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bonucleic acid (mRNA) vaccine. In particular, the vaccine includes an mRNA
encoding a mutant envelop (E) protein of dengue virus at position 8 and/or 101
| formulated in lipid nanoparticles. The mRNA vaccine of the present inven-
L tion is safe and effective, which causes enhanced production of neutralizing

antibodies against multiple serotypes of dengue virus and reduced antibody
dependent enhancement (ADE) response.
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TITLE OF THE INVENTION
DENGUE VIRUS MRNA VACCINE AND METHOD AGAINST DENGUE VIRUS
INFECTION USING THE SAME

RELATED APPLICATIONS
{0001] This application claims the benefit of ULS. provisional application number 63/483 090, filed
February 135, 2023 under 35 US.C. §119, the entire content of which 1s mcorporated herein by

reference.

TECHNOLOGY FIELD

{0002]  The present invention relates to a dengue virus messenger ribonucleic acid (mRNA)
vaceine, o particudar, the vaccine includes an mRNA encoding a mutant envelop (E) protein of
dengue virgs at position 8 andf‘or 101 fonmulated in lipid nanoparticles.  The mRNA vaccine of the
present invention 1s safe and effective, which causes enhanced production of neutralizing antibodies
against multiple serotypes of dengue vires and reduced antibody dependent enhancement {ADE)
FESPHNISE,

BACKGROUND OF THE INVENTION
{0003]  Dengue is an arboviral {arthropod-harme viras) discase caused by the dengue virus
Flaviviridae family and are categorized into four genetically distinet serotypes (DENVI to DENV4),
These serotypes have spread globally and constitute a growing threat to public health (Wilder-Smith,
2020}, Infection with any of the four DENYV serotypes causes disease that may present as
asympitomatic to severe dengue symptoms, or even potentially fatal shock syndrome. Imponantly,
primary mfection with DENY can provide protective immunity without cansing serious tlingss, but
subsequent infections with any serotype carry increased risk of severe dengue symptoms or shock
syndrome (Wollner et al., 2021} The mncidence of DENYV infection bas increased by eight-fold in the
fast two decades {WHQ, 2022), with serious 1llness often seen m young children {Guzman et al.,
2010} Thus, intensive efforts have been made in the last 30 vears to develop a vaccine against the
virus. One major obstacle to producing a vaccine for this virus is that the different serotvpes are
cross-reactive, and antibody-dependent enhancement {ADE) can potentially reduce vaccine
efficiency and increase the risk to health (Bhatt et al, 2021} The DENV genome consists of a
positive RNA strand of ~11 kb, which is translated into a single polyprotein that comprises ten
proteins; three are structural proteins [capsid (©), premembrane (prM) and envelope ()], and seven

are non-structural proteins (NS1 NS2A NS2B, NS3, NS4A, NS48, and NS5 (Guazman et al, 2016}

i



b2

s

0

0

WO 2024/173621 PCT/US2024/015894

Many attempts have been made to vithize different structural or non-structural proteins of DENV
order to generate dengue vaccines (Zhang ot al,, 2020}

{0004]  To date, there is only one vaccine, Dengyaxia, that is licensed in endemic countries. This
vaccine was developed by using a hive attenunated vaccine for vellow fever as a backbone and
replacing the yeltow fever genontic sequence with DENV E and prM of each serotype. Although
Dengyaxia ts licensed mn endemic countries, it showed low efficacy in phase I trials in dengue naive
mdividoals. Furthenmore, the vaccine stimulates fow levels of nentrahizing antibodies against DENV,
s0 a booster dose is required (Amorim and Birbrair, 2022 Henein et al., 2021). Reasons for its low
efficiency may be related to the absence of non-structural DENYV proteins and/or poor balance of
virus replication among the four serotypes {Wilder-Smith, 2020} These characteristics may Jimit
vaceine efficacy by lowening production of veutralizing antibodies and mcreasing the risk of
antibody dependent enhancement (ADE) response (Thomas and Yoon, 2019).

{0005]  Indonesian authorities have recently approved Qdenga as a vaccing for people between the
ages of 6 and 45, An engineered tetravalent dengue vaccine 1s a hive attenvated viras using DENV-2

as its backbone and mcorporating genes from other three serotvpes into it. it is, however, important
to note that the complete data on DENVL, 3, and 4 serotvpes do not exist, which reflects the danger
of ADE response agamst these serotypes, and may lead to some sertous ADE response i the near
future (Mallapaty, 2022). Nevertheless, the limitations of this licensed vaccine have given
researchers a clear idea about the important issues in designing future products. For example, the
foremost goal of any new DENYV vaccine design should be to achieve a low potential ADE response

along with high production of newtralizing antibodies.

SUMMARY OF THE INVENTION
[0006] The present invention, is based, at least in part, on the development of a messenger
ribonucleic acid (mRNA) encoding a mutant eavelop (E) protetn of dengue virns gt position 8 andfor
101, formuelated m hipid nanoparticles (LNP), for vaccinating a subject against dengue virus
wfection.  Surprsingly, immunization of animals with the mRNA-LNP causes enhanced production
of newtralizing antibodies against mudtiple serotypes of dengue virus and reduced antibody dependent
enhancement { ADE) response.
{0007]  Accordingly, in one aspect, the present mvention provides a composition, which comprises
a messenger ribonucleic acid (mRNA} comprising an open reading frame encoding a dengue virus E
protein variant formulated in a hipid nanoparticle, wherein the E protem variant comprises amino
acid mutation at posiiion 8 andfor position 101 of SEQ 1D NO: 2.
{B008]  In some embodiments, the one or more amino acid mutation is selected from the group

3
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consisting of
{a) an amino acid substitution of the 8% Asn (N) residue;
(b) an amino acid substitution of the 101™ Try (W) residue; and
(c) an amino acid substitution of the 8 Asn (N} residue and an amine acid substitution of the
5 101™ Try (W) residue.
0009]  In some embodiments, the one or more amine acid mutation is selected from the group
consisting of
(@) an amino acid substitution of the 8% Asn (N) residue with Arg (R);
{b) an aming acid substitution of the 101" Try (W) residue with Gly (G); and
10 {) an amino acid substitution of the 8" Asn {N) residug with Arg (R) and an amino acid
substitation of the 101 Try (W) residue with Gly (G).
{00010} In some embodiments, the mRNA encodes an amino acid seqoence set forth in SEQ 1D
WO 5, 60r7.
[00011] In some embodiments, the mRNA comprises an nucleic acid sequence set forth in SEQ 1D
IS5 NO:E %or 10,
{80012} In some cwbodiments, the mRNA further comprises a 5™ untranslated region (UTR) and a
3 UTR.
{00013]  In some embodiments, the mRNA comprises SEQ ID NO: 11, {2 or 13,
{00014} In some embodiments, the mRNA further comprises
20 a 5 cap analog; andfor
a poly(A) il
{0815]  In some embodiments, the 8 cap analog 1s 7mG ppp(3INImpNp.
{00016} In some embodiments, the mRNA comprises a chemical modification.

{00017} In some embodiments, the chemical modification 13 a 1-methyipsendouridine maodification.

I~d
hn

{00018]  In some embodiments, the hipid nanoparticle comprises a cationic hipid, a non-cationic
lipid, a sterol and a polvethylene glycol (PEG-modified hipid.

{00019]  In some embodiments, the lipid nanoparticle comprises 20-70% cationie lipid, 5-45% non-
cationic lipid, 20-35% sterol, and 0.5-15% PEG-modified hipid.

{00028]  In some embodiments, the lipid nanoparticle comprises 30% cationic ipid, 10% non-

30 cationic hipid, 38.5% sterol and 1.5% PEG-modified lipid.

{00021} In some embodiments, the lipid nanoparticle comprises a lipid bilayer surrounding a core
where the mRNA is encapsulated.

[00022] In another aspect, the present invention provides a vaccine agamst dengue vinus infection

which comprises an effective amount of a composition comprising an open reading frame encoding a
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dengue virus B protein variant formulated in a hpid nanoparticle as described herem and 8
physiologically acceptable vehicle,

{00231  In a further aspect, the present invention provides a composition comprising an open
reading frame encoding a dengue virus E protein variant formulated in a limd nanoparticle as
described berein for use in immunization against dengue virus infection in a subject in need thereofl
The present invention also provides use of a composition comprising an open reading frame
encoding a dengue virus E protein vaniant formulated in a lipid nanoparticle as described herein for
manufacturing a medicament for immunization against dengue virus infection in a subject in need
thereof.  The present invention further provides a method for immunization against dengue virus
infection i a subject in need thereof, comprising admimstering to the subject in need thereof a
therapeutically effective amount of a composition comprising an open reading frame encoding a
dengue virus E protein variant formulated 1o a lipid nanoparticle as desenibed herern.

100024]  In some embodiments, the dengue virus infection is caused by dengue virus serotype |
{DENV1), dengue virus serotype 2 {DENV2), dengue viras serotype 3 (DENV3) andfor dengue virus
serotype 4 {DENV )

{00025]  In some ewbodiments, the amount of the composition s effective 1 inducing neutralizing
anttbodies aganst the dengue vivus andfor alleviating anttbody dependent enhancement of the
dengue virus infection.

{80026] In some embodiments, the composition is admunstered to the subject once or more than
ORCe.

{00027 The details of one or more embodiments of the invention are set forth in the description
below. Other features or advantages of the present invention will be apparent fram the following

detatled description of several embodiments, and also from the appending claims

BRIEF DESCRIPTION OF THE DRAWINGS

{00028]  The foregoing summary, as well as the following detasled deseription of the nvention, will
be better undevstood when read i conjunction with the appended drawings. For the purpose of
illustrating the nvention, there are shown in the drawings embodiments which are presently preferred.
It should be understood, however, that the mvention i3 not lmited to the precise arrangements and
mstrumentalities shown,

{0029 In the drawings:

{00030] Figs. 1A to 1D show synthesis and physicechemical characterization of mRNA-LNP.
The illustrations depict mRNA synthesis by IVT (Fig. 1A) and mRNA-LNP synthesis using a
microfluidic device (Fig. 1B). Agarose gel retardation assay: Lancs 1-4 represent the free mRNA, fanes

4
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5.8 represent the mRNA-LNP complex, and lanes 9-12 represent the mRNA-LNP wreated with 1%
Triton X-100 prior to loading (Fig. 1C). Crvo-EM image shows mRNA-LNP complex (Fig. 1D}
{00031} Figs. 24 to 2C show functional analysis of mRNA-LNP complex. The schematic 1mage
depicts the transfection of 2937 cells with mRNA-LNP {(Fig. 2A). Quantification of protein expression
1 transfected cells was performed using flow ovtometry (Fig. 2B}, The bar graph represents the protein
expression level (Fig. 2C).

{00032] Figs. 3A to 3E show expression and immunogenicity in BALB/c mice. BALB/¢ mice
were inmnunized with 10 gg of the mRNA-LNP complex by intramuscular injection (Fig. 3A). Serum
was collected after 6 weeks of prime-boost doses, and dengue virus-specific antibody responses were
analyzed by ELISA. The ELISA plates were coated with specific recombinant proteins; DENVI (Fig.
3B), DENV2 (Fig. 3C), DENV3 (Fig. 3D), and DENV4 (Fig, 3E).

{00033} Figs. 4A to 4D show nentralizing antibody titers and antibody-dependent enhancement
response against DENVY2 in immune sera. The PRNT assay was performed using mouse sera
collected six weeks after the initial immunization (Fig. 44). BHK-21 cells were co-incubated with the
DENV2 virus and different dilutions of unmunized mice sera. Plaques were fixed and stained at S days
post-iufection. Representative images of PRNT assay (Fig. 4B). The graph shows % of plaques by
dilution, and the dashed fine represents the PRNTso valoe (Fig. 4C). Antibody-dependent enhancement
{ADE) of DENV2 replication was gnalyzed by the PRNT assay performed on the supomatant of KS62
cells that had been treated with senally diluted sera from mnmunized mice (Fig. 4D}

{00034} Figs. SA to 3D show the antibody expression and imumunogenicity in BALB/c mice
immunized with Ej0e-NSR and EipeWT mRNA-LNP containing AS-CL~28 ionizable lipid.
BALB/c mice were mmmunized with 10 pg of the mRNA-LNP complex by intramuscular mjection
{Fig. 3A). Seram was collected after 6 weeks of the first immunization, and dengue virus-specific
antibody responses were analvzed by ELISA. ELISA plates were coated with DENVZ recombinant
proteins, and serg from immunized mice were evaluated (Fig. 5B). The graph shows % of plaques, and
the dashed lme represents the 50% of viral mmbibition (Fig. 3C). ADE of DENV2 replication was
aunalyzed by PRNT assay (Fig. 5D}, Jn vitro assessment of the ADE response to DENV2 replication.
{00835] Fig. 6 Shows the neutralizing activity and protective effect of immunized sera on
suckling mice. Serially diluted immunized sera were incubated with 1 x 10% pfu (25-fold LD30) of
DENVZ 16681 for 0.5 hours at 4°C. Two-day-old suckling mice were mocuolated with 20 @ of the

muxture via intracranial (i.¢.) injection. After the challenge, survival was monitored for 28 days.

DETAILED DESCRIPTION OF THE INVENTION

{80036] The followmg description is merely intended to iltustrate various embodiments of the
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mvention.  As such, specific embodiments or modifications discussed herein are not to be construed
as Hmitations to the scope of the invention, It will be apparent to one skilled in the art that various
changes or equivalents may be made without departing from the scope of the mvention.

{0837]  As used herein, the smmgular forms 37, “an”, and “the™ include plural referents unless the
context clearly dictates otherwise. Thus, for example, reference to “a component”™ includes a pharality
of such components and equivalents thereof known to those skilled m the ant.

{00038] The term “comprise” or “comprising” 18 generally used i the sense of mclade/mcluding
which means permitting the presence of one or more features, ingredients or components.  The term
“comprise” or “comprising” encompasses the term “consists” or “consisting of”

[00839]  As used herein, the term “aboul” or “approximatelv” refers {o a degres of accepiable
deviation that will be understood by persous of ordinary skall in the art, which may vary to sowme
extent depending on the context in which 1t is used.  In general, “abont™ or “approximately™ may
mean a numeric value having a range of = 10%, particularly = 5%, around the cited value.

[00040]  As used berein, the term “nucleie acid”™ or “polynucleotide™ can refer to a polymer
composed of nucleotide units.  Polvnucleotides include naturally eccurning nucleie acids, such as
deoxynibonuclete acid ("DNA™) and nibonuclete acid ("RNA™) as well as nucleic acid analogs
mchuding those which have non-natwally occurring nucleotides.  Polynucleotides can be
synthesized, for example, using an automated DNA synthesizer. It will be yaderstood that when a
nucleotide sequence is represented by a DNA sequence {i.e, A, T, (i, C), this also includes an RNA
sequence {Le, A, U, G, C) in which “U" replaces “T.7  The term “cDNA” refers to a DNA that is
complementary or identical to an mRNA | in erther single stranded or double stranded form.

{0041]  As used herein, the term “polypeptide” refers to a polymer composed of amino acid
residues hinked via pepiide bonds.  The term “protem” typically refers to relatively large
polypeptides.  The term “peptide” typically refers o relatively short polypeptides {(e.g., containing
ap to 100, 90, 70, 50, 30, 20 or 10 amnno acid residues).

{00042]  As used herein, the term “complementary™ vefers to the topological compatibility or
matching together of interacting surfaces of two polyuucleotides. A first polynucleotide is
complementary to a second polynucleotide when the nucleotide sequence of the first polvoncleotide
is identical to the nucleotide sequence of the polvnucieotide binding partner of the second
polynucteotsde.  Thus, the polynucleotide whose sequence 5~ GATAT-3 15 complementary to a
polvaucieotide whose sequence is S-ATATC-37

{00043]  As used berein, the term “encoding” refers to the natural property of specific sequences of
nucleotides i a polvoucleotide {e.g., a gene, a CDNA| or an mRNA} to serve as templates for
synthesis of other polvmers and macromolecules in biological processes having either a given
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sequence of RNA transcripts (e, rRNA IRNA and mRNA) or a given sequence of amine acids and
the biological properties resulting therefrom.  Therefore, a gene encodes a protein if transeription
and translation of mRNA produced by that gene produces the protein in a cell or other biological
system.  As used herein, a “coding sequence” or a sequence “encoding” an expression product, such
as an RNA or polypeptide, 15 a nucleotide sequence that, when expressed, results in the production of
that RNA or polypeptide te | the nucleotide sequence encodes an amino acid sequence for that
polypeptide. A coding sequence may mclade a start codon {usually ATG) and a stop codon {e.g.
TAA, TAG or TGA). It may constitute an “pninterrupted coding sequence” (1.e., lacking an intron,
such as in a ¢cDNA) or it may include one or more introns bounded by splice junctions.  An “open
reading frame {ORFY i the coding sequence sninterrupted by introns between the start codon and
the stop codou that encodes an anmine acid sequence. It s understood by a skilled person that
omumerous difterent polynucleotides and nucleic acids can encode the same polypeptide as a result of
the degeneracy of the genetic code. It 15 also understood that skilled persons may, using routine
techniques, make nucleotide substitutions that do not affect the polypeptide sequence encoded by the
polynucieotides deseribed there to reflect the codon usage of any particular host organism i which
the polvpeptides are 1o be expressed.  Therefore, unless otherwise specified, a “nucleotide sequence
encoding an amino acid sequence” encompasses all nucleotide sequences that are degenerate
versions of each other and that encode the same amino acid sequence.

{00044} As used herein, the term “substantially identical” refers to two sequences having 30% or
more, preferably 85% or more, more preferably 90% or more, even more preferably 95% or more
homology.  To determine the percent identity of two sequences, the sequences can be aligned for
aptimal comparison purpose.  In calculating percent identity, tvpically exact matches ave counted.
The determination of percent homology or identity between two sequences can be accomphished
using a mathematical algorithm known in the art, such as BLAST and Gapped BLAST programs, the
NBLAST gnd XBLAST programs, or the ALIGN program.

{00045 Dengue virus 1s a simgle-stranded RNA virus that is & member of the family Flaviviridae,
genus Flavivirus,  Dengue virs includes different serotypes, including dengue virus serotype 1
(DENV1), dengue virus serotype 2 {DENV2), dengue virus serotype 3 (DENV3) and dengue virus
serotype 4 {DENV4Y).  Those distinct dengue virus serotvpes are genetically related but
antigenically distinct.  The serotypes can be determined by conventional methods known in the art
such as RT-PCR using specific primer sets to amplify serotvpe-specific fragments from the regions

encoding the capsid and membrane proteins of dengue virus.
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[00046]  As used berein, a dengue virgs envelop (E) protein vanant includes amine acid mutation at
position 8 and/or position 101, corresponcling to the amin acid residues 1-394 of wild-type DENV2,
In particudar, the amino acid mutation includes an amine acid substivtion.  In some embodiments,
the amino acid mutation includes a substitution of the 8" Asn residue (NS substitution).  In some
embodiments, the amino acid mutation includes a substitution of the 101™ Try residue {W101
substitution).  In some embodiments, the amino acid mutation includes a substitution of the 8 Asn
residue and an amino acid substitution of the 101% Try residue (N8+W 101 substitution).  In certain
embodiments, the 8™ Asn residue is substituted with Arg (NSR).  In certain embodiments, the 101®
Try residue is substituted with Gly (W101G).

{00047]  As used herein, the tenm “chemical modification” means modification 10 adeneosing (A},
guanosine (G}, thymidine (T}, unidine (U1, or cytidine (C) ribonucleosides or deoxyribnucleosides, in
thetr position, pattern, percent andfor population.  Polynucleotides may comprise modifications that
are naturalby-occurring, non-naturally-occurring or the polynuclectide may comprise a combination
of naturally-oceurring and non-paturally-occurring modifications.  The modifications may be
present on an internucleotide linkages, purine or pyrinudme bases, or sugars.  In some mstances,
non-nateral modified nucleotides are introduced doring synthesis or post-synthesis of the
polynucleotides to achieve desired functions or properties.  The modification may be intreduced via
chemical synthesis or via a polymerase enzyme at the terminal of a chain or anywhere else in the
chain.  Any of the regions of a pelynuclentide may be chemically modified.  Polynucleotides may
be partially or fully modified along the entire length of the molecule.

{00048] In some embodiments, the chemical maedification i3 at nuclecbases in the
polyribonucleotides {e.g., RNA, such as mRNA).  In some instances, modified nucleobases in the
polyribonucleotides include, but not limited to, a-thio- adenosine, u-thio~-guanosine, pseudouridine
{w}, l-methyl-pseudouridine {my), I-ethyl-pseudouriding {ely), S-methoxy- uridine {mo517}, and
S-methyl-cytidine {m3C).

[80049]  As used herein, 57-cap is typically a modified nucleotide entity adding to '-end of an RNA
which can inhibit depradation of the mRNA, A 57-cap may typically be formed by a moditied
mecleotide {cap analog), particudarly by a derivative of a guanine nucleotide.  Preferably, the S -cap
is linked to the 5" -terminus via a 57-5 -triphosphate hinkage. A §'-cap may be methylated, e.z.
m7GpppN {e.g. m7G(3 ppptSTG (m7G}), wherem N is the termiunal 57 nucleotide of the nucleic

acid carryving the 57-cap, typically the 5"-end of an RNA.
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[00050]  As used herein, a 8 untranslated region™ (3"UTR) refers to a region of an mRNA that is
upstream of the coding sequence on the Send of the mature mRNA that does not encode a
polypeptide.

{0051]  As used herein, a 37 untranslated region™ (3"UTR ) refers to a region of an mRNA that is
downstream of the coding sequence on the $'end of the matore mRNA that does not encode a
polypeptide

{00052] A “polvA tail” 1s a region of mRNA that 1s downstream from the 37 UTR and contams
menerous, consecutive adenosine monophosphates. A polyA tail may contain 10 to 300 adenosine
monophosphates. It can protect mRNA from degradation.

[00053]  As used herein, the term “lipid-nanoparticle {LNP) delivery™ indicates the transmembrane
delivery of macromolecules, such as nuclewe acids, proteins, ete., iuto cells through lipid
nanoparticles.  Typically, a hipid nanopariicle comprises a cationic lipid, a non-cationic hipid, a
sterod and a polvethvlene glveol (PEG)-modified ipid.  In particular, lipid nanoparticles may be
formed by mixing two phases, including an ethanol phase containing a cationic lipid, a non-cationic
fipd, sterol, and PEG-modified lipid, and an acidic aqueous phase containing macromolecules such
as nucletc actds and protemns. Typically, a LNP forms a hipid bilayer surrounding a core where RNA
1s encapsulated, which can enter the ovtoplasm via endocytosis.

{00034] Cationic lipids useful in the present invention can be a lipid which carries a net positive
charge at a selected pH, such as physiological pH.  Examples of suitable cationic ipids include, but
are not limited to, dilinoleyl-methyl-4-dimethylaminobutvrate (DLin-MC3-DMA), 2 2-dilinoleyl-4-
dimethylaminoethyi-{1 3]-dioxolane (DLin-KC2-DMA), d{{Z)-non-2-en-1-vl} 9-((4-
{dimethyiammo)Yhutanovhoxyheptadecanedioate (L319}, N N-dimethyl-1-{{15,2R}-2~
octyleyclopropytibeptadecan-8-amine (L330) and (127, 15Z)—N N-dimethyl-2-nonyvthenicosa~

12, 15-dien-1-amine (1.608).

{00055] Non-cationic lipids usefud in the present invention can be a vartety of neutral uncharged,
zwitteriomic or antonic lpids capable of producing a stable complex.  Examples of noncationic
Hipuds useful in the present invention include phospholipid-related materials, such as 1 2-distearoyl-
sn~glycero-3-phosphocholine (DSPCY, 1. 2-dipalnnitoyl-sn-glyeere-3-phosphocheline {DPPC), 1.2~
diolevi-sn-glycero-3- phosphoethanelamine (DOPE), L2-dipalmttoyl-sn-glveere-3 -
phosphoethanolamine (DPPE), (1, 2-dimyristovisn-glycero-3 -phosphocthanolamine (DMPE), 2-
dioleoyl-sn-glycero-3- phospho-{I'-rac-glycerol} {DOPG), L2-dwoleoyl-sw-glycere-3 -
phosphoethanolamine {DOPE), 1 2~-distearoyl-sw-glyveero-3 ~-phosphoethanclamine (DSPE), 1,2~
dilauwrovl-sw-glycero~3- phosphoethanolamine (DLPE) and 1. 2-dipalmitovi-sw-glycero-3-phospho-L-
serine {DPPS).

9
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[0005%6] A hpid-nanoparticle may include a sterol as the stroctural lipids.  Any sustable sterol may
be used w the present invention, such as those selected from the group consisting of cholesterod,
ergosterol, campesterol, oxysterol, antrosterol, desimosterol, nicasterol, sitosterol, stigmastero! and
mixiores thereof. A typical example is cholesterol.

{00057 A lipid-nanoparticle wmay imctude one or more PEG-mwodified lipids. APEGlipidisa
Hipid modified with polyethylene glycol.  In some embodiments, the PEG-lipid mcludes, but not
limited to 1. 2-dimyristovi-sn-glycerol methoxypoly ethylene glveol (PEG-DMG), PEG-disteryl
glyeerol {(PEG- DSGY, L2-distearoyi-sn-glycero~3- phosphoethanolamine-N-{ammo{poly ethylene
alveol)] (PEG-DSPE), PEG-diacvlglvcamide (PEG-DAG) and PEG- dipalmitoyl
phosphatidyviethanolamme (PEG-DPPE).

[00058]  In some embodiments, a lipid-nanoparticle as deseribed herein comprises a lipid mixtare in
molar ratios of 20-70% cationic lipid: 5-43% von-cationic {veairal) lipid: 20-35% cholesterol: 0.5-
15% PEG-modified lipid. In some embodiments, a lipid-nanoparticle as described herein comprises a
Hiptd mixture m molar ratios of 20-60% cationic lipid: 5-25% non-cationic {neatral) ipid: 25-35%
cholesterol: 0.5-15% PEG-modified hipid.  In one particular example, the molar lipid ratio 1s 540 10
38.5: 1.5 {mol %, cationic hipid: non-cationie lipid: cholesterol: PEG-modified ipid.

{0059]  In some embodiments, a Hipid-nanoparticle as described herein may has a diameter from
about 10 1o about 500 am, particularly around 100 nm,

[00068] As used berein, the terms “subyect,” “mndividual” and “patient,” used interchangeably
herein, refer to a mammalian subject for whom diagnosis, prognosis, treatment, or therapy is needed,
particwlarly homans,  Other subjects may melude cattle, dogs, cats, guinea pigs, rabbits, tats, mice,
hovses, and soon.

[00061]  As used berein, the term “treatment” refers to the application or administration of one or
more active agents to a subject afflicted with a disorder, a symptom or condition of the disorder, or a
progression of the disorder, with the purpose to cure, heal, alleviate, relieve, alter, remedy,
ameliorate, mmprove, or affect the disorder, the symptom or condition of the disorder, the disabilities
iduced by the disorder, or the progression or predisposition of the disorder.

{00062}  As used heren, the term “effective amount” refers to the amount of an active Ingredient
10 confer a desived biological effect in & treated subject or cell.  The effective amount may change
depending on varnous reasons, such as administration route and frequency, body weight and species
of the individual receiving said pharmacentical, and purpose of adnyinistraion.  Persons skulled in
the art may determine the dosage in each case based on the disclosure herein, established methods,
and their own experience.

{80063}  In the prosent invention, a LNP including a mRNA encoding a mutant E protein of
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dengue virus as described herein can be formulated with a physiologically acceptable carrier for the
production of vaccines.  As used herein, “physiologically acceptable™ mcans that the carrier is
compatible with an active mgredient iy the composition, and preferably can stabilize said active
mgredient and is safe to the recerving individual. Such physiologically acceptable carriers are well
known in the art.  In some embodiments, a LNP as described heretn is fornmiated and administered
as a sterile sotution while it is also possible to utilize Iyophilized preparations.  Stevile solutions can
be lyophilized or filled into pharmaceutical dosage containers. The pH of the solution generally 15 in
the range of pH 3.0 w0 9.5, egpH S.010 7.5, The LNP typically 1s in a solution having a suitable
pharmacentically acceptable buffer.  In certain embodiments, the LNP may be formulated into an
injectable preparation.

{80064]  According to the present invention, a composition comprising a LNP including a mRNA
encoding a mutant E protein of dengue viras as described heretn is useful in vaccinating a subject in
need thereof.  In particular, the vaccination induces protective inununity agamnst dengue virus
miection.  In some embodiments, the dengue viras infection 18 caused by one or more serotypes,
selected from the group consisting of dengue virus serotype 1 {DENV1), dengue virus serotype 2
{DENV2}, dengue vivus serotype 3 {DENV3), dengue virus serotvpe 4 (DENV4), or any
combination thereof.  In some embodiments, the protective immunity provides efficacious tevels of
neutralizing antibodics against the dengne virus infection in the blood or serum of a vaccinated
subject.  in particular embeodiments, the protective mmunity causes reduced levels of antibody
dependent enhancement of the dengue virus infection in a vaccinated subject.

{00065 in the present invention, administration of a8 composition or a vaccine can be performed
ustng standard routes of administration.  Exemplified administration includes mtramuscular
administration, intradermal administration and subeutaneous admuouistration. The adminisiration may
be performed as a single dose, or as a prime and boosting.  In some embodiments, the composition
of the present invention is administered to the subject once or more than once, such as twice, three
times, four times, five times, six times or more.  The period of time between prime and boost s
generally one (1) week, two {2} weeks, four {4) weeks, six {6) weeks or eight {8) weeks, preferably 4
weeks or 8 weeks,

{00066} The present invention is further illustrated by the following examples, which are
provided for the purpose of demonstration rather than limitation. Those of skill in the art should, m
tight of the present disclosure, appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a ke or similar reselt without departing from the
spirit and scope of the invention,

[00067]  Examples
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[00068]  Here, we nautated the sequence of amine acids in the wild-type {WT) E stroctural proteins
at positions § and 101, The arginine gt position 8 was replaced with asparagine (N8R), while the
glyeine at position 101 was replaced with tryptophan (G101W). These mutations were made in order
to enhance the production of neutralizing antibodies and reduce ADE response. The mRNAs were
produced via in vigro transeription (IVT). Then, the modified mRNAs and WT DENV E mRNA were
encapsulated i liped nanoparticles (LNPs). We evaluated the sera of animals inmnunized with the
modified mRNA sequences that possessed antibodies. The binding efficacy of sera was evaluated
against all four DENY serotypes by using ELISA assay. Meanwhile, the levels of neutralizing antibody
titers were examined by the plague reduction neutralization titer (PRNT} assayv. Finally, the ADE
response of snmunized mice sera foward DENV2Y was monttored by testing viral replication activity
in Fey receptor-positive K362 cells following the PRNT assay,  Qur data showed that sera of ammals
mmunized with the modified mRNA sequence carried high levels of anttbodies that efficiently bind
to DENVI-3 serotypes and had low ADE response against DENVZ. As a result of these findings,
MRNA-LNP mmunization agamst motant E protein appears to be a promusing approach for creating
effective dengue vaccines with low potential for ADE.

{00069] b Material and Methods

{00070} 1.1 Production of modified IVT mRNA

{00071} DNA templates were constructed to contain a T7 promoter site, a codon-optimized
DENV2 E sequence (Erane-WT, Eraoe-N8R, Er0-W1H01G, and Eraoe-NBR-WI01GY, a S UTR, 1gG
kappa leader sequence, a polv(A) tail region, and the alpha-globin gene 3' UTR. Prior to IVT, the
plasmid was Hnearized using EcoRY and purified with the NocleoSpin Gel and PCR Clean-up Kit
{Macherey & Nagel Co. Ditven, Germany). mBNA was synthesized according to the manufacturer’s
recommendations using HiScribe T7 (NEB, MA, USA) with co-transcriptional CleanCap™ AG
{Trilink, CA, USA) and Ni-methyl-pseudouridine (Trilink, CA, USA). Synthesized mRNA was
purified by DNase TINEB, MA, USA) digestion followed by LiCl {Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) preciptation and 70% ethanol wash. Cellulose-based puntication
was performed to remove dsRNA from the transcribed mRNAL The final product was stored at ~
RO°C.  Fig. 1A depicts the process for the mRNA synthesis by IVT.

100072} 1.2 Site-Directed Mutagenesis

{00073} All point mutations of Baea-N8R, Erane-WI0TG, and Erave-NSR-WI01G were
generated using the QuikChange Kit (KAPA Biosystems), and the identities of the mutagenized
products were verified by sequencing.

{00074} 1.3 Virus Amplification for DENV2 16681

80075} (6736 cells were cultured in a medium consisting of 50% Mitsuhashi and Maramorosch
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{(Sigma-Aldrich) plus 50% Dulbecco’s modified Eagle’s mediam (DMEM, Gibeo) supplemented
with 10% fetal bovine serum (FBS, Gibeo), 100 Uimi penicillin, 100 pp/mi streptomycin, and 0.25
ug/mi amphotericin B (Antibtotic-Antimyveotic, Gibeo). The C6/36 cells were infected with DENV2
F688T at MOH=1 and incubated at 28°C for 7 days. The viruses were harvested from supernatant and
propagated in the baby bamster kidney fibroblast (BHK-21) cell line. The infectious viral titers were
guantified using plagque tests.

{00076 1.4, Preparation of mRNA-LNP

{077} LNP formulations were prepared using a previousty described method (Hsu et al., 2022).
Briefly, four types of lipids were solubilized in ethanol: D-Lin-MC3-DMA (MedChemExpress, NI,
LISAY, DSPC (Avanti Polar Lipads, NY, USA), cholesterol (Sigma, MA, USA ) and DMG-PEG 2000
{(MedChemExpress, NJ, USA}; the liptds were then mixed with a wolar ratio of 50:10:38.5:1.5. The
lipid mixture was combined with an aqueouns sodiun acetate bufler (25 mM, pH 4.5) containing
MRNA at a flow rate ratio of 1:3 using NanoAssemblr® HGNITE NxGen Cartridges (Precision
NanoSystems Inc., BC, Canada). LNP-encapsulated mRNA samples were dialvzed against PBS (pH
7.4y at 4°C. Then, the mRNA-LNP were concentrated using Amicon Ultra Centrifugal Filters (10K
MWCO; Millipore, Burlington, MA, USA} and passed through & 0.45-mm filter.  Fig. 1B depicts
the process for the mRNA-LNP synthesis using a microfluidic device,

{60078] 1.5, Characterization of mRNA-LNP

1000791 The particle size distribution, polydispersity index (PIM) value, and zeta potential of
DENV2Z E mRNA-LNP were analvzed by dvnamic light scattering (DLS, Zetasizer Nano ZS,
Malvern Instruments, UK). The sample was diluted 100-fold and equilibrated for 120 seconds at
25°C prior to size and zeta potential measurements. The hydrodynamic diameter (z-average) and zeta
potential of DENV2 E mRNA-LNP were analyzed by Zetasizer software, version 7.11
{www.malvern.com). The morphology of DENV2 E mRNA-LNP was observed in a dry state using
cryogenic transmission electron mucroscopy (crvo-TEM, Tecnat F20, Philips, Eindboven, the
Netherlands). Briefly, the sample solution was diuted 18-fold and transferred onto a 300-mesh
copper grid covered with porous carbon film (HC300-Cu, PELCO) before blotting and plunging in a
100% hunuidity temperange-controlled chamber by Viiroblot (FEL. The copper grids were stored
under liguid nitrogen and transferred to the electron microscope on a cryo-stage for imaging. The
mRNA encapsulation efficiency (EE%)} and the concentration were determiined by using the Quant-
iT RiboGreen RNA assay kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA}. The
mRNA integrity of free mRNA and LNP-mRNA was analyzed by an agarose gel retardation assay.

LNP-mRNA complexes were solubilized with 1% Triton X-100, and the integrity of released mRNA
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was inspected by agarose gel,
{00080} 1.6, In vitro protein expression of DENV2 E mRNA-LNP by Flow Cytometry
{0081} DENV2 E mRNA-LNP {E1500-WT, Era0e-NER, Eraoe- WG, and Erase-NER-WIHIG)

oy

were individually transfected into 2937 cells and cultured at 37°C in DMEM medium containing

10% FBS for 24 hours. Then, the cells were collected and centrifuged. The cell pellet was washed
with PBS via centrifugation and followed by incubation with fixation and permeabilization solation
monocional antibodies (4G2, DB32-6, and DB39-2) for | hour at 4°C, followed by mncubation with
PE-conjugated goat anti-mouse 1gG (1:5300) for 1 howr at 4°C. The samples were detected by flow

cvtometer and a minimum of 1x 107 events for each sample were recorded and analyzed with Flowlo

software.
{00082} 1.7. Mouse immunization
{00083} All procedares involving animal studies were approved and performed m accordance

with guidelines set by the Insututional Animal Care and Use Committee (IACUC) at Academia
Sinica, Taiwan. Groups of 6-to-8-week-old BALB/C mice were immunized via intramuscular
mjection with 10 pg of DENV2 E mRNA-LNP or control solution (saling) at weeks 0, 2, and 4.
Serum samples were collected 6 weeks after the first immunization and stored at -80°C until further
use.

{084} L8 ELISA

{00085} Measurements of binding antibodies in sera of mice immunized by DENV2 E mRNA-~
LNP were made by ELISA. Briefly, ELISA plates were coated with 0.5 pg/ml of DENV -4
recombinant E proteins {PROSPEC) and incubated at 4°C overnight, followed by blocking with PBS
containing 1% bovine serum atbumin (BSAY at RT for 2 hours. After blocking, the wells were
washed nwice with PBS. Then, sera that were senally diluted with 195 BSA in PBS were added iato
each well in triplicate, and the plate was incubated at RT for | houwr. The plates were washed three
times with PBS containing 0.1% Tween-20 (PBSTO.1) and then incubated for 1 hour with
peroxidase-affinipure goat anti-mouse 1gG (HAL) (Jackson ImmunoResearch) (1:5000 dilution).
After three washes with PBSTO.1, the signal was produced using 3.3'5. 58 Tetramethyibenzidine
{TMB) color development (TMBW-1000-01, SURMODICS). Finally, the reaction was stopped with
3N HC, and absorbance was measured at 450 nm by an ELISA reader (Versa Max Tunable
Microplate Reader; Molecular Devices).

{00806} 1.9. Plague reduction neutralization titer (PRNT) assay

{00087} Sera from animals injected with DENV2 E mRNA-LNPs were seriallv diluted in PBS

4
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and pre-incobated with 100 plague-forming wauits {PFU)Y DENVZ for 1 hoar at 37°C. The mixtures
were then added to pre-sceded BHK-21 cells for 1 hour at 37°C. The virus-containing culiure

medinm was removed and replaced with DMEM containing 2% FBS and 1% methyl-cellulose for an
additional 4-day incubation. The cells were fixed with 109 formaldehvde overnight and statned with
0.5% crystal violet for 20 min. The plates were then washed with tap water, and plague numbers
formed at each ditution were counted. Each experiment was performed in triplicate. Plague reduction
was calculated as follows: Inlubition percentage = 100 = {1 ~ {plaque number mcubated with
mnmuonized serum/plaque number without immunized seruni}}. The 30% plague reduction (PRNTsq)
value was calculated with Prism software. The DENV2 strain 16881 was used in this study.

JO0O8S| 1.18. Antibody-dependent enhancement (ADE) assay

{00089 Mouse serumn samples were senally diluted in serum-free DMEM mediun and
meubated with DENV2 16881 (MO16 = 0.2} for 1 hour at 37°C. The serum—virus mixtures were then
mixed with 3 x 10% K362 cells and tncubated for 2 hours at 37°C. The cells were then incubated with
2% FBS i DMEM at 37°C for 4 days. The serially diluted supernatant was collected from K362
cells, and the PRNT assay was performed to detect virus activity.

j00096] 2. Results

{0091} 2.1. Physiochemical characterization of mRNA-LNP complex

{00092} The integrity of mRNA packaging into LNP was characterized by an agarose gel
electrophoresis assay. Fig. 1C shows that intact mRNA-LNP complexes were trapped within the gel
well {lanes 5-8). However, pre-treatment of LNP-mRNA complexes with 1% Triton X-100 (lanes 9-
12} vielded bands at the same molecular weight ag the naked wRNAS (Tanes 1-4). The data suggest
that the mRNAs were successfully packed into LNPs, and disrupting the LNPs could release the
mRNA without causing degradation or otherwise disrupting mRNA imegrity.

{00093} Measurements of the average particle sizes of the mRNA-LNP complexes were between
80-110 nm, and zeta potentials ranged between +8 to +12.5 mV according to dynamic hight scattering
{DLY) expennments. Most importantly, the mRNA-LNP all had uniform distnibutions in aqueous
solution without aggregation, as indicated by thewr PDH values being lower than 0.3 (Table 1)

{00094} 'Table 1 shows the molar ratio and physicochemical parameters of the mRNA-LNP

complex.
Evaoe-WT Ei9s-NER Eaw-WING Ev.a04-NSR-
WI0IG
lomizable ipid D-Lin-MC3- D-Lin-MC3- D-Lin-MC3- D-Lin-MC3-
DMA DMA DMA DMA
Lipid molar ratio (%o} | S0:10:38.5:1.5 ) SO1038.5:1.8 5010038 5015 50138518
{lonizable lipid;
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DSPC: Cholesterol:
FEG)
Molar N/P 3 8 8 3
Size {hm) 110 Qs 824 90.5
PDI 0.12 0.1 0.12 0.19
Zeta potential (mV) +12.5 +8.1 +49 3 +12.2
Encapsulation 98% 9T% 96% 97%
efficiency (%)
Final Yield (%) 67.3% 62% 66.5% 711%

{00095]  Crvo-EM imaging of the mRNA-LNP confinmed the homogenous distribution of the
complex and showed that the complexes were spherical (Fig. 1D).

{00096} 2.2, Optimization of in-vifro protein expression

{80097}  The four DENVZ E mRNA-LNPs, called Evana-WT, Eranse-N8R, Erase-W101G and Es.
wi-NSR-WI01IG, were tndividually transfected into 2037 cells, as shown in Fig. 2A. Prior to flow
eytometry analysis, the cells were collected and imcubated with monoclonal antibodies DB32-6,
DB39-2, and 4G2. DB32-6 and DB39-2 were purified i our lab previously {(Tang et al., 2015);
DB32-6 specifically binds EDHI of DENVZ (Tang et al, 2015), while DB39-2 binds N8 EDI of
DENVI-4 (Tang et al, 2013), In contrast, 4G2 binds to the highly conserved amino acids of domain
il for DENV -4 (Rajamancamant et al., 2009). The DBE32-6 antibody was used to venty that the
mutations indeed caused structural changes to the E protein,

{00098] First, the success of mRNA transtection was evaluated by flow cytometry. Analysis with
monocional antibody DB32-6 showed successful expression of the DENV2 E protemn after
transfection with WT and mutant mRNA-LNP. However, DB39-2 and 4G2 did not produce
respective signals for Eiase-NSR and B0 WI0TG mutant mRNA-LNP-treated cells. Moreover,
transfection with Eisee-NE8R-WI101G mRNA-LNP did not generate signal from either the DB39-2 or
4G2 monoclonal antibody probes. Together, these data suggest that oar mutant mRNA-LNP produce
proteins with disrapted structwres, as expected (Fig. 2B and 2C). Table 2 shows the flow cviometry
data against specific antthodies; (+) represents the detection of protein with the antibody, while (-}
represents no detection.

[00099] Table 2.

Antibodies
DB32-6 DB392- 4G2
Eiase-WT
Fiaes-NBR -
Erao-WIH0IG 4 + -
E1304-N8R- - .

1{¢
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{0001001 2.3, Modifled mRNA-LNP vaccine elicits an antigen-specific immune response in
mice model

j000181]  To test the immunogenicity of the mRNA-LNP, S-week-old BALB/¢ mice were
vaccinated with a series of intramuscudar (m) injections of 10 ug of mRNA per dose at two-week
intervals (Figs. 3A and Fig. 4A). Two weeks after the last immunization, serum samples were
ELISA. The neutralizing activity of DENV antibodies was evaluated by performing the PRNT assay
m BHK-21 cells. The optimal working concentration of DENV2 for the PRNT assay was 1 MOI
{multiplicity of infection).

{000102]  The neutralizing antibody bindmg activity 1 sertal dilutions of sera were detected by
ELISA screening against DENV1-4 serotypes (Figs. 3B 1o 3E). Sera of mice moculated with the B
304~ NER-mRNA-LNP exhibited high binding activity against DENV1-3 serotypes but showed
minimal binding with DENV4 (Figs. 3B to 3E}. Table 3 shows the ELISA data for each antibody; the

sigual level 1s represented as follows, in descending order: 4+ 2> 44 > 4> o

Binding signal {ODys)
E protein
BV-1 DV.2 DV3 DV-4
WT SR g o 4
NSR bt et At +
WI0IG e it - -
NER-WIOIG et bt - -

10001031 Interestingly, the sera of mice injected with double anstant (Era0-NSR-WI01G-mRNA-
LNP) bad low binding activities for both DENVS and 4 serotypes and highest neutralizing antibody
levels against DENVZ, with PRNTso values around 19,702 (Fig 3B to 3E, Fig. 48, and Fig. 4C).
Notably, mice immunized with Eia-NER-mRNA-LNP showed cross-newtralization with nearly all
DENV serotypes and had the second highest neatralizing antibody response against DENV2, with a
PRNTs¢ value around 18,375,

000104}  In further experiments, we prepared Ei - NER-mRNA-LNP and Era-WT-mRNA-
LNP using another ionizable lipid (AS-CL-28). These formulations were tested for their N8R
immunization potential. BALB/C mice were immunized with 10 pg of the mRNA-LNP complex by

mitramuscular mjection (Fig. SA). The sera from mice immuonized with Eraes-NSR-mRNAALNP
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showed ligh binding activity agamst the DENV2 serotype, as well as higher neotralizing antibody
tevels (Fig. 5BY and reduced the ADE burden (Fig. 5C) compared to sera from Ejse-WT-mRNA-
LNP-mmmunized animals.  Of note, E1-394-NSR-mRNA-LNP (prepared with AS-CL-28 ionizable
tipid) caused lowey levels of viral rephication than £1-394-WT-mRNA-LNP at all tested serial
dilutions {Fig. SD). Together these data support the 1dea that mRNACLNP with N8R mutation induce
high neutralizing antibody titers and minimal ADE response against DENV2.

{000185] 2.4, In vitro ADE of viral replication activity by immunized mouse sera

1000186}  To evaluate whether the mutations in EIM and EDII could attenuate the ADE response,
an infection assay was performed nsing Foy receptor-positive K562 cells. K562 cells can be mfected
by DENV in the presence of enhancing antibodies via Fe-mediated endocytosis (Messer et al,, 2014).
DENV2 virus and serially dituted sera from vaccmated mice were co-incubated with K562 cells for 5
days; K562 cells infected by DENVZ in the presence of diluted sera from naive mice served as a
negative control. After the incubation period, supernatants from K562 cells were collected for viral
replication measurements. The levels of infections virus in the supematants of K362 cells treated
with iminune sera were deternuned by performing the PRNT assay with BHK21 cells. Sera from Ev
s4-NBR-tRNA-LNP-vaccinated muce cansed dinvmshed viral replication relative 1o the other
mutant types. The dilution of 1:7500 exhibited the lowest ADE response and best protection ability
compared 1o any other condition {(Fig. 4D). Together these data support the idea that mRNA-LNP
with N8R mutation induce high neutralizing antibody titers and minimal ADE response against
DENVZ

{000167] In addition, mRNA-LNP prepared using another cationic lipid (AS-CL-28) exhibited a
similay trend, with Eran-N8R-tmmunized mice displaying higher levels of neutralizing antibodies
and reduced i vivo and in viro ADE potential, as compared to Eizes-WT-rmmunized mice. Further,
our suckling mice experiments revealed that sera from Ersae-NE8R-immunized mice could mediate
robust neutralization and protection against DENVZ infection, and these effocts were stronger than
those of Eisee-WT-tmmunized sera.

{000108] 2.5 Sarvival test

000109}  The protective efficacy of neutralizing antibodies in collected sera was evalnated in 2-
day-old ICR suckling mice. Sera from BALB/c mice immunized with Eiao-NSR-mRNA~LNP, Ei.
- WTT-mRNA-LNP, and PBS {mock} were senally diluted and incubated with DENV2 viras before
mtracranial administration to the suckling mice. Survival rates were monitored for 28 days after
mjection. As shown in Fig. 6, suckling mice from the Eiz0e-NSR-mRNA-LNP group showed a 100%
survival rate at the dose of 1:200 diluted sera. Moreover, other sera dilutions (e g, 1:400 and 1:800)
showed higher protection for the Eisss-N8R-mRNA-LNP group than the Evsee-WT-mRNA-LNP

I8
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group. Comparad to sera from mock-~mfected mice, 1:200 and 1:400 diluted sera from £y30-WT-
mRNA-LNP groups exhibited better protection. Overall| the results consistently showed that Esaus-
NER~-mRNA-LNP-munized sera effectively neutralized the DENVZ virus and better protected
suckling mice than Erave WT-mRNA-LNP-unmumzed sera (Fig. 6).

[000118] 3. DISSCUSSION

000111}  With the continued global spread of DENY mfection and its attendant morbidity
particularly m tropical and subiropical regions (Khetarpal and Khanna, 2016), there 1s a need to
develop effective vaccines and therapeutics, Currently, only one vaccine, Dengvaxia, is licensed in
most dengue-prone areas {Tully and Griffiths, 20213, though many vaccines are currently under
evatuation (Torres-Flores et al,, 2022}, Recently, mRNA vaccines have garnered sigmificant attention
for their potential to prevent infections by flaviviruses (August et al,, 2021, Ge et al,, 2022;
VanBlargan et al., 2018}, including DENV {Wollner and Richner, 2021}, A wajor advantage of the
mRNA platform is that it allows for quick design and screening of target antigens. Moreover, the
encapsulation of modified mRNAs mnto LNP protects mRNAs from external factors that would
otherwise cause degradation {Chaudhary et al,, 2021). In our study, we designed mutant mRNA
sequences with N8R, W01G and NSR-W 101G substitutions. These mutations appear to reduce the
ADE response. We verified that the mutant mRNA seguences have expected binding profites with
three different antibodies (Figs. 2A to 2C). Previously, an N8R-mutated DNA vaccme was
characterized and shown to elicit better neutralizing antibody response and reduce the potential for
ADE compared to the WT sequence {Tang et al., 2015). However, appropriate technology to support
successful delivery of DNA for immumnization is lacking, and the vaceine showed overall low
antibody titer. Therefore, we altered our approach to utilize mRNA-LNP immumzation, which
mereased the antibody titer by about 10-fold.

0001121  Dengue virus strains are categorized as four different serotypes (DENV -4} with amino
actd sequence vanations up to 35% (Wollner et al,, 2021). Therefore, the vaccmes developed for one
serotype might not be effective against heterologous serotypes. Generally, dengue~-affected areas
have cases from all serotypes (Guazman et al., 2010}, so wost DENV vaccines under chinical
evaluation are designed to target sequences from all fow serotypes {Pinhewro-Michelsen et al., 2020).
Nevertheless, there remains an unsatisfied need for a successful DENY vaccine that exhibits low
ADE responses for all four serotypes. To address this problem, we have identified and sobstituted
key epitopes that affect both titer of neutralizing antibodies and risk of ADE. Immunization of mice
with NSR~-mRNA-LNP produced high levels of neutralizing antibodies against DENVZ | and minimal
fevels against DENVT > DENV3 > DENV4. In companson with the WT vaccine, the N8R mutant
had higher fevels of nentralizing antibodies for all four serotvpes. Recently, Wollner et al., desipned
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an mRNA-LNP vaccine encoding DENVE peMAE protein, and this mRNA induced high tevels of
nentralizing antibodies agamst DENV1 with muinimal ADE response against DENVI and 2 (Wollner
et al., 2021). In another study, researchers utiized DENV2-encoding mRNA vaceines and found that
mRNA that generates proteins with the enveloped structure mduces high neutralizing antibody titer
and minimat ADE response against DENV2 (Zhang et al, 2020). To overcome low neatralizing
antibody titer against all four serotypes, He et al. has proposed two mRBRNA constructs. The first
consists of EDHI from DENVI and NSI from DENV2, while the other has mRNA for EDIL from
DENVY and NS1 from DENV3, The sera from mice immunized with a combination of both mRNA
constructs showed high newtralizing antibody titers against all serotypes (He et al., 2022). However,
this design would add a complication of needing to balance neutralizing antibody tiers in clinical
trials. Moreover, we found that Eraee-NER mRNA-LNP exhibited higher neutralizing antibody titers
{PRNTz = 18585; log 10 = 4.26) than previously published DENV mRNA-LNP complexes (He et
al., 2022; Zhang et al,, 2020}, Therefore, we sought to design a vaccing with balanced protective
efficacy against all four serotypes.

000113} Protection efficacy is expected to be directly proportional to the antibody titer mduced
after vaccimation, In our study, immunization with the N8R mutant indoced high nenralizing
anttbody titers against all four serotypes. According to the PRNT assay, mRNA-LNP with N&R,
WI01G, and NER-W 101G mutants respectively induced average endpoint dilution titers of 18,57
14,297 and 19,702 (Fig. 4C). Interestingly, the N8R-WI01-mRNA-LNP induced high titers of

5*,

antibodies against DENVZ, but it was not particularly effective against other serotypes (Figs. 3B to
3E). This result highlights the fact that a vaccine developed against one serotype may or may not be
effective against another. In light of these findings, we considered the parametess that influence
neutralizing antibody titer for all four serotypes. The high binding of DENV2 E mRNA-LNP
mmunized sera with DENV -3 suggests that our approach is promising for the design of a safer
vaccine with minimal ADE response. Since vaccines against the E protein may cause an ADE
response, we modified the B protein structore. By replacing asparagie with arginine iy the 8th
position, the protective efficacy against DENV was enhanced, and the ADE response to DENV2 was
also reduced. Thus, we can conclude that the mutations we introduced into the E protein redoced the
ADE responses compared with W Immune sera from Ersor-WT-vaccinated mice showed ADE
effects against DENV2 and also had relatively low levels of neutralizing antibodies. Thus, the N8R-
MRNA-LNP vaccine not only had reduced ADE response, but it also caused enhanced production of
neutralizing antibodies against DENV1-3 serotypes; highly dituted seva showed high protection
efficiency when compared with other mRNA types (Fig. 4D}, Altogether, these findings lead s to
conclude that the NSR muutation not only enhances neutralizing antibody response but also reduces
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the potential for ADE responses.

800114} Oversll, our study introduces g potentially effective mRNA vaccine encoding E protein
with a specific mutation, and it contzibutes to our understanding of the role this mutation plays m
ADE. Thus, the current study lays essential groundwaork and provides critical insights that may aid i

the development of saccessiul mRNA vaccines against DENV.

Sequence Information

Amino acid sequence of wild type E protein of dengue virus serotype 1 {DENV1} (394 a.a) (SEQ
IDNO: 1)
MRCOVGIGNRDFVEGLSGATWVDVVLEHGSCYTTMAKDKPTLDIELLKTEVTNPAVLRKLC]
EAKISNTTTDSROPTOQGEATLVEEQDTNFVUORRITFVDRGWONGCGLFGKGSLITCAKFKCVT
KLEGKIVOQYENLKYSVIVIVHTGDOQHOVONETTEHGTTATITPOQAPTSEIQLTDYGALTLDCS
PRTGLDFNEMVLLIITMKEKSWEVHKQWFLDLPLPWTSGASTSQETWNRQDLIVTEKTAHAK
KOQEVVVLGSQEGAMHTALTGATRIQTSGTTTIFAGHLKCRLKMDKLTLKGVSYVMOTGSFK
LEKEVAETQHGTVLVOQVKYEGTDAPCKIPFSSOQDEKGVTONGRLITANPIVIDKEKPVNIEAE
PPFGESYLVVGAGEKALKLSWFKK

Amino acid sequence of wild type E protein of dengue virus serotype 2 (DENV2) (394 a.a) (SEQ
IDNO: 2)
MRUIGMSNRDFVEGYSGGSWVDIVLEHGSCVTTMAKNKPTLDFELIKTEAKQPATLRKYCIE
AKLINTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGWONGCOGLFGKGGIVTCAMERCK
KNMEGKVVOQPENLEYTIVITPHSGEEHAVOGNDTGRKHGKEIKITPOSSITEAELTGY GTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHROWFLDLPLPWLPGADTQGSNWIQKETLVTFKNPHA
KRKQDVVVLGSQEGAMHTALTGATEIOMSSGNLLFTGHLKCRLRMDKLQLKGMSY SMCTGK
FRVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRHVLGRLITVNPIVTEKDSPVNIEA
EPPFGDSYHIGVEPGOLKINWEKK

Amino acid sequence of wild type E protein of dengue virus serotype 3 (DENV3) (392 a.a) (SEQ
ID NO: 3)
MROVGVGNRDFVEGLSGATWVDVVLEHGGOVTTMAKNKPTLMELOK TEATQLATLRKLE
IEGRKITNITTDSRCPTQGEATLPEEQDONY VCKHTY VDRGWONGCGLFGKGSLVTCAKFQCL
EPIEGRVVOQYENLKYTVIITVHTGDOHOVONETQGVTARITPOQASTTEAILPEYGTLGLEUSP
RTGLDFNEMILLUIMEKNKAWMVHROQWFFDLPLPWTSGATTETPTWNRKELLVTFKNAHAKK
QEVVVLGSQEGAMHTALTGATEIONSGGTSIFAGHLKCRLEKMDKLELKGMSYAMCTINTFVL
KKEVSETQHGTILIKVEYRKGEDVPCKIPFSTEDGOQGRAHNGRLITANPVVTKRKEEPVNIEAEP
PFGESNIVIGIGDNALKINWYKK

Amine acid sequence of wild type E protein of dengue virus serotype 4 (DENVS) (394 a.a) (SEQ
1D NO: 4)

MROVOGVONRDFVEGVSGGAWVDLVLEHGGOVTIMAQGKPTLDFELIK TTAKEVALLRYYC
IEASISNITTATRCPTQGEPYLKEEQDQOQYICRRDVVDROWONGCGLFGKGGVVTCAKFLCS

GRITONLVOIENLEYTVVYVTYVHNGDTPAVOGNDTSHHGVTATITPRSPSVEVRLPRDYGELTLDRC
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EPRSGIDFIEMILMKMEKKKTWLVHKQWFLDLPLPWTAGADTSEVHWNHKERMVTFRVPHA
KRODVTVLGSQEGAMHSALAGATEVDSGDONHMFAGHLKCKVRMEKLRIKGMSYTMCSG
KFSIDKEMAETQHGTAVVKVEKYEGAGAPCKVPIEIRDVNKEKVVGRESSTPFAENTNSVEN]
ELEPPFGDSYIVIGVYVGESALTLHWEFRK

Aminoe acid sequence of mutant E protein N8R of dengue virus serotype 2 (DENV2) (394 a.a)
(SEQ ID NO: §)
MRCIGMSRRDFVEGVSGGSWVDIVLEHGSCVTTMAKNKPTLDFELIKTEAKOPATLRKYCIE
AKLINTTTESRCPTOGEPSLNEEQDKRFVUKHSMVDRGWONGCGLFGKGGIVTCAMERCK.
KNMEGKVVOPENLEYTIVITPHSGEEHAVONDTGKHGKEIKITPQSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHRQWFLDLPLPWLPGADTQGSNWIQKETLVTFKNPHA
KKOQDVVVLGSQEGAMHTALTGATEIQMSSOGNLLFTGHLKCRLRMDKLQLKGMSYSMOTGK
FKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRHVLGRLITYNPIVTEKDSPVNIEA
EPPFGDSYIHGVEPGQLEKLNWFKK

Amine acid sequence of mutant E protein W01 of dengue viras sevotype 2 (DENV2) (394 a.a)
(SEQ IDNO: 6)
MRCIGMSNRDFVEGVSGGSWVDIVLEHGSCVTTMAKNKPTLDFELIKTEAKQPATLRKYCIE
AKUINTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGGONGCGLFGKGGIVICAMERCK.
KNMEGKVVOPENLEYTIVITPHSGEEHAVONDTGKHGKEIKITPOQSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHROWFLDLPLPWLPGADTQGSNWIQKETLVTFKNPHA
KKOQDVVYVLGSQEGAMHTALTGATEIQOMSSGNLLFTGHLKCRELRMDKLOQLKGMSY SMOTGK
FRKVVKEIAETQHOTIVIRVOYEGDGSPCKIPFEIMDLEKRHVLGRLITVNPIVTEKDSPVNIEA
EPPFGDSYIHGVEPGOLKLNWFKK

Amine acid sequence of mutant E protein N8R + WI81G of dengue virus sevotype 2 (DENV2)
{394 2.2) (SEQ IDNO: 7)
MRCIGMSRRDFVEGVSGGSWVDIVLEHGSCOVTTMAKNKPTLDFELIKTEAKQPATLRKYCIE
AKLTNTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGGGNGCGLFGKGGIVICAMERCK
KNMEGKVVOPENLEYTIVITPHSGEEHAVONDTGKHGKEIKITPQSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHRQWFLDLPLPWLPGADTQGSNWIQKETLVTFKNPHA
KEKOQDVVVLGSQEGAMHTALTGATEIQMSSOGNLLFTGHLKCRLRMDKLOQLEGMSYSMCTGK
FKVVKEIAETOQHGTIVIRVOQYEGDGSPCKIPFEIMDLEKRHVLGRLITYNPIVTEKDSPYVNIEA
EPPFGDSYIHGVEPGOLKLNWFKK

DNA sequence of mutant E protein N8R of dengue viras sevotype 2 (DENV2) (SEQ ID NO: 8)

Atgaggtotattgeaatgictagacggpattttgiggagagagictolgaegagagigggigeatatigiectggageacggaagetgegieac
cacaatggecaagaacaagoccaccetggacticgagotpatcaagac cgig ccaageagoctgecacactgoggaagtactpeategagg
CCRASCIZACCAACRCCACHACCARALCALAPICCCACACARELC gagCTiiceotgaatys gg SCALLACARZCERICEINIRCHaY
actn.tatwa‘tszszat'zggms_ataggs_a'zagwawtmcctwttc&‘fm:‘ageg. g.gcatcc{tﬂa tgege C&i“ﬁtt&& gtaagaagaaca
tggagggcaaggie gi geagecigagaatctygagiacaccalogtyalcacaccacacagcgay *13,:51 geacgeagtyggaaatgacace
ggeaageacggeaagyagatcaagatcacaccacagageiocaicacegagpecgagetgacag t’ttg,L acagigac *ttg ’wtmta

(

CCCRAERACC UL i&q tticaacgagatygltyctgctgeagatggagaataaggoctagct gkt:,: ccgccagtogtitetggaccigeca
ctgeeatggetgectggageagatacceaggeciceaactggatccagasggagacaciggtys c,c,m.aatzdaicmc.awama geag

gacgtggtggtgcigapoictoagpagggagtaatgeacacageectgaccggageoacagagatecagatgtetageggeaate tﬂa tum
accggecacctgaagigecgectgagastggataagetgcageigaagepeatgagetactecatgtgeaccggeaagitianggiggicaag

Lesatlae peclaehleloe

gagatcgocgagacacageacgeeacaategipacaggetgcagtatgageec gacggeagecctigiaagatcoccaticgagaicatgaat
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ctggagaageggeacgtgclgggacagactyatcacegt g weecaatcgigacagagaaggacteiccegtgaatategaggecgageeceet
tttgpogatagotacatcatcatcggogtggageccgaceagetgaagotgaactggttcaagaagtaa

DNA sequence of mutant E protein WHIG (SEQ IDNO: 9)

Atgaggtetattppaatetetagcogapatttigtagagegagtototapegeagtigaatg g tatigicctEgagcacggaagetacgieac
CACAIZECCATLIACARLCCCACCCIERACHCRALCICACARZACCHALUCCAARCALCCIRCCACACTEC LLAREIACIECA BUgL
CORACIZACCARCACCACAACCLAZARCAZA mtumcamgk gcgagscnccctgaatgaggagcaggaeaaugw ttegtgtucaag
cactetatggtggatagapgaggaggasacggatgtgpecigticgpcdagggeggeatogigacetgegecatgtiteggtgtaggaagaaca

fgEagugcaagEtgstucagoctgagaatcigraglacaccale glgaticacaceatacage geagageagcacgcagtgeuanatgacace
gagatcaagateacaccacagagotecatcaccgaggccgagelgacaggctatagcacagigaceatggagtacte

43
¢

ggcaagcacggeaaggay gucey guctaty

eegaggaccggeciggatticaacgagatguigctgcigragalgy dﬁa;taaggcctggctggtgcactgccagtgjmct rpaccigeca
cigecatggeigectggageagatacecagggctccaactggatecagaaggagacactggtgacciicaagaatccacacgecaagaageay
SACEIEOIEOIECIE e LeCtCICageag guageasieracacy 'u:c CIEACCEEAZCCacAgaEatcCaRstgictagegecaaiclectyglic
accggeeaccigaagtaceggeigagastggataggetecagotpaagggeatgagetactocatptacaceggoragittaageigeteaag
gagatcgoegagacacageacggeacaalcgigatcagagl 5 agtalgaggacgacggcageoctigtaagateccaticgagateatggat
clggagangeggeacgtgciggeeagactgalcacegigaacecaatcgigacagagaaggactetecegigaatatcgaggecgageecect

titggcpatagotacateatcategEegiRgageeeguecage tgawctmauamt«:aaaamtm

Py DS TR TG

DNA seq;&ence of mutant E pmtein NSR + WHHG (SEQ D NO: I{}}

caeadlwuaaezaamahumL Igg; d gagctgaicaagaccgaggcuaagcagccigccacaﬂgcggaﬁigl u,iwcaiwaw

agetgaccageaceacaacegagageagatgicceacacagggegagecticectgantgaggageaggacaagegoticgtatgeany
ca t clatggtgeataggagaggagpaaacggatgtagectgticg 3caagggcggcatcgtgacct gegecatgiticggigtaagaagaaca
tggaggacaagetgptgcagectgagaatetggagtacaccategtgatcacaccacacageggagagaageacgcagtggeaaatgacacc

gocaageacggcaaggagatcaagatcacaccacagagetccateacegageocpagetgacaggotatggoacagtgaceatggagiocte

cocaaggaccggectggatitcaacgagatggtgoigetycagatggagaataaggectggotggtgeacegecag g,& titctgpaccigesa
cwccai’ggcigcmgg é L!m:a\,ccasg ciecaaciggatccagaageagacactggtgaceiicaggaalccacacgocaagaageag

' aggagggageaatgeacacageccigaccggagccacagagatccagatgictagoggoaatetgetatic
5 gaatggataagctgcagetgaaggecalgage tutcm_awwctucuma stitaagutgutyang
gues atcccaticgagateatggat

acaatcgtgatcaggglecagtalgagggegacggeageccttgiaag gagateaty
epacagacigatcaccitgaacceaatgtgacagagaaguacicteoccgtigaatatcgaggccgageccedt

&
i by ey Ry &8

rcatcamaiaggc riggageccggocagetgaageigaactggticaagaagtaa

o

DNA sequence of mutant E protein N8R plus S'UTR + 3" UTR (SEQ ID NO: 11)

(ipgaaataagagagaasagaagagiaagaagaaatataagagecaccatggagacagacacactectgetatgggtacigetgetotgggtic
caggit accggtgacatgaggtgtaiizgaatgictagacgapatttiigigeagggagictelgacgggagiigeatogatatigicctggage

acggaageigegtgaccacaatgge aammcaawcwauctggz} cttcgagelgatcangaccgaggccaagcagecigecacactgcgy
aagtactgcalogaggooaagotgaccaacaccacaacegagageagatgtcecacacagggcgagecticecigaatgaggageaggaca
geggtteptalecaage d(.‘t(.‘mté_été_é itaggggatgggganacggatgtggecigitcggeaagaaegacategigacctgegecatgtitc
ggtgtaagaagaacatggag::?;:c*1zggtgﬂomw«:uaaaaﬂtuégwiauaacatui& tcacaccacacagoggagaggageacgea

aaggagaicaagaicacaccacagagetecatcacegageecgagligacaggciatggeacag

gmgﬁdmtga{:am QuCs ﬁagc acgecs
ceggectggatiicagc gagatagtacigctgeagatggagaataagecctggctagigcacegecagty

umctwuacctgccactgccmg‘gci:c«:tf.:&axc,a vatacceagigctccaactggatecagaaggagacactygtyaceitcaagaatecac
acgecaagaageaggacgtggtegtectpggoteicaggagggageaatgeacacagecctgace ggageeacagagatecagatgeiage
gecaatotgeigticaccggecaccigaagigecgpctgagaatgpataagetgcageigaagggcatgagetactecatglgeaceggeaagt
Haaggtgstgaageagatcgcegagacacagoacggcacaateglgatcagey gcwiaiw geucgacggeageecttgtaagateceat
tcgagateatggateiggagaageggeacgigetgggcagactgatcacegtgaacecaate glgacagagaaggacioteoegtgantatega

pgocgagccecctittgucpatagctacatcalcateggegiggagecegeccagetgaageigaactggticaagaagtaaggtacctgataat
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DNA sequence of mutant E protein WHHG plas STUTR +3° UTR (SEQ IDNG: 12)
Gggaaataapazagaaangasgagiangaagaaatatanzagecaccatggagacagacacactectgeatgaatactgetgetetaggtic
caggiiceac sacatyaggtetattygaatglctaaccageatittgtygaggpagictotggogapagttyagt ggafaitutc tﬂcauc
acggaagetgeptEaccacaatggoogagaacaageecacectggactivgage

aagtactgcalcgaggccaagotgacea SaLCARAtZICCCACACALYE

R 2
AL [cpeatetuscCiaite
gagaaaacggatgtegcctgiicg
4

cut

£atCaagacCaagareangeagce egg
gcuagcctﬁcccimatgw,sn g CagRacas

,—4

’?
e
(f

n
23
g'f
® 3
[¢]
)
fad
por]
,*.'b
far)
5
oo
o

.~
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aglgggaaatgacaccggcaagoacggcaaggagatcaagateacaccacagageiccateaccgaggoeegagoetygacag
tgaccaty *aﬂtutu_uaag:gja @ECetggaticascgagatgtacigctecs ga{g agaataaggectggctagtpcac
g tctgvdutwwammca bcctgnrcaw’mcc cagggeiccaactggated f__aagvdgd«:actgvtgdccﬁcaaw’mtca
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ftegagalcatggalotggagaagegaeacgtgotgggeagactgatcacegtgaacceaateglgacagagaaggacteleccgtgaatate

pog fuo o oo o

gaggecgageecelitiggegatagcetacateatcgicggegtygageccggecageigaagetgagctgeticaagangtaaggtaccigata

t
20 aagectggaged tcggtggwatu cttettgeccettgggeciceceocagecoctectecceticotgeaccogtaceccegiggictitgaata
SAgICIEaEteEer COCARBAARAAAARIAARAFARAAAARHARAAAARLAANNFARAAAARBHARAAAANLAARNFARRAAARAEANY

P wcier) 5»-._

dAAAARAAJIRAA3 34333433388

DNA sequence of mutant E protein N8R + WG pius STUTR + 3" UTR (SEQ ID NO: 13)

23 gupsastasgagagaansgragagtaagaagaaaiatasgagecaccaippazacagacacactocipctatggatactucigetoiggatics
aggliccacoggtpacaigaggigtatiggaatgtctagacggeatittgtgea gk gagicteigeogruguitgeatoaaiattgloCiguaes
Sggaageigogigaccacaatggloaagaacaageecasce Nwdu 5 QCLL at\:aagaccgaggcca&gcag Cotge 'immgcgga
Agtacticalc gageecaagetgacCaacaccacaacey agecttecotgaatgagga
cggticgtgigcaageactetatgutguatagueaggags g

30 ggigtaagaagaacaigg 'g.ngdaggtggtgcagcﬂgagaaluk gagt z(.accaz gtg caca g guay gg_agt;
gtgguaaatgacaccggcaageacgpeaagagatcaagatcacaccacagagctecateacegagueegagetpacagectatgecacag
fgaccatgys z**lmmwcac’u\*wdnngcctgganmmcgagmwiw gctgcagatgeagaataaggoctguctggigeacegecagiy
glitctpgacctgecactgocatgectpeciggageagatacccagrciccasctggatecaganupagacactgtracctcaagaaiecad
acgocaagaageaggaceiugtegtiug tgggctctmgg_agggagcaatg acaga«ccctuaecaaahccam ragatccagatitetage

35 cocaatctectgticaccggecaccigaagtpcegpeteagaatgpaiaagetpcagetgangggeatgagctaciceatgtgeaccgaecaagt
ftaggetemteaagoaralegeegs gdcai agcac ;Jg cacaaicgigatecagggigcagtpigaggacgacgecageoctigtaagatoccat

ag

tcgagate etg itclggagaageggcacglgcigggeagacigatcacegtgaacceaatogtga cag agaaggacictecogtgaatatega

ik
I OCCERECCCCT Iti‘tﬁ”{‘ﬁ’ﬁdg{,mtdﬁ.‘&fc‘.ﬁ gtgﬁagu:i geecagcigaagetgaactgeticaagaagtaaggetaceigataat
gRdigeanc ctt,LLtLLLLawcttcttuwccttgg.g:ctuccma«cccuectgcuttmmaawtamwcnth gicittgaataaa

40 RICtgaglggecgacaaaanaasanaaananianasananasnaaananasanaanaiananasnaiaranasandaradasanaaaasas

fustfartuo i D s e
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CLAIMS
What i3 claimed
1. A composition, which comprises a messenger ribonucleic acid (mRNA} comprising an open
reading frame encoding a dengue virus envelop (E) protein variant formulated in a lipid nanoparticle,
wherein the E protein varrant comprises amino acid mutation at position 8 andéor position 101 of
SEQ IDNO: 2,

2. The composttion of claim 1, wheretn the one or more amino acid mutation 1s selected from
the group consisting of

(a) an amino acid substitution of the 8% Asn residue;

{b} an amino acid substitution of the 101 Try residue; and

(¢} an antine acid substitution of the 8 Asn residue and an amino acid substitution of the 101%

Try residue.

3. The composition of claim | or 2, wherein the one or more amino acid mutation is selected
from the group consisting of

() an amino acid substitution of the 8 Asn residue with Arg (R);

(b) an amino acid substitution of the 101® Try residue with Gly (G); and

{c) an amino acid substitution of the &% Asn (N} residue with Arg {R) and an amino acid
substitution of the 1017 Try {W) residue with Gly.

4. The composition of any of claims 1 to 3, wherem
the mRNA encodes SEQ D NO: 5,
the mRNA encodes SEQ IDNO: 6, or
the mRNA encodes SEQ ID NO: 7.

5. The composition of any of claims 1 10 4, wherein

the mRNA comprises a transcript from SEQ 1D NO: &;
the mRNA comprises a transceript from SEQ ID NO: 9; or
the mRNA comprises a transcript from SEQ D NO: 10,

6. The composition of any of claims | to 5, wherein the mRNA further comprises

a 3" uatranslated region (UTR)Y and a 3" UTR.

7. The composition of clamm any of claims | to 6, wherem
the mRNA comprises a transcript from SEQ ID KO« 11
the mRNA comprises a transcript from SEQ IDNO: 12; or
the mRNA comprises a transeripl from SEQ 1D NO: 13,
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8. The composition of any of claims 1 to 7, wheretn the mRNA further compnises
a §' cap analog; andfor
a poly(A} tail.

9. The composition of claim 8, wherein the &' cap analog 15 TmG{3ppp(§ INimpNp.

10, The composition of any of clatmis 1 to 9, wherein the mRNA comprises a chemical

modification.

11, The composition of clabm 10, wherein the chemical modification is a L-methylpseudounidine
medification.

12 The composition of any of claims 1 to 11, wheremn the hpid nanoparticle comprises a cationic

tipid, a non-cationic lipid, a sterol and a polvethylene glycol (PEG)-modified ipd.

13, The composition of any of clanms 1 10 12, wherein the hpid nanoparticle comprises 20-70%

cationic hipd, 3-45% non-cationic lipid, 20-35% sterol, and 0.5-15% PEG-modified hpd.

{4, The composition of anv of claims | to 13, wherein the lipid nanoparticle comprises 50%

cationic lipid, 10% von-cationic lipid, 38.5% stevol and 1 3% PEG-modified lipid.

15. The composition of any of claims 1 to 14, wherein the lipid nanoparticle has a diameter
from about 10 to about 300 nm.

16. The composition of any of claims 1 to 15, wherein the lipid nanoparticle comprises a hipid

bilaver surrounding a core where the mRNA is encapsulated.

17, A vaccine against dengue virps infection which comprises an effective amount of a

composition of any of claims 1 1o 16 and a physiologically acceptable vehicle,

18. The vaceine of claim 17, wherein the dengue viras infection is caused by dengue virus
serotype | {DENV), dengue vitus serotvpe 2 {(DENV2), dengue vivus serotype 3 (DENVY) andfor
dengue vires serotype 4 (DENV4).

19, The vaccine of claim 17 or 18, wherein the amount of the composition is effective in
mducing neutralizing anttbodies against the denguee virus infection, andfor alleviating antibody

dependent enhancement of the dengue virgs infection.
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20. A composition of any of claims 1 to 16 Tor use i immuryzation against dengue virus

infection in a subject in need thereof

21. The composition for use of claim 20, wheremn the dengue virus mfection is caused by
dengue virus serotype 1 (DENV1), dengue virus serotype 2 (DENVY), dengue virus serotvpe 3
{ DENV3} andfor dengue virus serotype 4 {DENVY}

22, The composiiion for use of claim 20 or 21, wherein the immunization incodes neatralizing
antibodies against the dengue virus infection andfor alleviates antibody dependent enhancement of

the dengue virus infection.

23, Use of a composition of any of claims 1 to 16 for manufacturing a medicament for

mization against dengue virss infection in a sebject in need thereof.

24, Use of claim 23, wherein the dengue virus infection s caused by dengue viras serotype 1
{DENV1), dengue viras serotype 2 {DENV2), dengue virns serotype 3 (DENV3) andior dengue virus
sevotype 4 {DENV4).

25. The use of claim 23 or 24, wherein the immunization incudes neutralizing antibodies against
the dengue virgs infection anddor alleviaies antibody dependent enhancement of the dengoe virus

infection in the subject.

26, A method for immunization against dengue virus infection 1 a subject i need thereof,
comprising:
administering to the subject 1y need thereof a therapeutically effective amount of a composition

of any of claims 1 1o 10 or a vaccine of any of claim 17 to 19.
27. The method of claim 26, wherein the amount of the composition or vaceine is effective in
mdncing newstralizing antibodies agatnst the dengue virps infection andfor alleviating antibody

dependent enhancement of the dengue virus infection in the subject.

28. The method of claim 26 or 27, wherein the composition 1s administered to the subject once

ar more than once.
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