV vaccine based
on nucleotide-modified mRNA.

INTRODUCTION
Dengue virus (DENV) infection is the most widely transmitted arbo-
viral disease in tropical and subtropical regions, affecting 390 million
people1 per year, of whom 96 million have clinical manifestations.2

DENV is divided into four serotypes (DENV-1, DENV-2, DENV-3,
and DENV-4) that can cause life-threatening dengue hemorrhagic fe-
ver (DHF) and dengue shock syndrome (DSS).3 The current effort for
the development of vaccine against DENV is thought to be hampered
by antibody-dependent enhancement (ADE), a phenomenon that
seems to exacerbate some DENV infections.4 Although primary
infection with one DENV serotype can elicit lifelong protective im-
munity, a secondary infection by a different DENV serotype could
aggravate the disease. Immune complexes formed by non-neutral-
izing or sub-neutralizing antibodies and DENV can lead to the aggra-
vation of DENV infection in immune cells bearing the Fcg recep-
tor.5,6 ADE may be related to antibody titer, immunoglobulin G
(IgG) subclass, IgG glycosylation, and Fcg receptor polymorphism.7

Therefore, the quality and quantity of neutralizing antibody are
crucial for protection against DENV, and these parameters need to
be carefully measured in vaccine studies.

DENV belongs to the Flavivirus genus of the Flaviviridae family. Its
genome encodes three structural (C, prM, and E) and seven non-
structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) pro-
teins.8,9 The E protein mediates virus binding to putative cell-surface
receptors10 and contains multiple epitopes for neutralizing anti-
bodies. The N-terminal ectodomain, comprising 80% of the E protein
and, thus, termed E80 protein, has often been tested as a vaccine an-
tigen.11 prM is the precursor of the M protein, which helps the correct
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folding of the E protein; prME can form viral-like particles (VLPs)
that are released from infected or transfected cells.12 The NS1 protein,
which is involved in virus replication and immune evasion, has also
been reported to activate antibody Fc-mediated effector functions
and to provide partial protection against flavivirus.13–16

Despite many vaccine candidates having been tested,11,12,17–21 CYD-
TDV (Dengvaxia) of Sanofi Pasteur is the only licensed dengue vac-
cine that provides protection for people who have already been
infected with DENV; however, the vaccine appears to have increased
the incidence of severe dengue disease in those who were naive to
DENV infection.22 This has been observed in the Philippines, where
19 children who had been vaccinated with Dengvaxia died of a
subsequent DENV infection.21,23 Recent reports indicate that Take-
da’s chimeric live-attenuated dengue vaccine DENVax has 73.7%,
97.7%, and 62.6% effectiveness rates against DENV-1, DENV-2,
and DENV-3, respectively.24 However, the protective effect of the
vaccine against DENV-4 infection could not be determined, because
there were not enough cases of DENV-4 infection detected in the re-
gions where the vaccine was tested. Additionally, whether the Takeda
vaccine can provide long-term protection against DENV infections in
the immunized population is currently unknown. Despite other vac-
cines being in clinical trials, the general consensus is that the develop-
ment of a safe and effective dengue vaccine is still needed.

With the rapid development of research on RNA biology, the stability
of mRNA and the efficiency of its delivery have been greatly
improved.25 The mRNA vaccine technology has been applied to the
development of vaccines formany infectious diseases, including influ-
enza virus,26–28 HIV,29,30 Zika virus (ZIKV),31,32 and Ebola virus.33

Compared to DNA vaccines, mRNA vaccines cannot integrate into
host genome, thus avoiding the risk of insertional mutagenesis and
potential oncogenesis.34,35 The mRNA vaccine generally includes a
50 cap, a 50 UTR, a gene encoding one antigen or more, a 30 UTR,
and a poly(A) tail; it expresses proteins of different kinds, such as
transmembrane, secretory, or intracellular.25 Importantly, modified
mRNA not only can stimulate innate immunity through Toll-like
mber 2020 ª 2020 The Authors.
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Figure 1. Design and Characterization of DENV-2 mRNA LNP Vaccines

(A) Schematic illustration of DENV-2mRNA comprising a 50 cap, a 50 UTR, a signal peptide, an antigen (either prME, E80, or NS1), a 30 UTR, and a 30 poly(A) tail. (B) Schematic

representation of the LNP-encapsulated mRNA. (C) Cryo-electron microscopy image of a preparation of mRNA LNP. (D) Protein expression levels in mRNA-transfected

HEK293T cells. Protein expression was analyzed by flow cytometry with an antibody to DENV envelope (4G2) or an antibody to the DENVNS1 protein using staining of mock-

transfected HEK293T cells as negative control.
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receptors and RIG-I-like receptors, but also can be used directly
without the need of any additional adjuvant.36,37

In this study, we developed a DENV mRNA vaccine based on two
structural proteins (prME and E80) and one non-structural protein
(NS1) from DENV-2 using mRNA encapsulated by lipid nanopar-
ticles (LNPs). These mRNA vaccine candidates induced high levels
of DENV-2-specific neutralizing antibodies and T cell immune
responses and provided sterilizing immunity against DENV-2 chal-
lenge in immunocompetent BALB/c mice.
RESULTS
Design of mRNA Vaccines for DENV-2

To apply the mRNA vaccine platform in the development of DENV
vaccine, we designed three modified mRNA vaccines encoding the
prME protein, E80 protein, and NS1 protein of DENV-2 strain
16681; a Cap1 (N7mGpppAm) sequence and a signal peptide sequence
from human IgE were added to each of these proteins (Figure 1A).

The modified mRNA containing the modified nucleoside 1-methyl-
pseudouridine-50-triphosphate (1 mJ) was chemically synthesized
and packed into LNPs. The LNP consisted of the four lipids D-Lin-
MC3-DMA, DSPC, cholesterol, and PEG-lipid, mixed at a molar ratio
of 50:10:38.5:1.5 (Figure 1B); the resultant nanoparticle appeared to
have an approximate diameter of 80 nm on examination with
cryo-electron microscopy (Figure 1C). DENV-2 prME-mRNA- and
E80-mRNA-transfected HEK293T cells were, on average, 48% and
52% positive for E protein expression, respectively, while the NS1-
Molecular The
mRNA-transfected HEK293T cells were, on average, 9% positive
for NS1 protein (Figure 1D).

All Three Modified mRNA-LNP Vaccines Induce Antigen-

Specific Immune Responses

We first assessed the immunogenicity of prME-mRNA, E80-mRNA,
and NS1-mRNA vaccines. Eight-week-old female BALB/c mice were
divided into four groups receiving 20 mg each of the three mRNA-
LNPs or the same amount of empty LNP (RNA-free LNP) as a
negative control via intramuscular (i.m.) inoculation at days 0, 14,
and 28 (Figure 2A). At day 42 (2 weeks after the last immunization),
the mice were sacrificed, and serum samples and spleen cells were
harvested for the measurement of antibody and T cell responses,
respectively. Both E80-mRNA and prME-mRNA vaccines elicited
virion-binding antibodies. The average endpoint titer of DENV-2
virion-specific IgG was 1,158,000 in the E80-mRNA immune sera
group but only 5,300 in the prME-mRNA group, indicating a more
than 200-fold difference (Figure 2B). E80-mRNA also elicited a
high level of E-specific IgG, with an average endpoint titer of
86,000, whereas prME-mRNA stimulated an E80-specific IgG titer
of less than 200, which is comparable to its level in the negative con-
trols (Figure 2C), suggesting that most antibodies elicited by prME
were prM targeting. The NS1-mRNA group showed high levels of
antibody (endpoint titer of 106) against the DENV-2 NS1 protein
(Figure 2D). Importantly, mice that received E80-mRNA had
the strongest neutralizing antibody response against DENV-2,
with an average 50% plaque reduction neutralization titer (PRNT50)
of 11,000 (Figure 2E). Antigen-specific T cell responses were
also induced by prME-mRNA, E80-mRNA, and NS1-mRNA
rapy: Methods & Clinical Development Vol. 18 September 2020 703
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Figure 2. Immunization with Modified DENV-2 mRNA-LNPs Elicits Potent Antigen-Specific T Cell and Neutralizing Antibody Responses

(A) Female BALB/c mice were immunized by i.m. injection with three doses of 20 mg nucleoside-modified prME-mRNA LNP, E80-mRNA LNP, NS1-mRNA LNP, or empty

LNP at weeks 0, 2, and 4. Sera were collected at week 6. (B–D) Endpoint dilution titers were measured by ELISA plates coated with DENV-2 16681 virion (B), DENV-2 E80

protein (C), or NS1 protein (D). Sera neutralization against DENV-2 16681 was determined by PRNT50 assay (E). Each point represents an individual mouse, while horizontal

lines indicate the mean. (F) At week 6, splenocytes were harvested and used for measuring antigen-specific IFNg-producing T cells using the ELISPOT assay. Four peptide

pools (P1, P2, P3, and P4) spanning the entire DENV-2 E80 protein and a single immunodominant epitope peptide from DENV2 NS1 (P265–273) were used for stimulation,

while PBSwas used as negative control. Four micewere used in each group. Statistical differences were determined using Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001).
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immunization. In E80-mRNA or prME-mRNA immunizedmice, 300
to 1,000 interferon gamma (IFN-g)-producing splenocytes per 106

input cells were detected upon stimulation with DENV-2 E80 peptide
pools (P2 and P4), but not with P1 and P3, indicating antigen speci-
ficity; in the NS1-mRNA group, 1,300 antigen-specific splenocytes
per 106 input cells produced IFN-g upon stimulation with a known
immunodominant NS1 peptide epitope (P265–P273)

38 (Figure 2F).

E80-mRNA and NS1-mRNA Vaccines Elicit Antigen-Specific

Immune Responses in a Dose-Dependent Manner

To further optimize the vaccination doses with these mRNAs,
female BALB/c mice were immunized via i.m. inoculation with
704 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
20 mg, 10 mg, or 5 mg E80-mRNA or NS1-mRNA vaccine. IgG an-
tibodies specific for both DENV-2 virion and E80 protein were
efficiently induced by all three different doses of E80-mRNA vac-
cines, with an average virion-binding antibody titer of 650,000
(Figure 3A) and without statistically significant differences among
these doses (Figures 3A and 3B). Similarly, vaccination with NS1-
mRNA induced antibodies specific for the NS1 protein without
significant differences among different dosages (Figure 3C).
Notably, the average titer of neutralizing antibodies was similarly
high, at a PRNT50 around 12,000, regardless of the dose group
(Figure 3D). As expected, antigen-specific T cells were also acti-
vated. An inverse trend was observed, wherein E-protein-specific
mber 2020



Figure 3. Evaluation of Immunogenicity of Various Doses of E80-mRNA or NS1-mRNA Vaccine

Groups of female BALB/c mice were vaccinated via i.m. inoculation with 20 mg, 10 mg, or 5 mg E80-mRNA and NS1-mRNA, or empty LNP as negative control at weeks 0, 2,

and 4, and sera were collected at week 6 for analysis. (A–C) Endpoint dilution titers were measured by ELISA plates coated with DENV-2 16681 virion (A), E80 protein (B), or

NS1 protein (C). (D) Sera neutralization against DENV2 16681was determined by PRNT50 assay. Each point represents an individual mouse, while horizontal lines indicate the

mean. (E) Splenocytes were used to quantify antigen-specific IFNg-producing T cells using ELISPOT assay with P2, P4, P265–273, or PBS control as stimuli. Three mice were

used in each group. Statistical differences were determined using Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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IFN-g producing cells were activated in splenocytes stimulated
with E80 peptide pools (P2 and P4) or the NS1 peptide in a
dose-dependent manner, and the lowest dose of 5 mg mRNA
instead of the highest dose of 20 mg mRNA appeared to be optimal
(Figure 3E).

mRNA-LNP Vaccines Confer Complete Protection against

DENV-2 in BALB/c Mice

Having demonstrated that each of the mRNA-LNP vaccines elicited
desirable immune responses, we went on to determine the protective
effects of these vaccines, either alone or in combination (E80-mRNA,
NS1-mRNA, E80-mRNA+NS1-mRNA, or empty LNP) with three
immunizations using the intermediate dose of 10 mg per injection
(Figure 4A). Briefly, mice were immunized via i.m. inoculation with
mRNA LNPs, bled at 2 weeks after the third vaccination for
measuring antigen-specific antibody, and then challenged with
DENV-2. Results showed that E80-mRNA and E80-mRNA+NS1-
mRNA vaccines elicited high levels of serum IgG against DENV-2
virions (Figure 4B) and E80 protein (Figure 4C); in addition, NS1-
mRNA and E80-mRNA+NS1 mRNA vaccines stimulated strong
antibody responses against the NS1 protein (Figure 4D). Notably,
all three vaccination groups elicited neutralizing antibody and anti-
gen-specific T cell responses (Figure 4F).
Molecular The
To create a DENV challenge model in immunocompetent mice, we
passively transferred 1 mg of an anti-IFNAR1 blocking antibody
1 day prior to infection, then challenged the mice with 5 � 106

plaque-forming units (PFUs) of a mouse-adapted DENV-2-GZ-LP
viral strain as described previously,39 and assessed viremia between
2 and 4 days post-infection. This model was used to examine the pro-
tective efficacy of the aforementioned characterized E80-mRNA, E80-
mRNA+NS1-mRNA, and NS1-mRNA vaccines. Mouse sera were
collected and used for analyzing neutralization activity against
DENV-2-16681 and DENV-2-GZ-LP strains before the challenge.
Immune sera in the E80-mRNA group showed potent neutralizing
antibody responses against DENV-2-16681 and DENV-2-GZ-LP
with PRNT50 values of 13,000 and 3,300, respectively; in the E80-
mRNA+NS1-mRNA group, these values were 10,000 and 3,600,
respectively (Figure 4E). As expected, DENV-2 immune sera showed
cross-neutralization with the other three DENV serotypes, albeit with
10- to 100-fold lower PRNT50 values; specifically, these PRNT50

values were 1,000, 1,400, and 130 for DENV-1, DENV-3, and
DENV-4, respectively, in the E80-mRNA group and 955, 1,100, and
120 for DENV-1, DENV-3, and DENV-4, respectively, in the E80-
mRNA+NS1-mRNA group (Figure S1). Consistent with the high
neutralizing titers and potent antigen-specific T cell responses, mice
immunized with E80-mRNA and E80-mRNA+NS1-mRNA had no
rapy: Methods & Clinical Development Vol. 18 September 2020 705
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Figure 4. mRNA LNP Vaccines Confer Protection against Viral Challenge in BALB/c Mice

(A) Female BALB/cmice (n = 10) were vaccinated via i.m. inoculation with 10 mg E80-mRNA, NS1-mRNA, or empty LNP at weeks 0, 2, and 4, and sera were collected at week

6 for analysis. At week 7, vaccinated BALB/c mice (n = 5) were administered 1 mg anti-INFa/bR blocking antibody and challenged with 5 � 106 PFUs of mouse-adapted

DENV-2-GZ-LP 1 day later. (B–D) At days 2, 3, and 4 after viral challenge, binding antibody endpoint dilution titers were measured by ELISA with plates coated with DENV-2

16681 virion (B), E80 protein (C), or NS1 protein (D). (E) Sera neutralization against DENV-2 16681 was determined by PRNT50 assay. (F) Splenocytes were used to measure

antigen-specific IFN-g-producing T cells using the ELISPOT assay (n = 5). E protein peptide pools (P2 and P4), NS1 peptide (P265–273), or PBS was used for stimulation. (G

and H) Viral loads in serum (G) or spleen (H) weremeasured by PRNT50 assay (G) or by qRT-PCR (H). Each point represents an individual mouse, while horizontal lines indicate

the mean. Statistical differences were determined using Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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measurable viremia at days 2, 3, and 4 after infection with DENV-2-
GZ-LP; in comparison, the control empty-LNP group had a detect-
able viremia in all mice at days 2, 3, and 4 post-infection (Figure 4G).
706 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
Mice were euthanized at day 4 after infection, and their spleens
were harvested for measurement of the viral RNA levels. No viral
RNA was detected in the spleens from the E80-mRNA and
mber 2020



Figure 5. Characterization of ADE Activities and IgG

Subclass Using Immune Sera Obtained from Mice

Immunized with mRNA Vaccines

(A) Assessing antibody-dependent enhancement of

DENV-2 infection of immune sera in K562 cells. Serial di-

lutions of heat-inactivated mouse sera were pre-incubated

with DENV-2, followed by the addition of K562 cells. Cells

were harvested 48 h after infection with immune-com-

plexes and stained with a primary antibody against E pro-

tein (4G2 antibody) and then with a secondary anti-mouse

antibody labeled with Alexa Fluor 488. The percentages of

infection were determined by fluorescence-activated cell

sorting (FACS). (B) Sera from E80-mRNA vaccine (left) and

E80-mRNA+NS1-mRNA vaccine (right) were analyzed for

IgG1, IgG2a, IgG2b, and IgG3 ratio by isotype ELISA using

coating antigen DENV-2 16681 virion.
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E80-mRNA+NS1-mRNA-vaccinated groups, whereas up to 105–106

viral RNA copies per microgram of RNA were detected in spleens
from the controls (Figure 4H).

NS1-mRNA Vaccine Alone Provides Partial Protection against

DENV-2 Challenge

Because the NS1 protein has multiple functions in DENV viral infec-
tions,16 we also examined whether NS1-mRNA LNP alone could
induce protection against DENV-2. Sera from NS1-mRNA-vacci-
nated mice had high levels of DENV-2 NS1 protein-specific binding
antibody after immunization (Figure 4D) but no DENV-2 neutral-
izing antibodies (Figure 2E). At day 2 after DENV-2 challenge,
mice vaccinated with NS1-mRNA had a viremia level similar to those
inoculated with empty LNP; however, the viremia was not detected
4 days after the challenge, when viremia was still detectable in the
controls (Figure 4G). Moreover, mice in the NS1-mRNA group had
a significantly lower viral load in spleen (p < 0.001) than the control
group (empty LNP) at day 4 post-challenge (Figure 4H). These results
indicate that NS1 alone has some capacity to protect mice against
DENV-2 challenge and that the protection is not mediated by virus
neutralization.

NS1-mRNA and E80-mRNA Vaccines Act Together to Alter the

ADE Response and IgG Subclass

Finally, we assessed whether the addition of a NS1 component to the
E-based vaccine could minimize ADE response and whether the IgG
subclass distribution was altered as a consequence. We first compared
the abilities of the sera from the E80-mRNA and E80-mRNA+NS1-
mRNA groups to induce ADE using a standard K562 cell infection
assay as described previously.11,40 As shown with a representative
result in Figure 5A, the average percentage of DENV-2 infected cells
reached a peak of 10% at a 1:25,600 dilution of serum samples from
Molecular Therapy: Methods & Clin
E80-mRNA-immunized mice; in comparison,
the sera from E80-mRNA+NS1-mRNA-immu-
nized mice had a lower level of infection (6%)
at dilutions between 1:25,600 and 1:102,400.
These data indicate that the presence of NS1-spe-
cific immune responses induced by the NS1-mRNA vaccine reduced
the ADE activity of DENV2 infection via the action of E80-specific
antibodies elicited by the E80-mRNA vaccine. As expected, serum
from mice vaccinated with either E80-mRNA or the combination
of E80-mRNA+NS1-mRNA also mediated ADE activity for
DENV-1, DENV-3, and DENV-4 infections in K562 cells, although
the peak enhancement levels for these three viruses were reached at
dilutions from 1:400 to 1:3,200, which were 10- to 100-fold higher
concentrations than those for DENV-2 (Figure S2). Together, these
data reinforced the concept that neutralization titers are inversely
correlated with ADE capacities.

Because we and others have found that neutralization activity is asso-
ciated with antibody subclasses,41,42 we also assessed the subclass dis-
tribution in immune sera. Half of IgGs elicited by E80-mRNA vaccine
were IgG2as (Figure 5B, left), which are indicative of an underlying
Th1 immune response; in comparison, sera from E80-mRNA+NS1-
mRNA-immunized mice had a dominant IgG1 response (Figure 5B,
right), indicating that Th2 immune response was induced.

DISCUSSION
DENV infection remains a major public health concern; there are no
specific antiviral drugs to treat DENV infection, and the currently
available vaccine is not satisfactory.21,23,43 Here, we developed a high-
ly efficacious mRNA-LNP vaccine platform for DENV, which is
based on the expression of prME, E80, or NS1 antigens of
DENV-2. We showed that vaccines based on E80-mRNA alone or
in combination with NS1-mRNA induced both strong neutralizing
antibodies and T cell immune response; more importantly, these
vaccines provided full protection against DENV-2 challenge. Interest-
ingly, vaccination with only NS1-mRNA also elicited antigen-specific
T cell responses and binding antibodies, conferring partial protection
ical Development Vol. 18 September 2020 707
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against DENV-2 viral challenge in immunocompetent BALB/c mice.
This is the first demonstration showing that mRNA-based DENV
vaccines are not only immunogenic but also protective in an animal
model.

The high efficacy of protection may be related to the high titers of
antibodies induced by these vaccines: E80-mRNA induced high titers
of E80 protein binding antibodies with an average endpoint dilution
titer of 86,000 and DENV virions with an average endpoint dilution
titer of 1,158,000, as well as high levels of neutralizing antibodies
with an average PRNT50 of 13,000. Additionally, NS1-mRNA elicited
high levels of NS1 protein binding antibodies with an average
endpoint dilution titer of 2,800,000. In comparison, previous studies
using other forms of DENV vaccines could only induce PRNTs50 of
up to 500–10,000 in murine models.11,44,45

Another interesting but not fully explained finding is that doses as low
as 5 mg of the three mRNA LNPs can elicit immune responses just as
potent as those from the 20-mg dose, possibly due to a limitation of
antigen uptake or antigen processing in vaccinated mice when the
amount of antigen is in excess. Similar results have been shown in a
previous study, wherein 2 mg ZIKV prME-mRNA could induce
neutralizing-antibody titers with a PRNT50 of approximately
10,000, comparable to those induced by a 10 mg dose.32 It is also
possible that different formulations of mRNA vaccines may have
different optimal dosages and that the underlying molecular mecha-
nisms still need to be investigated.

The observed protective effect of NS1-mRNA, either alone or in com-
bination with E-mRNA, is also interesting. Among reported dengue
vaccine studies, E protein is regarded as the major target antigen
with multiple neutralizing antibody sites, while the NS1 protein,
which has no neutralizing antibody sites, is often neglected. However,
some experimental studies have shown that ZIKV and DENV proto-
type NS1 vaccines can prevent the development of lethal infections in
experimental conditions,20,46,47 possibly due to FcR-mediated com-
plement activation or antibody-dependent, cell-mediated cytotoxicity
(ADCC) induced by NS1-specific antibodies elicited by NS1 protein
vaccines.48,49 We observed that E80-mRNA+NS1-mRNA elicited a
lower titer of NS1-specific antibody than NS1-mRNA did, probably
due to antigenic competition between E80 and NS1 proteins, as re-
ported in some studies.50,51 Although the incorporation of NS1-
mRNA did not significantly enhance the protective efficacy of the
DENV-2 E80-mRNA vaccine in our study, it apparently reduced
ADE response to DENV-2 and altered IgG subclass distribution.
This is consistent with previous reports that the incorporation of
NS1 into E-protein-based vaccine enhanced its protective efficacy
against experimental DENV and ZIKV infections.19,50,51 In these
models, the specific relationships between immune responses and
the NS1 protein in the overall protection are yet to be understood.
We reason that there are several ways in which NS1 specific immune
responses play a beneficial role. First, it was reported that the NS1
protein circulating in mammalian host blood can increase flavivirus
infectivity in mosquitoes in vivo52 and that NS1 antibodies may
708 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
reduce viral infectivity in vivo in experimentally infected mice. Sec-
ond, DENV NS1 protein has been reported to trigger endothelial
permeability and vascular leakage;53 thus, anti-NS1 antibodies can
antagonize the pathological activity exerted by the NS1 protein and
thereby prevent endothelial permeability and vascular leakage.

Reducing ADE effect is an important goal in DENV vaccine design.
NS1 protein is not expressed on the surface of the DENV virion;
therefore, it cannot elicit ADE, as the E80 protein is expressed on
the virion surface.16 We found that NS1-mRNA vaccination can
confer partial protection against viremia in immunocompetent
BALB/c mice challenged with DENV-2 without the induction of
neutralizing antibodies. This is consistent with a previous report
that mRNA vaccine with selected NS peptides provided partial pro-
tection in transgenic mice against experimental DENV infection.54

Current efforts in subunit vaccines have focused mostly on prME or
E80 proteins that can theoretically induce potent neutralizing anti-
bodies. However, these antibodies can also induce ADE against
DENV and other closely related flaviviruses that share antigenic
structures.55 NS1 vaccine induces NS1-specific antibodies but does
not cause an ADE response and can, therefore, be modified and
included as a component in future vaccines. The fact that DENV-2
immune sera showed not only cross-neutralization but also ADE
effect against DENV-1, DENV-3, and DENV-4 emphasizes the
importance of developing tetravalent vaccines to provide full-range
protection against dengue viruses.

In summary, with the mRNA LNP system, we have developed
candidate DENV vaccines expressing prME, E80, and NS1 proteins
and further showed that all of these three vaccines are immunogenic.
Notably, we demonstrated that both E80-mRNA vaccine alone and its
combination with NS1-mRNA conferred sterilizing immunity against
DENV-2 challenge in vaccinated immunocompetent mice. Addition-
ally, NS1-mRNA also elicited strong immune response and conferred
partial protection against DENV-2. These results form the foundation
for further development of a tetravalent DENV vaccine based on
mRNA technology.

MATERIALS AND METHODS
Animals

Female BALB/c mice (6–8 weeks old) purchased from Shanghai Lab-
oratory Animal ( Shanghai, China) were used for the assessment of
immunogenicity. All procedures were performed according to proto-
cols approved by the Institut Pasteur of Shanghai Animal Experimen-
tation Committee (No. A2018016).

mRNA and LNP Production

Based on methods essentially as previously described,32 mRNA was
produced using T7 RNA polymerase on linearized plasmids (puc57-
50 UTR-ORF-30 UTR) encoding codon-optimized E80, prME, or
NS1 genes from DENV-2 strain 16681. The UTP (Uridine triphos-
phate) was fully substituted with 1 mJ (1-methylpseudouridine-
50-triphosphate) (TriLink BioTechnologies, San Diego, CA, USA)
mber 2020
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(50 UTR: 50-AAATAAGAGAGAAAAGAAGAGTAAGAAGAAATA
TAAGAGCCACC-30; 30 UTR: 50-TGATAATAGGCTGGAGCCTC
GGTGGCCATGCTTCTTGCCCCTTGGGCCTCCCCCCAGCCCCT
CCTCCCCTTCCTGCACCCGTACCCCCGTGGTCTTTGAATAAA
GTCTGA-30). Cap1 was added to the synthesized RNA by using the
Vaccinia Capping System, and an mRNA Cap 20-O-methyltransfer-
ase and poly(A) tail were generated by E. coli Poly(A) Polymerase
(New England Biolabs, Ipswich, MA, USA). The mRNA was stored
frozen at �80�C.

LNP-mRNA formulations were made according to a described
method.56 Briefly, D-Lin-MC3-DMA (MedChemExpress), DSPC
(Avanti Polar Lipids), cholesterol (Sigma), and PEG-lipid (Avanti
Polar Lipids) were solubilized in ethanol at a molar ratio of
50:10:38.5:1.5. The lipid mixture was added to an aqueous buffer
(50mM citrate buffer [pH 4.0]), resulting in the final ethanol and lipid
concentration of 30% (v/v) and 6.1 mg/mL. After equilibrating at
room temperature for 2 min, the lipid mixture was added into a lipid
extruder (LF-1; Avestin, Ottawa, ON, Canada) and then extruded at
room temperature through two stacked 80-nm pore-sized filters (Nu-
clepore:Whatman, GEHealthcare, Chicago, IL, USA) to form vesicles
of about 80 nm in diameter. The mRNA solubilized in 50 mM citrate
buffer wasmixed with lipid at a ratio of 3:1. LNP-encapsulatedmRNA
samples were dialyzed against PBS (pH 7.4) in Slide-A-Lyzer G2 Dial-
ysis Cassettes (10 K MWCO; Thermo Fisher Scientific) for 24 h and
then concentrated using Amicon Ultra Centrifugal Filters (Millipore,
Burlington, MA, USA), passed through 0.45-mm filters, and stored at
4�C until use. The encapsulation efficiency was measured with the
Quant-iT RiboGreen RNA Assay Kit (Life Technologies, Carlsbad,
CA, USA) using a microplate reader.

Viruses and Cell Lines

DENV-1 strain 16007, DENV-2 strain 16681, DENV-3 strain 16562,
and DENV-4 strain 1036 were kindly provided by Dr. Claire Huang
(Centers for Disease Control and Prevention [CDC], Ft. Collins, CO,
USA). The virus was propagated in C6/36 cells, and viral titers were
determined in Vero cells through plaque assay. HEK293T cells
(ATCC) were cultured at 37�C in Dulbecco’s modified Eagle’s me-
dium (DMEM; Life Technologies, Carlsbad, CA, USA) and 10% fetal
bovine serum ([qualified, New Zealand origin] FBS; GIBCOGaithers-
burg, MD, USA). C6/36 cells weremaintained inmodified Eagle’s me-
dium (MEM; GIBCO, Gaithersburg, MD, USA) supplemented with
nonessential amino acids (GIBCO, Gaithersburg, MD, USA) and
10% FBS at 28�C with 5% CO2.

mRNA Transfection

Transfection of HEK293T cells was performed with Lipofectamine
2000 Reagent (Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s instructions: 2.5 mg mRNA in 125 mL OPTI--
MEM (GIBCO, Gaithersburg, MD, USA) was incubated with
5 mL Lipofectamine 2000 in 130 mL OPTI-MEM for 30 min;
then, the Lipofectamine 2000-mRNA complex mix was immedi-
ately added to the 6-well plates with 1.0 � 106 cells per well. Su-
pernatant was collected, and cells were lysed for 30 min on ice
Molecular The
in RIPA buffer (Beyotime Biotechnology, Shanghai, China) at
24 h after transfection.

Flow Cytometry Analyses of mRNA-Transfected 293T Cells

The transfected HEK293T cells (1.0 � 106) were fixed in 4% parafor-
maldehyde (PFA) at room temperature for 10 min, followed by
permeabilization (eBioscience, San Diego, CA, USA). Cells were
then incubated at 4�C for 30 min with flavivirus-specific antibody
4G2, or a DENV-2 NS1 specific antibody (Sigma, Germany), followed
by staining with Alexa Fluor 488-conjugated goat anti-mouse IgG or
Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life Technologies,
Carlsbad, CA, USA) for 30 min on ice. The samples were analyzed us-
ing a BD LSR II flow cytometer. A minimum of 10,000 events for each
sample were recorded and analyzed with FlowJo software.

Animal Experiments

mRNA-LNPwas diluted in PBS and administered via i.m. inoculation
with 40 mL each by syringe (BD Biosciences). Groups of 6- to 8-week-
old BALB/c mice were immunized at weeks 0, 2, and 4. For DENV2
challenge studies, 1 mg anti-IFNa/b Receptor blocking antibody
(MAR1-5A3) was administered via intraperitoneal injection at 24 h
prior to viral infection. Mice were infected with 5 � 106 PFUs of
mouse-adapted DENV-2-GZ-LP39 at 7 weeks after the initial vaccina-
tion. Blood or spleen samples were obtained at days 2, 3, and 4 after
challenge. Before viral challenge, blood samples from each group of
mice were collected 2 weeks after the third immunization. Serum
samples were collected by centrifugation and kept at�80�C until use.

IFN-g Enzyme-Linked Immunosorbent Spot (ELISPOT) Assay

ELISPOT assays were performed according to the manufacturer’s
protocol (Mabtech, Nacka Strand, Sweden) to detect IFN-g-produc-
ing T cells in the splenocytes. Briefly, 96-well ELISPOT plates
(Millipore, Burlington, MA, USA) were pre-coated with anti-mouse
IFN-g antibody (AN18, Mabtech) at 4�C overnight. After removing
the coating antibody, wells were blocked with RPMI 1640 medium
containing 10% FBS for 1 h. The splenocytes isolated from immu-
nized mice were added to ELISPOT plates and then stimulated with
four peptide pools spanning DENV-2 E80 protein (P1, P2, P3, and
P4), a single immunodominant peptide (P265–273) from DENV-2
NS1, or PBS as negative control at 37�C for 48 h. After incubation,
the wells were washed five times with PBS and then incubated with
a biotinylated anti-mouse IFN-g detection antibody (R4-6A2-biotin;
Mabtech) diluted in PBS containing 0.5% FBS at 0.2 mg per well for 2 h
at room temperature, followed by the addition of diluted alkaline-
phosphatase-conjugated streptavidin for 1 h. Immune spots were
developed using TMB substrate and counted with the ImmunoSpot
Analyzer (CellularTechnology, Kennesaw, GA, USA).

ELISA

DENV-2-specific IgG antigen in sera was measured by ELISA using
96-well flat-bottom plates (Corning, Corning, NY, USA) that were
coated with 1.0 � 105 PFUs of UV-inactivated DENV-2 virions,
E80 protein, or NS1 protein overnight at 4�C. The plates were blocked
for 2 h with non-fat 5% milk in PBS containing 0.05% Tween 20
rapy: Methods & Clinical Development Vol. 18 September 2020 709
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(PBST) and washed five times with PBST. Inactivated mouse serum
underwent 2-fold serial dilution in 1% milk/PBST and incubation
for 1 h, followed by washing for five times. Secondary horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Santa Cruz
Biotechnology, Dallas, TX, USA) was diluted in 1:10,000 in 1%
milk/PBST and incubated for 1 h. TMB substrate (Life Technology,
Carlsbad, CA, USA) was applied to the plates, and the reaction was
stopped with 2 M HCl. The absorbance was measured at 450 nm us-
ing a microplate reader. The endpoint dilution of the antibody titer
was defined as the highest serum dilution that gave an optical density
450 (OD450) value above two times of that of control sera. To measure
antibody isotypes, ELISA was performed according to the manu-
facturer’s protocol (SouthernBiotech, Birmingham, AL, USA) with
inactivated DENV-2 strain 16681 as capture antigen. The concentra-
tion of the IgG subtype was calculated based on the standard curve
and the relative percentages of IgG1, IgG2a, IgG2b, and IgG3 were
normalized to total IgG.

Virus Neutralization Assay

100 PFUs of DENV-2 strain 16681 were incubated with serially diluted
serum in serum-free DMEM for 1 h at 37�C. The virus-serum mixture
(200 mL) was added into Vero cells pre-seeded in 48-well culture plates
for 1 h at 37�C. Then, a 700 mL medium overlay containing 50% (v/v)
DMEM, 1.5% (v/v) FBS, 0.45% (w/v) NaCl, and 1.5% carboxylmethyl-
cellulose was added to each well, and the plates were incubated for 48–
96 h at 37�C. The plates were washed with warmed PBS and then fixed
with 4% PFA. The fixed cells were stained with the flavivirus-specific
antibody 4G2 for 3 h at room temperature, followed by a secondary
anti-mouse IgG antibody (Promega, Madison, WI, USA) for 3 h.
Finally, foci of infected cells were visualized with a BCIP/NBT reaction
provided in a commercial kit. The PRNT50 was defined by non-linear
regression analysis to determine the dilution of sera required to inhibit
50% of infection. All neutralization data were normalized with foci
number of infected cells without pre-incubation with mouse sera.

Quantification of Virus Load

At different time points after the DENV-2 challenge, blood samples
were collected, and spleens were harvested. Spleen was homogenized
using a bead-beater apparatus (MagNA Lyser, Roche), and serum was
prepared from blood after centrifugation. Total RNA was extracted
from spleen and serum samples with TRIzol (Life Technologies,
Carlsbad, CA, USA). DENV infection levels in serum were deter-
mined by titration assay, and DENV RNA levels from spleen were
determined by a TaqMan one-step quantitative reverse transcriptase
PCR (qRT-PCR) kit on a Light Cycler 96 Real-Time PCR system
(Roche Diagnostics, Mannheim, Germany). Viral load was expressed
on a log10 scale as viral RNA equivalents per microgram for spleen or
per milliliter for serum. For DENV, the following primer sets were
used: forward: 50-AAGGACTAGAGTTAGAGGAGAC-30; reverse:
50-GGCGTTCTGTGCCTGGAATGAT-30; and probe: 50-FAM/
CCAGAGATCCTGCTGTCTC/MGB-30.

For viral titration assay, mouse sera were serially diluted and added
into Vero cells with serial dilution and incubated for 96 h at 37�C.
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The plates were washed with warmed PBS and then fixed with 4%
PFA. The fixed cells were stained with 4G2 antibody for 3 h at
room temperature, followed by a secondary anti-mouse IgG antibody
(Promega, Madison, WI, USA) for 3 h. Finally, foci of infected cells
were visualized by commercial test kit BCIP/NBT reaction.

ADE Assay

Serial dilutions of heat-inactivated mouse sera were incubated with
DENV for 1 h at 37�C, followed by the addition of K562 cells express-
ing the Fcg receptor CD32A. Two days later, the cells were harvested
and fixed with 4% PFA, permeabilized, and then stained with DENV-
specific primary antibody D1-11 or 4G2, followed by the addition of
Alexa Fluor 488-conjugated goat anti-mouse IgG. The percentage of
infected cells was analyzed by flow cytometry.

Statistical Analysis

All data were analyzed with GraphPad Prism 6 software, and the sta-
tistical differences between vaccination groups were determined by
Student’s t test. PRNT50 titers were obtained through Probit regres-
sion analysis (SPSS). Statistical significance was reported as follows:
*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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