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TITLE OF THE INVENTION
DENGUE VIRUS MRNA VACCINE AND METHOD AGAINST DENGUE VIRUS
INFECTION USING THE SAME

RELATED APPLICATIONS
{0061] This application claims the benefit of ULS. provisional application number 63/485 090, filed
February 15, 2023 under 35 US.C. §119, the entire content of which 1s incorporated herein by

reference.

TECHNOLOGY FIELD

[0002]  The present invention relates to a dengue virus messenger ribonucleic acid {(mRNA)
vaceine,  In particular, the vaccine inclodes an mRNA encoding a mutant envelop (E) protein of
dengue virus at position 8 and/or 101 formulated in lipid nanoparticles.  The mRBRNA vaccine of the
present invention is safe and effective, which causes enhanced production of neutralizing antibodics
against multiple serotypes of dengue virus and reduced antibody dependent enhancement {ADE)
reSpOnse.

BACKGROUND OF THE INVENTION
{0003]  Dengue is an arboviral {arthropod-hore viras) disease caused by the dengue virus
(DENV), which is mainly transmitted by dedes aegypii mosquitoes. DENY strains belong to the
Flaviviridae family and are categorized into four genetically distinct serotypes (DENV1 to DENV4),
These serotypes have spread globally and constitute a growing threat to public health {(Wilder-Smith,
2020). Infection with any of the four DENV serotypes causes disease that may present as
asymptomatic to severe dengue symptoms, or even potentially fatal shock syndrome. Imporiantly,
primary infection with DENV can provide protective immunity without causing serious illness, but
subsequent infections with any serotype carry increased risk of severe dengue symptoms or shock
syndrome (Wollner et al., 2021). The incidence of DENYV infection has increased by eight-fold in the
last pwo decades (WHQ, 2022), with serious illness often seen in young children (Guzman et al.,
20103, Thus, intensive efforts have been made in the last 30 years to develop a vaccine against the
virus. One major obstacle to producing a vaccing 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 stroctural proteins [capsid (C), premembrane (prM) and envelope (B)], and seven
are non-structural proteins (NST NS2A NS2B, NS3, NS4A, NS4B, and NS5 (Guzman et al., 2018},
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Many attemapts have been made to uithze different structeral or non-structural proteins of DENV in
order 1o generate dengue vaccines (Zhang et al., 2020).

{0004]  To date, there is only one vaccine, Dengyaxia, that is licensed in endemic countries. This
vaccine was developed by using a live attennated vaccine for vellow fever as a backbone and
replacing the yvellow fever genonuc sequence with DENV E and prM of each serotype. Although
Dengvaxia is licensed i endenyie countries, it showed low efficacy in phase III wials in dengue naive
mdividoals. Furthenmore, the vaccine stimulates low levels of nentralizing antibodies against DENV,
50 a booster dose is required (Amorim and Bitbrair, 2022, Henein ef al., 2021). Reasoans for its low
efficiency may be related to the absence of non-structural DENY proteins and/or poor balance of
virus replication among the four serotypes {Wilder-Smaith, 2020). These characteristics may Hmit
vaceiae efficacy by lowering 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 vaceine 18 a hve attennated virns using DENVS2
as its backbone and incorporating genes from other three serotypes into it. 1t is, however, important
to note that the complete data on DENV, 3, and 4 serotypes do not exist, which reflects the danger
of ADE response against these serotypes, and may lead to some sertous ADE response in the near
future {Mallapaty, 2022). Nevertheless, the Himitations of this licensed vaccine have given
researchers a clear idea about the important issues i designing future products. For example, the
foremost goal of any new DENV vaccine design should be to achieve a low potential ADE response

along with high production of neutralizing 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 envelop (E) protein of dengue virus at position 8 andfor
101, formulated m lipid nanoparticles (NP}, for vaccinating a subject against dengue virus
iwfection.  Surprsingly, immunization of animals with the mRNA-LNP causes enhanced production
of neutralizing antibodies against multiple serotypes of dengue virus and reduced antibody dependent
enhancement { ADE) response.
{00871 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 virns E
protein variant formulated in a hipid nanoparticle, wherein the E protein variant comprises amino
acid mutation at position 8 and/or posttion 101 of SEQ 1D NG: 2.
{B008] In some embodiments, the one or more amino acid mutation is sclected from the group
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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
(¢} an amino acid substitution of the $™ Asn (N) residue and an amino acid substitution of the
101 Try {W) residue.
[0009]  In soune embodiments, the one or more amine acid mutation is selected from the group
consisting of
(a) an amino acid substitution of the 8% Asn (N) residue with Arg (R);
{b) an amino acid substitution of the 101% Try (W) residue with Gly {G); and
{) an amino acid substitution of the & Asn (N) residue with Arg (R) and an amino acid
substitation of the 101% Try (W) residue with Gly (G).
{00016} fn some embodiments, the mRNA encodes an amino acid sequence set forth in SEQ 1D
NO:§5, 6017
{00011} In some embodiments, the mRNA comprises an nucleic acid sequence set forth in SEQ ID
NO: &, 9 or 10,
j00012] In some embodiments, the mRNA further comprises a 57 untranslated region (UTR) and a
FUTR.
{00013} 1o some embodiments, the mRNA comprises SEQ 1D NO: 11, 12 or 13,
{00014} In some embodiments, the mRNA further comprises
a 5 cap analog; and/or
2 poly(A) tail.
{00815]  1n some embodiments, the 8" cap analog 1s 7mG(S )ppp(3 ) NImpNp.
{00016] In some embodiments, the mRNA comprises a chemtcal modification.
{60017} In some embodiments, the chemical modification is a 1-methylpsendouridine modification.
{00018]  In some embodiments, the lipid nanoparticle comprises a cationic hipid, a non-cationc
lipid, a sterot and a polvethylene glycol (PEG)-moditied lipid.
{00019 In some embodiments, the lipid sanoparticle comprises 20-70% cationie lipid, 5-45% non-
cationic lipid, 20-35% sterol, and 0.5-13% PEG-modified lipnd.
{00020] In some embodiments, the lipid nanoparticle conmprises 30% cationic lipid, 10% non-
cationic lipid, 38.5% sterol and 1.5% PEG-modified lipid.
{00021} 1n 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 vings wfection
which comprises an effective amount of a composition comprising an open reading frame encoding a
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dengue vinus B protein varant formulated in a lipid nanoparticle as described herein and 8
physiologically acceptable vehicle,

(000231 1in a further aspect, the present invention provides a composition comprising an open
reading frame encoding a dengue virus E protein variant formulated in a lipid nanoparticle as
described herein foruse In immunization against dengue virus infection 1 a subject inneed thereof
The present invention also provides use of a composition comprising an open reading frame
encoding a dengue virus E protein variant formulated in a lipid nanoparticle as described herein for
manufacturing & medicament for inununization against dengue vivus infection in a subject in need
thereof. The present invention further provides a method for immunization against dengoe virus
infection in a subject in need thereof, comprising administering 1o the subject in need thereof a
therapeutically effective amount of a composition comprising an open reading frame encoding a
dengue virps E protein variant formulated in a lipid vanoparticle as desenibed herein.

{00024]  In some embodiments, the dengue virus infection is caused by dengue virus serotype |
{DENV1), dengue virus serotype 2 (DENV2), dengue viras serotype 3 (DENV3) and/or dengue vires
serotype 4 {DENVY),

[00025]  In some ewbodiments, the amount of the composition s effective v indocing newtralizing
antibodies against the dengue virus and/or alleviating antibody dependent enhancement of the
dengue virus infection.

[00026] In some embodiments, the composition iz admimstered to the subject once or more than
once.

{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 from 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 detiled description of the invention, will
be better understood when read in conjunction with the appended drawings. For the purpose of
llustrating the invention, there are shown i the drawings embodiments which are presently preferved.
it should be understood, however, that the mvention is not limited to the precise arrangements and
mstnmentalities shown.
{00029 In the drawings:

[00030] Figs. 1A to 1D show synihesis and physicochemical characterization of mRNA-LNP.

The illusteations depict mRNA synthesis by IVT (Fig. 1A) and mRNA-LNP synthesis using a
microfluidic device (Fig. 1B), Agarose gel retardation assayv: Lanes 1-4 represent the free mRNA, lanes
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§-8 represent the mRNA-LNP complex, and lanes 9-12 represent the mRNA-LNP treated with 1%
Triton X-100 prior to loading (Fig. 1C), Cryvo-EM image shows mRNA-LNP complex {(Fig. 1D},
{00031]  Figs. 2A to 2C show functional analysis of mRNA-LNP complex. The schematic image
depicts the transfection of 2937 cells with mRNA-LNP {Fig. 2A). Quantification of protem expression
1 fransfected cells was performed using flow ovtomelry {Fig. 2B}, The bar grapb represents the protein
expression level (Fig. 20).

{00032] Figs, 3A to 3E show expression and immunogenicity in BALB/c mice. BALB/c nmice
were imnnmized with 10 yg 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 neutralizing antibody titers and antibody-dependent enhancement
response against DENV2 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 ditutions of immunized mice sera. Plaques were fixed and stained at § days
post-infection. Representative images of PRNT assay (Fig. 4B). The graph shows % of plaques by
dilution, and the dashed line represents the PRNTso valve (Fig. 4C). Antibody-dependent enhancement
{ADE) of DENV2 replication was analyzed by the PRNT assay performed on the supermatant of K362
cells that had been treated with senially diluted sera from mmunized mice (Fig. 4D).

{00034] Figs. 5A to 3D show the antibody expression and immunogenicity in BALB/c mice
immunized with ErpeNSR and EipeWT mRNA-LNP containing AS-CL-28 ionizable Hpid.
BALB/ mice were unmunized with 10 pg of the mRNA-LNP complex by intramuscular injection
{Fig. 3A). Serum was collecied after 6 weeks of the Birst immunization, snd dengue virus-specific
antibody responses were analvzed by ELISA. ELISA plates werg coated with DENV2 recombinant
proteins, and sera from immunized mice were evaluated (Fig. 5B). The graph shows % of plaques, and
the dashed line represents the 50% of viral inhibition (Fig. 50). ADE of DENV?2 replication was
avalyzed by PRNT assay (Fig. SD). In vitro assessment of the ADE response to DENVZ replication.
{00835] Fig. 6 Shows the neutralizing activity and protective effect of immunized sera on
suckling mice. Serially dituted immunized sera were incubated with 1 x 10 pfu (25-fold LD50) of
DENVZ 16681 for 0.5 howrs at 4°C. Two-day-old suckling mice were inocalated with 20 wd of the

mixture via intracranial (i.c.} injection. After the challenge, survival was monitored for 28 days.

DETAILED DESCRIPTION OF THE INVENTION

[00036] The following description is merely intended to iHustrate various embodiments of the
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mvention.  As such, specific embodiments or modifications discussed heretn are not to be construed
as limitations 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.

{00037]  As used herein, the smgular forms “a”, “an”, and “the” include plural referents unless the
context clearly dictates otherwise. Thus, for example, reference 1o “a component”™ includes a plurality
of such components and equivalents thereof known to those skilled i the art.

{60038] The term “comprise” or “comprising” 1s generally used in the sense of inclade/including
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.”

j00039]  As used herein, the term “aboal” or “approximately” refers fo a degree of accepiable
deviation that will be understood by persous of ordinary skill in the art, which may vary to some
extent depending on the context in which it is used.  In general, “aboat”™ or “approximately™ may
mean a numeric value having a range of & 10%, particularly = 5%, around the cited valne.

[00040]  As used herein, the term “nucleic acid™ or “polynucleotide™ can refer to a polymer
composed of mucleotide units.  Polynucleotides include naturally occurnmg nucleic acids, such as
deoxyribonucleic acid ("DNATY and nbonucleic acid ("RNA™) as well as nucleic acid analogs
mcluding those which have non-natiwally occurring nucleotides.  Polynucleotides can be
synthesized, for example, using an automated DNA synthesizer. It will be understood that when a
nucleotide sequence is represented by a DNA sequence (e, A, T, G, ), this also includes an RNA

ST

sequence (L.e, A, U, G, C) in which “U” replaces *1 The term “cDNA™ refers to a DNA that is
complementary or identical to an mRNA, in either single stranded or dooble stranded form.

{00041]  As used hergin, the term “polypeptide”™ refers to a polymer composed of amino acid
residues linked via peptide bonds.  The term “protem” tvpically refers to relatively large
polypeptides.  The term “peptide” typically refers to relatively short polypeptides (e.g., containing
up 1o 100, 90, 70, 50, 30, 20 or 10 amnino acid residues).

{00042]  Ax used herein, the term “complementary™ refers to the topological compatibility or
matching together of interacting surfaces of two polynucleotides. A first polyvnucleotide is
complementary to a second polynucleotide when the pucleotide sequence of the first polynucieotide
is identical to the nucleotide sequence of the polynucleotide binding partner of the second
polynuctectide.  Thus, the polynucleotide whose sequence 5~ GATAT-3 is complementary to a
polynucieotide whose sequence is §-ATATC-377

[00043]  As used herein, the term “encoding™ refers to the natural property of specific sequences of
nucleotides in a polynucleotide (.2, a gene, a cDNA, or an mRNA} to serve ags templates for
synthesis of other polvmers and macromolecules in biological processes having either a given
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sequence of RNA uanscripts (7., iRNA, IRNA and mRNA) or a given sequence of amino acids and
the biological properties resulting therefrom.  Therefore, a gene encodes a protein if transcription
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 t.e., 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). | may constitute an “uninterrupted coding sequence” (1.e., lacking an intron,
such as in a ¢cDNA) or it mayv include one or more introns bounded by splice junctions.  An “open
veading frame (ORFY i3 the coding sequence vninterrupted by introns between the start codon and
the stop codon that encodes an amino acid sequence. It is understood by a skilled person that
numerous different polynucleotides and nucleic acids can encode the same polypeptide as a result of
the degeneracy of the genetic code. It is also understood that skilled persons may, using routine
techniques, make nocleotide substitutions that do not affect the polypeptide sequence encoded by the
polvnucieotides described there to reflect the codon usage of any particular host orgamisny in which
the polvpeptides are 1o be expressed.  Therefore, unless otherwise specified, a “nucleotide sequence
encoding an amino acid sequence” encompasses all macleotide 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 move, 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 tov
optimal comparison purpose. o calculating percent identity, typically exact matches ave counted.
The detenmination of percent homology or identity between two seguences can be accomplished
using a mathematical algorithm known in the art, such as BLAST and Gapped BLAST programs, the
NBLAST and XBLAST programs, or the ALIGN program.

{00045] Dengue virus is a single-stranded RNA virus that is 2 member of the family Flaviviridae,
genus Flavivirus,  Dengue virns includes different serotypes, including dengue virus serotype 1
(DENV1Y, dengue virus serotype 2 (DENV2), dengue virus serotype 3 (DENV3) and dengue viras
serotype 4 (DENVY).  Those distinct dengue virus serotvpes are genatically related but
antigenically distinct.  The serotvpes can be determined by conventional methods known in the art
such as RT-PCR using specific primer sets to amplify serotype-specific fragments from the regions

encoding the capsid and membrane proteins of denguoe virus.
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j00046]  As used berein, a dengue virps envelop () protein vanant inchudes amino actd mutation at
position 8 and/or position 101, corresponding to the amin acid residues 1-394 of wild-type DENV2.
in particular, the amino acid mutation includes an amine acid substifution.  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
substitation).  In some embodiments, the amino acid mutation includes a substitution of the 8% Asn
residue and an amino acid substitation ot the 101% Try residue (NS+W101 substitution).  In certain
embodiments, the 8™ Asn residue is substituted with Arg (N8R}, 1n certain embodiments, the 101%
Try residue s substituted with Gly (W101G).

{08047]  As used herein, the tenm “chemical modification” means modification 1 adenosing {A),
guanosine {G), thywtdine (T}, uridine (19, or eytidine (C) ribonucleosides or deoxyribnucieosides, in
their position, pattern, percent andfor population.  Polynucleotides may comprise modifications that
are naturally-occurring, non-naturally-occurring or the polynucleotide may comprise a combination
of naturally-oceuring and non-naturally-occuring modifications.  The modifications may be
present on an internucleotide linkages, purine or pyrimidine bases, or sugars.  In some instances,
non-natoral modified nucleotides are introduced doring synthesis or post-synthesis of the
polynucleotides to achieve destred 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 polynucleotide may be chemically modified.  Polynucleotides may
be partially or fully modified along the entire length of the molecule.

[00048] In some embodiments, the chemical modification i3 at nucleobases in the
polyribonucleotides {e.g., RNA, such as mRNA)  In some instances, modified nucleobases in the
polyribonucleotides include, but not limited to, o-thio- adenosine, u-thio-guanosine, psendouridine
{w}, I-methyl-pseudouridine {m1y), 1-cthyl-pseudouridine {ely), S-methoxy- uridine {mo517), and
S-methyl-cytidine {mSC).

[00849]  As used herein, 57-cap is typically a modified nucleotide entity adding to 3"-end of an RNA
which can inhibit degradation of the mRNA, A 57-cap may typically be formed by a modified
mucleotide (cap analog), particularly by 8 devivative of a guanine nucleotide.  Preferably, the S -cap
is linked to the 5" -terminus via a 57-5"-triphosphate hinkage. A 5'-cap may be methyviated, e.g.
m7CGpppN fe.g. m7G(5 Nppp(SG (Mm7G)), wherein N is the tenminal 5° nucleotide of the nucleic

acid carrying the 5™-cap, typically the 5 -end of an RNA.
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[B0050]  As used berein, a 5 untranslated region™ (53"UTR) refers to a region of an mRNA that is
upstream of the coding sequence on the S'end of the mature mRNA that does not encode a
polvpeptide.

{00051]  As used herein, a 3" untranslated region”™ (3"UTR) refers to a region of an mRNA that is
downstreary of the coding sequence on the $'end of the mature mRNA thdt does not encode &
polypeptide

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

00853}  As used herein, the term “lipid-nanoparticle {LNP) delivery™ indicates the wansmembrane
delivery of macromolecules, such as nucleic acids, proteins, ete., nto cells through lipid
nanoparticles.  Typically, a Hipid nanoparticle comprises a cationic lipid, a non-cationic lipid, a
sterol and a polyethvlene glveol (PEG)-modified lipid.  In particular, lipid nanoparticles may be
formed by mixing two phases, including an ethanol phase containing a cationic lipid, a non-cationic
lipid, sterol, and PEG-modified lipid, and an acidic aqueous phase containing macromolecules such
as nucleic acids and proteins.  Typically, a LNP forms a lipid bilayer surrounding a core where RNA
is encapsulated, which can enter the cvtoplasm 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 lipds include, but
are not limited to, dilinolevl-methyvi-4-dimethylaminobutyrate (DLin-MC3-DMA), 2.2-dilinoleyl-4-
dimethylaminoethvi-[ {, 3}-dioxolane (DLin-KC2-DMA), di{Z)-non-2-en-1-vl) 9-((4-
{dimethylammoYbhutanovioxytheptadecanedioate (1319}, N N-dimethyl-1-[{18,2R}-2~
octyleyclopropytiheptadecan-8-amine (1.330) and (122, 1 5Z)—N N-dimethyl-2-nonythenicosa~
12,15-dien-{-amine (1.608).

{00055]  Non-cationic lipids usefud in the present invention can be a variety of neutral uncharged,
zwitterionic or anionic ipids capable of producing a stable commplex.  Examples of noncationic
lipids useful in the present invention include phospholipid-related materials, such as [ 2-distearoyl-
sn~glycero-3-phosphochohine (DSPCY, | 2-dipalmitoylbsi-glycero-3-phosphocheline {DPPC), 1.2~
diolevi-sn-glveero-3- phosphosthanclaming (DOPE), 1,2-dipalmitoyl-sn-glveere-3 -
phosphoethanolamive (DPPE), (1, 2-dimyristovisn-glycero-3 -phosphoethanolamine {DMPE), 2-
dicleoyl-sn-glycero-3- phospho-(-rac-glycerol} {DOPG), | 2-dioleoyl-sw-glyeero-3 -
phosphoethanolamine {DOPE), 12-distearoyl-sa-glveero~-3 ~phosphoethanclamine {DSPE), 1.2~
dilaurovl-aw-glycero-3- phosphoethanolamine {DLPE) and 1.2-dipalmitoyl-sw-glvcero-3-phospho-1.-
serine (DPPS).
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{00056] A Lipid-nanoparticle may mclude a sterol as the strocnural lipids.  Any suttable sterol may
be used i the present invention, such as those selected from the group consisting of cholesterol,
ergosterod, campestere], oxysterol, antrosterol, desmosterol, nicasterol, sitosterol, stigmasterol and
mixtures thereof. A typical example is cholesterol.

[00057] A Hpid-nanoparticle may inctude one or more PEG~-modified lipids. A PEG lipidisa
lipid modified with polyethylene glveol.  In some embodiments, the PEG-lipid includes, but not
Hinuted to 1 2-dimyristovi-sn-glycerol methoxypoly ethyvlene glveol (PEG-DMG), PEG-disteryl
glyeerol (PEG- DSGY, 1. 2-distearoyl-sn-glycero~3- phosphoethanolamine-N-{amino{poly ethylene
glveol)] (PEG-DSPE), PEG-diacvlglveamide (PEG-DAG) and PEG- dipalmitoyl
phosphatidylethanolamine (PEG-DPPE).

[00058] In some embodiments, a lipid-nanoparticle as described herein comprises a lipid mixture i
molar ratios of 20-70% cationic lipid: 5-45% nou-cationic (neatral) lipid: 20-353% cholesterol: 0.5-
15% PEG-modified lipid. o some embodiments, a lipid-nanoparticle as described herein comprises a
lipid mixture m molar ratios of 20-60% cationic lipid: 5-25% non-cationic {neatraly lipid: 25-55%
cholesterol: 0.5-153% PEG-modified ipid.  In one particular examgple, the molar lipid ratio is 54 10
38.5; L5 {mol %, cationic lipid: non-cationic lipid: cholesterol: PEG-medified lipid.

{00059 In some embodiments, a lipid-nanoparticle as described herein may has a diameter from
about 10 1o about 500 wm, particularly around 100 nm,

e

{00060] As used herein, the terms “subject,” “individual” and “patient,” used interchangeably
herein, refer to a mammalian subject for whom diagnosis, prognosis, treatment, or therapy is needed,
particularty humans.  Other subjects may include cattle, dogs, cats, guinea pigs, rabbits, rats, mice,
horses, 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, improve, or affect the disorder, the symptom or condition of the disorder, the disabilities
induced by the disorder, or the progression or pradisposition of the disorder.

{00862}  As used herem, the term “effective amount” refers to the amount of an active ingredient
to confer a desired biological effect in a treated subject orcell.  The effective amount may change
depending on various reasons, sach as adminisiration route and frequency, body weight and species
of the individual receiving said pharmaceutical, and purpose of administration.  Persons skilled in
the art may deternuine the dosage in each case based on the disclosure hevein, established methods,
and thelr own experience.

{60063} In the present invention, a LNP including a mRNA encoding a mutant E protein of
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dengue vinus as described herein can be formulated with 8 physiologically acceptable carrier for the
production of vaccines.  As used herein, “physiologically acceptable™ means that the carrier is
compatible with an active ingredient in the composition, and preferably can stabilize said active
ingredient and is safe to the receiving individual. Such physiclogically acceptable carriers are well
known i the art.  In some embodiments, a LNP as described herein 18 fornmdated and administered
as a sterile solation while it is also possible to vtilize lyophilized preparations.  Sterile solutions can
be lvophilized or filled into pharmaceutical dosage containers. The pH of the solution generally is in
the range of pH 3.0 10 9.5, egpH S.0t0 7.5, The LNP typically 15 in a solution having a suitable
pharmacentically acceptable buffer.  In certain embodiments, the LNP may be formulated into an
injectable preparation.

{00064}  According to the present invention, a composition comprising a LNP including a mRNA
encoding a mutant E protein of dengue virs as described herein is useful in vaceinating a subject in
need thereof.  In particular, the vaccination induces protective imumunity against dengue virus
mfection.  In some embodiments, the dengue viras infection 1s caused by one or more serotvpes,
selected from the group consisting of dengue virus serotype 1 {DENV1), dengue virus serotype 2
(DENV2), dengue vivus serotvpe 3 (DENV3), dengoe virus serotvpe 4 (DENVA), or any
combination thereof.  In some embodiments, the protective immumity provides efficacious levels of
neutratizing anttbodics against the dengne virus infection in the blood or serum of a vaccinated
subject.  In particular embodiments, the protective immunity causes reduced levels of antibody
dependent enhancement of the dengue virus infection in a vaccmated subject.

{H0065] in the present invention, administration of 8 composition or a vaccine can be performed

using standard routes of administration.  Exemplified administration includes miramuscular
administration, intradermal administration and subcntanecus admmistration. The administration may
be performed as a single dose, or as & prime and boosting.  In some embodiments, the composition
of the present invention 1s administered to the subject once or more than once, such as twice, three
times, four times, five times, six times or more.  The periad of time between prime and boost is
genevally 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 tHustrated 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 wiich are disclosed and still obtain a hike or sinnlar resolt without departing from the

spirit and scope of the invention.

[00067]  Examples
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{00068]  Here, we mutated the sequence of ammo acids in the wild-type {(WT) E structural proteins
at positions § and 101, The arginine at position 8 was replaced with asparagine (N8R), while the
glyeine at position 1 was replaced with tryptophan (G101W). These mutations were made i order
to enhance the production of peutralizing antibodies and reduce ADE response. The mRNAs were
produced via iz vigo trapscription (IVT)Y. Then, the modified mRNAs and WT DENV E mRNA were
encapsulated in lipid nanoparticles (LNPs). We evaluated the sera of animals immunized with the
modified mRNA sequences that possessed antibodies. The binding efficacy of sera was evaluated
against all four DENYV serotypes by using ELISA assay. Meanwhile, the levels of neutralizing antibody
titers were examined by the plague reduction neutralization titer (PRNT) assay. Finally, the ADE
response of immunized mice sera toward DENVY was monittored by testing viral replication activity
in Foy receptor-positive K362 cells following the PRNT assay.  Our data showed that sera of animals
mmunized with the modified mRNA sequence carried high levels of antibodies that efficiently hind
to DENY1-3 serotypes and had low ADE response against DENVI. As a result of these findings,
MmRNA-LNP immmunization against moptant E protein appears to be a promising approach for creating
effective dengue vaccines with low potential for ADE.

{00069} 1. Material and Methods

{00070 1.1 Production of modified IVT mRNA

{00071} DNA templates were constructed to contain a T7 promioter site, a codon-optimized
DENV2 E sequence (Eraee- W Erane- N8R, Era0a-WH01G, and Eravs-NBR-WI01G), a § UTR, IgG
kappa leader sequence, a polv(A) tail region, and the alpha-globin gene 3' UTR. Prior to IVT, the
plasmid was hnesrized vsing EcoRV and purified with the NucleoSpin Gel and PCR Clean-up Kit
{Macherey & Nagel Co. Diiven, Germany}). mBNA was synthesized according to the manufaciurer’s
recommendations using HiScribe T7 (NEB, MA, USA) with co-transcriptional CleanCap™ AG
{Tritink, CA, USA) and Ni-methyl-pseudouridine (Trilink, CA, USA). Synthesized mRNA was
purified by DNase TINEB, M4A, USA) digestion followed by LiCl {Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) precipitation and 70% ethanol wash. Cellulose-based pwrification
was performed to remove dsRNA from the transcribed taRNA. The final product was stored at ~
80°C.  Fig. 1A depicts the process for the mRNA synthesis by IVT.

{00072} 1.2 Site-Directed Mutagenesis

{00073} All point mutations of Ei1-204-NSR, Eine- WG, and Erap-NSR-WINTG 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]  €6/36 cells were cultured in a medium consisting of 50% Mitsuhashi and Maramorosch
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{(Sigma-Aldrich) phuis 50% Datbecco’s modified Fagle’s mediam (DMEM, Gibeo) supplemented
with 109 fotal bovine scrum (FBS, Gibeo), 100 U/mi penicillin, 100 pg/mi streptomyein, and 0.25
wefmi amphotericin B (Antibiotic-Antimyeotic, Gibeo). The C6/36 cells were infected with DENV2
16881 at MOI=1 and incubated at 28°C for 7 davs. The viruses were harvested from supernatant and
propagated in the baby hamster kidney fibroblast (BHK-21) cell line. The infectious viral titers were
guantified using plaque tests.

{00076} 1.4, Preparation of mRNA-LNP

{00077} LNP formulations were prepared using a previously described method (Hsu et al,, 2022),
Briefly, four tvpes of lipids were solubilized in ethanol: D-Lin-MC3-DMA (MedChemExpress, NI,
LSAY, DSPC (Avanti Polar Lipids, NY, USA), cholesterol (Sigma, M4, USA) and DMG-PEG 2000
{MedChemExpress, NJ, USAY, the Hipids were then mixed with a wolar ratio of 50:10:38.5:1.5. The
lipid mixiure was combined with an aqueons sodiwm acetate bufler (25 mM, pH 4.5) containing
mRNA at a flow rate ratio of 1:3 using NanoAssemblr® IGNTTE NxGen Cartridges (Pracision
NanoSystems Inc., BC, Canada). LNP-encapsulated mRNA samples were dialyzed against PBS (pH
7.4y at 4°C. Then, the mRNA-LNP were concentrated using Amicon Ulua Ceatrifugal Filters {10 K
MWCO; Millipore, Burlington, MA, USA) and passed through a 0.45-mam filter.  Fig. 1B depicts
the process for the mRNA-LNP synthesis using a microfluidic device.

{60078 1A, Characterization of mRNA-LNP

{0079] The particle size distribution, polydispersity index (P} value, and zeta potential of
DENVZ E mRNA-LNP were analvzed by dvnamic light scattering (DLS, Zetasizer Nano Z8,
Malvern Instruments, UK). The sample was diluted 100-fold and equilibrated for 120 seconds at
25°C prior o 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 DENVZ E mRNA-LNP was observed in a dry state using
cryvogenic transmission electron microscopy (crvo-TEM, Tecnat F20, Philips, Eindbhoven, the
Netherlands). Briefly, the sample solution was diluted 10-fold and wransferred onto a 300-nesh
copper grid covered with porous carbon film (HC300-Cy, PELCO) before blotting and plunging in a
100% humidity temperatwe-controtled chamber by Vitroblot (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 determined 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.

LINP-mRNA complexes were solubilized with 1% Triton X100, and the integrity of released mRNA
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was mspected by agarose gel.
{00080 1.6, In vitro protein expression of DENV2 E mRNA-LNP by Flow Cytometry
{00081} DENV2 E mRNA-LNP (Era0eWT, EraeeN8R, Eiraoe-WINIG, and Erssae-NER-WINIG)

A

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 vig centrifugation and followed by incubation with fixation and permeabilization solation
(B, catalog no. 354714} for 20 min at 4°C. Cells were then stained with Ipgfml DENV-specific
monocional antibodies (4G2, DB32-6, and DB39-2) for 1 hour at 4°C, followed by incabation with
PE-conjugated goat anti-mouse 1gG (1:500} for | how at 4°C. The samples were detected by flow

cytometer and a minimum of 1x 107 events for each sample were recorded and analyzed with FlowJo

software.
{00082] 1.7. Mouse immunization
{00083} All procedures involving animal studies were approved and performed in accordance

with guidelines set by the Institutional Animal Care and Use Committee (JACUC) at Academia
Sinica, Taiwan. Groups of 6-to-8-week-old BALB/c mice were immunized via intramuscular
injection with 10 pg of DENV2 E mRNA-LNP or contro solution (saline) at weeks (0, 2, and 4.
Serum samples were collected 6 weeks after the fivst immunization and stored at -80°C until fusther
use.

{00084 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
contaiming 1% bovine serum atbumin (BSAY at RY for 2 hours. After blocking, the wells were
washed twice with PBS. Then, sera that were senally diloted with 1% BSA in PBS were added iato
each well in triplicate, and the plate was incubated at RT for 1 hour. The plates were washed thyee
times with PBS containing 0.1% Tween-20 {PBST0.1) and then incubated for { hour with
peroxidase-affinipure goat anti-mouse 1gG (H+HL) (Jackson ImnnmoResearch) (1:5000 dilotion).
After three washes with PBSTO.1, the signal was produced using 3.3'5.5-Tetramethylbenzidine
{TMB) color development (TMBW-1000-01, SURMODICS). Finally, the reaction was stopped with
3N HCY, and absorbance was measured at 450 nm by an ELISA reader {Versa Max Tunable
Microplate Reader; Molecular Devices).

{10086} 1.9, Plague reduction neutralization titer (PRNT) assay

{00087 Sera from animals injected with DENV2 E mRNA-LNPs wers serially diluted in PBS
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and pre-incoabated with 108 plague-forming wmits {PFUY DENVZ for 1 houar at 37°C. The mixtures
were then added to pre-seeded BHK-21 cells for | hour at 37°C. The virus-containing culture
mediom was removed and replaced with DMEM containing 2% FBS and 1% methyl-cellulose for an
additional 4-day incubation. The cells were fixed with 16% formaldehyde overnight and stained with
0.5% crystal violet for 20 min. The plates were then washed with tap water; and plague nambers
formed at each ditution were counted. Each experiment was performed in triplicate. Plague reduction
was calculated as follows: Infubition percentage = 100 = [1 ~ {plaque number mcubated with
anmunized serumdplagee number without immunized serum)]. The 50% plague reduction {PRNTsq)
value was calculated with Prism software. The DENVZ strain 16881 was used in this study.

{00088 1.18. Antihody-dependent enhancement {ADE) assay

{00089] Mouse serun samples were senally diluted in serum-free DMEM mediunt and
incpbated with DENV2 16881 (MO1 = 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 sapernatant was collected from K562
cells, and the PRNT assay was performed to detect virus activity.

{00090} 2. Resulis

{091 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. 1€ 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} yielded bands at the same molecular weight as the naked mRNAs (lanes 1-4). The data suggest
that the mRNAs were successfully packed inte LNPs, and disrupting the LNPs could release the
mRNA without causing degradation or otherwise disrupting mRNA integrity.

[60093]  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 light scattering
{DLS) experiments. Most importantly, the mRNA-LNP all had uniform distributions in aqueous
solution without aggregation, as indicated by their PD values being lower than 0.3 (Table 1),

{00694} Iable 1 shows the molar ratio and physicochemical parameters of the mRNA-LNP

complex.
EraeeWT Eias-NER Erass-WIHHG Erana-N8R-
WIBIG
lonizable hipid D-Lin-MC3- D-Lin-MC3- D-Lin-MC3- D-Lin-MC3-
DMA DMA DMA DMA
Lipid molar ratio (%) | S;:10:38.5:1.5 ) SO:10385:15 S10:38.5:1.8 30:10:38.5:4.8
{lonizable lipid:
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DSPC: Cholesterol:
PEG)
Molar NP 8 8 ¥ 8
Size {nm) 110 Q5 82.4 90.5
PDI 0.12 0.1 0.12 0.19
Zeta potential (mV) +12.5 +8 .1 +9.3 +12.2
Encapselation 98% 9T 96% 97%
efficiency (%)
Final Yield (%%) 67.3% 62% 66.5% 71.1%

{00098 Cryvo-EM imaging of the mRNA-LNP confirmed the homogenous distribution of the
complex and showed that the complexes were spherical (Fig. 1D).

{00096} 2.2, Optimization of ir-vitro protein expression

00097} The four DENVZ £ mRNA-LNPs, called Erase-WT, Eraes-N8R, Eisoe-W101G and Es.
- NSR-WI01G, were individually transfected fnto 2937 cells, as shown in Fig. ZA. Prior to flow
cytometry analysis, the cells were collected and incubated with monocional antibodies DB32-6,
DBR39-2, and 4G2. DB32-6 and DB39-2 were purified in our lab previcosly {Tang et al., 2015};
DB32-6 gpecifically binds EDHIE of DENV2 (Tang et al, 2015}, while DB39-2 binds N8 EDM of
DENVI-4 {Tang et al,, 2015). In contrast, 3G2 binds to the highly conserved amino acids of domain
it for DENVI-4 (Rajamanonmant etal., 2009}, The DBE32-6 antibody was used to venity that the
mutations indeed caused structural changes to the E protein.

[00098] First, the success of mRNA transfection was evaluated by flow cytometry. Analysis with
moenocional antibody DB32-6 showed successtul expression of the DENV2 E protein after
transtection with WT and mutant mBENA-LNP. However, DB39-2 and 4G2 did not produce
respective signals for Erase-NSR and E120+-WI101G mutant mRNA-LNP-treated cells. Moreover,
transfection with Fiase-NER-WI01G mRNA-LNP did not generate signal from either the DB39-2 or
42 monoclonal antibody probes. Together, these data suggest that oar mutant mRNA-LNP produce
proteins with disrapted structuves, as expected (Fig. 2B and 2C).  Table 2 shows the flow cviometry
data against specific antibodies; (+) represents the detection of protein with the antibody, while ()
represents no detection,

00099} Table 2.

Antibodies
DB32-6 DB392- 4G2
Eiase-WT +
Eya94-NBR -
Eras-WIHEG + + -
E1304-N8R~ - -
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{08100 2.3, Modified mRNA-LNP vaccine elicits an antigen-specific immune respounse in
mice model

jO00101]  To test the immunogenicity of the mRNA-LNP, 8-week-old BALB/¢ mice were
vaccinated with a series of intramascudar (Fm.) 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 newtralizing activity of DENV antibodies was evaluated by performing the PRNT assay
i BHK-21 cells. The optimal working concentration of DENV2 for the PRNT assay was 1 MOI
{multiplicity of infection}.

{000102]  The neutralizing antibody binding activity in serial dilutions of sera were detected by
ELISA screening against DENV1-4 serotypes (Figs. 3B o 3E). Sera of mice imoculated with the By
194-NBR~-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

signal level is represented as follows, in descending order: +++ > 4 2> 4+ 2>

Binding signal (ODys)
E protein
DV V.2 DV3 DV-4
WT g g et +
NER e et +
WI01G A - -
NRR-W101G b b - -

(0801031 Interestingly, the sera of mice injected with double amatant (Erae-NSR-WI01G-mRNA-
LNP) had low binding activities for both DENVS and 4 serotvpes and highest neutralizing antibody
levels against DENVZ, with PRNTze values around 19,702 (Fig 38 to 3E, Fig. 48, and Fig. 4C).
Notably, mice immunized with Erspe-NER-mBNA-LNP showed cross-neutralization with nearly all
DENV serotypes and had the second highest neotralizing antibody respouse against DENV2, with a
PRNTsy value around 18,375,

{006104]  In further experiments, we prepared Eiaoe-NER-mRNA-LNP and Ersue- WT-mRNA-
LNP using another ionizable lipid {AS-CL-28). These formulations were tested for their NSR
mmmunization potential. BALB/C mice were immunized with 10 pg of the mRNA-LNP complex by

mtramuscular wmjection {Fig. 5A). The sera from mice inmunized with Er204-NSR-mRNA-LNP
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showed high binding activity agamst the DENV2 serotvpe, as well ag higher neutralizing antibody
fevels (Fig. 5B) and reduced the ADE burden (Fig. 5C) compared to sera from Erso-WT-mRNA-
LNP-pmanized animals.  Of note, E1-394-NSR-mRNA-LNP {prepared with AS-CL-28 ionizable
lipid} caused lower levels of viral replication than E1-394-WT-mRNACLNP at all tested serial
dilutions (Fig. SD). Together these data support the ides that mRNA-LNP with N8R mutation induce
high neutralizing antibody titers and minimal ADE response against DENV2.

{000105] 2.4, In vitro ADE of viral replication activity by immunized mouse sera

{000106]  To evaluate whether the mutations in D and EDI could attenuate the ADE response,
an infection assay was performed nsing Foy receptor-positive K562 cells. K502 cells can be infected
by DENYV in the presence of enhancing antibodies via Fe-mediated endocytosis (Messer et al, 2014).
DENV2 virus and serially dituted sera from vaccinated mice were co-incubated with K562 cells for 5
days; K362 cells infected by DENV2 in the presence of diluted sera from naive mice served as a
negative control. After the incubation period, supernatants from K362 cells were collected for viral
replication measurements. The levels of infections virus in the supematants of K562 cells treated
with iminune sera were determuned by performing the PRNT assay with BHK21 cells. Sera from Er
34-N8R-mnRNA-LNP-vaceinated mice cansed dinvnished viral replication relative 1o the other
mutant types. The dilution of 1:7300 exhubited 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
DENV2.

{000107] In addition, mRNA-LNP prepared using another cationic lipid (AS-CL-28) exhibited a
stmytlar trend, with Era0e-N8R-immunized mice displaying higher levels of nentralizing antibodies
and reduced i vivo and in viro ADE potential, as compared to Eiaes-WT-immunized mice. Further,
our suckling mice experiments revealed that sera from Eiw-N8R-immunized mice could mediate
robust neutralization and protection against DENV2 tnfection, and these effects were stronger than
those of Eiaea-WT-tmmunized sera.

j000108] 2.5 Survival test

000109}  The protective efficacy of neutralizing antibodies in collected sera was evalpated in 2-
day-old ICR suckling mice. Sera from BALB/c mice inmumized with Eia0a-N8R-mRNA-LNP, Ey.
- WT-mRNA-LNP, and PBS (mock} were serially diluted and incubated with DENV2 viras before
ntracranial administration to the suckling mice. Survival rates were monitored for 28 days after
nyjection. As shown in Fig. 6, suckling mice from the E120¢-NS8R-mRNA-LNP group showed a 100%
survival rate at the dose of 1:200 dilated sera. Moreover, other sera dilutions (e.g., 1:400 and 1:800)
showed higher protection for the Ejaws-NER-mRNA-LNP group than the Evoe-WT-mRNA-LNP
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group. Comparad to sera from mock-mfected mice, 1:200 and 1:400 difuted sera from Eia0- W
MRNA-LNP gronps exhibited better protection. Overall, the results consistently showed that Ev.3e9-
NER-mRNA-LNP-immunized sera effectively nentralized the DENVZ virus and better protected
suckling mice than Fiase WT-mRNA-LNP-immunized sera (Fig. 6).

000110} 3. DISSCUSSION

[006111]  With the continued global spread of DENV mfection and its attendant morbidity
particularly in tropical and subtropical regions (Khetarpal and Khanna, 2016), there is a need to
develop effective vaccines and therapeutics. Cwrrently, only one vaccine, Dengvaxia, is licensed in
most dengue-prone areas {Tully and Griffiths, 2021}, though many vaccines are currently under
evaiuation (Porres-Flores et al., 2022). Recently, mRNA vaccines have garsered significant attention
for their potential to prevens infections by flaviviruses (August et al,, 2021, Ge et al,, 2022;
VanBlargan et al., 2018}, including DENV {Wollner and Richner, 2021). A major advantage of the
mRNA platform is that it allows for guick design and screening of target antigens. Moreover, the
encapsulation of modified mRNAs into 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, WI01G and NSR-W101G substitutions. These muatations appear to reduce the
ADE response. We verified that the moetant mRNA seguences have expected binding profiles with
three different antibodies {Figs. 2A to 2C). Previously, an NSR-mutated DNA vaccine 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 immunization is lacking, and the vaceine showed overall low
antibody titer. Therefore, we altered our approach to utitize mRNA-LNP immunization, which
mcreased the antibody titer by about 10-fold.

[600112]  Dengue virus strains are categorized as four different serotypes (DENV1-4) with amino
acid sequence variations up to 353% {(Wollner et al,, 2021). Therefore, the vaccines developed for one
serotype might not be effective against heterclogous serotypes. Generally, dengue-affected areas
have cases from all serotypes (Guazman et al,, 2010, so wost DENV vaccines under clinteal
evaluation are designed to target sequences from all fow serotypes {Pinheiro-Michelsen et al., 2020},
Nevertheless, there remains an unsatisfied nead for a successful DENY vaccine that exhibits low
ADE responses for all fowr serotypes. To address this problem, we have identified and substituted
key epitopes that affect both titer of neutralizing antibodies and risk of ADE. Immunization of mice
with NSR-mRNA-LNP produced high levels of newtralizing antibodies against DENVZ, and minimal
levels against DENVI > DENVS > DENV4. In comparison with the WT vaccine, the N8R mutant
had higher levels of neutralizing anttbodies for all four serotypes. Recently, Wollner et al., designed
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an mRNA-LNP vaccmne encoding DENVY peM/E protein, and this mRNA induced high tevels of
neutralizing antibodies against DENV L with minimal ADE response against DENV1 and 2 (Wollner
etal., 2021). In another study, researchers utitized DENVZ2-encoding mRNA vaceines and found that
mRNA that generates proteins with the enveloped structure induces high neutralizing antibody titer
and minimal ADE response against DENV2 (Zhang etal, 2020). To overcome low neutralizing
antibody titer against all four serotypes, He et al. has proposed two mRNA constructs. The first
consists of EDI from DENVI and NSI from DENV2, while the other has mRNA for EDH from
DENV4Y and NS1 from DENV3. The sera from mice tumanized with a combination of both mRNA
constructs showed high newralizing antibody titers against all serotypes (He et al., 2022). However,
this design would add a complication of needing to balance neutralizing antibody titers in clinical
trials. Moreover, we found that Eiaee-N8R mRNA-LNP exhibited higher neutralizing antibody titers
{PRNTsn= 18385; 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 induced
after vaccination. In our stady, immunization with the N8R mutant indoced bigh nenralizing
antibody titers against all four serotypes. According to the PRNT assay, mRNA-LNP with N&R,
WI01G, and NER-WI0IG mutants respectively induced average endpoint difation titers of 18,57
14,297, and 19,702 (Fig. 4C). Interestingly, the NSR-W IO 1-mRNA-LNP induced high titers of

3,

¢s. 3B 1o

antibodies against DENV2, but it was not particularly effective against other serotypes (Fi
3E). This result highlights the fact that a vaccine developed against one serotype may or may 1ot be
effective against another. In hight of these findings, we considered the parametess that influence
neutralizimg antibody titer for all four serotypes. The high binding of DENV2 E mRNA-LNP
immunized sera with DENV -3 suggests that our approach is promising for the design of a safer
vaccine with minimal ADE response, Siace vaccines against the E protein may cavse an ADE
response, we modified the I protein structore. By replacing asparagine with arginine in the Sth
position, the protective efficacy against DENV was enhauced, and the ADE response to DENV2 was
also reduced. Thus, we can conclude that the mutations we introduced into the E protein reduced the
ADE responses compared with W Imnuune sera from Erso-Wl-vaccinated mice showed ADE
effects against DENV2 and also had relatrvely low levels of neutralizing antibodies. Thus, the N&R-
mRNA-LNP vaccine not only had reduced ADE response, but it also caused enhanced production of
neutralizing antibodies against DENV1-3 serotypes; highly dilated sera showed lugh protection
efficiency when compared with other mRNA types (Fig. 4D} Altogether, these findings lead vs 1o

conclude that the NSR mutation not only enhances neutralizing antibody response but also reduces
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the potential for ADE responses.

000114}  Oversll, our study introduces g potentially effective mRNA vaccine encoding E protein
with a specific mutation, and it contributes to our understanding of the role this mutation plays in
ADE. Thus, the cusrent study lays essential groundwork and provides critical insights that may aid i

the development of successful mRNA vaccines against DENY.

Sequence Information

Amino acid sequence of wild type E protein of dengue viras serotype 1 (DENV1} (394 a.a) (SEQ
IDNO: 1)
MRCVGIGNRDFVEGLSGATWVDVVLEHGSCYVTTMAKDKPTLDIELLKTEVTNPAVLRKLC]
EAKISNTTTDSRCPTOGEATLVEEQDTNFVURRIFVDRGWONGCGLFGKGSLITCAKFKOVT
KLEGKIVQYENLKYSVIVIVHTGDQHOQVONETTEHGTTATITPQAPTSEIQLTDYGALTLDCS
PRTIGLDFNEMVLLTMKEK SWLVHKQWFLDLPLPWTSGASTSQETWNRQDLLVTFKTAHAK
KOEVVVLGSQEGAMHTALTGATEIQTSGTTTIFAGHLKCRLKMDKETLKGVSY VMUTGSFK
LEKEVAETQHGTVLVOQVKYEGTDAPCKIPFSSQDEKGVTONGRLITANPIVIDKEKPVNIEAE
PPFGESYLVVGAGEKALKLSWFKK

Amino acid sequenee of wild type E protein of dengue virus serotype 2 (DENV2) (394 a.a) (SEQ
IDNO: 2)
MRCIGMSNRDFVEGVSGGSWVDIVLEHGSCVTTMAKNKPTLDFELIKTEAKQPATLRKYCIE
AKLINTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGWONGOGLFGKGGIVTCAMERCK
KNMEGKVVOQPENLEYTIVITPHSGEEHAVGNDTGKHGKEIKITPOSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHROWFLDLPLPWLPGADTQGSNWIQKETLVTFKNPHA
KRODVVVLGSQEGAMHTALTGATEIOMSSGNLLFTGHLKCRLRMDKLOQLKGMSY SMCTGK.
FRVVKEIAETOHGTIVIRVQYEGDGSPCKIPFEIMDLEKRHVLGRLITVNPIVTEKDSPVNIEA
EPPFGDSYHIGVEPGOLKLNWFKK

Amino acid sequence of wild type E protein of dengue virns serotype 3 (DENV3) (392 a.n) (SEQ
IDNO: 3)

MRCOVGVONRDFVEGLSGATWVDVVLEHGGOVTTMAKNKPTLDELOK TEATQLATLRKILL
IEGRKITNITTDSRCPTQGEATLPEEQDONYVCKHTYVDRGWONGUGLFGKGSLVTCAKEFQCL
EPIEGRVVOQYENLKYTVHTVHTGDOQHOQVONETQGVTARITPQASTTEAILPEYGTLGLECSP
RTGLDFNEMILLTMKNKAWMVHROWFFDLPLPWTSGATTETPTWNRKELLYTFKNAHAKK
QEVVVLGSQEGAMHTALTGATEIONSGGTSIFAGHLKCRLEMDKLELKGMSYAMUTNTFVL
KEKEVSETQHGTLIKVEYKGEDVPCKIPFSTEDGQGKAHNNGRLITANPVVTKKEEPVNIEAEP
PFGESNIVIGIGDNALKINWYKK

Amine acid sequence of wild type E protein of dengue virus serotype 4 {DENV4) (394 a.a) (SEQ
IDNO: 4)
MROVOGVONRDEFVEGVSGGAWVDLYLEHGGOVTTMAQGKPTLIFELIKTAKEVALLRIYC
IEASISNITTATRCPTQGEPYLKEEQDQOQYICRRDVVDROWOGNGCGLFGKGGVVTCAKFLCS
GRKITONLVOIENLEYTVVVTVHNGDTPAVGND TS HHGVTATITPRSPSVEVKLPDY GELTEDRC
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EPRSGIDFIEMIDMKMEEKKTWLVHKOQWEFLDLUPLPWTAGADTSEVHWNHKERMVTERVPHA
KROQDVTVLGSQEGAMHSALAGATEVDSGDONHMFAGHLKCKVRMEKLRIKGMSYTMCSG
KFSIDKEMAETQHGTAVVEKVEYEGAGAPCKVPIEIRDVNKEKVVGRESSTPFAENTNSVTNI
ELEPPFGDSYIVIGVGESALTLHWERK

Amino acid sequence of mutant E protein N8R of dengue virus serotype 2 (DENV2) (394 a.a)
{(SEQ D NO: §)
MRCIGMSRRDFVEGYSGGSWVDIVLEHGSCVTITMAKNKPTLDFELIKTEAKQPATLRKYCIE
ARKLINTTTESRCPTOGEPSLNEEQDEKRFVUKHSMVDRGWONGCGLFGKGGIVTCAMERCK.
KNMEGKVVOPENLEYTIVITPHSGEEHAVOGNDTGKHGKEIKITPQSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHROQWFLDLPLPWLPGADTOQGSNWIQKETLVTFRNPHA
KKODVVVLGSQEGAMHTALTGATEIQMSSONLLFTGHLKCRLRMDKLQLEKGMSYSMCTGK
FKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRHVLGRLITYVNPIVTEKDSPVNIEA
EPPFGDSYTHOGVEPGQLKLNWEFKK

Amine acid sequence of mutant E protein W101G of dengue viras serotype 2 (DENV2) (394 a.a)
(SEQ IDNO: 6)
MRCIGMSNRDFVEGVSGGSWVDIVLEHGSCVTTMARKNKPTLDFELIKTEAKQPATLRKYCIE
AKUINTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGGONGCGLFGKGGIVTCAMERCK.
KNMEGKVYVQPENLEYTIVITPHSGEEHAVGNDTGKHGKEIKITPOSSITEAELTGYGTVTMEC
SPRTGLDFNEMVLLOMENKAWLVHROWFLDLPLPWLPGADTQGSNWIQKETLYTFKNPHA
KKODVYVLGSQEGAMHTALTGATEIOMSSGNLLFTGHLKCRLRMDKLOLKGMSY SMCTGK.
FRVVKEIAETQHGTIVIRVOQYEGDGSPCKIPFEIMDLEK RHVLGRLITVNPIVTEKDSPVNIEA
EPPFGDSYIHGVEPGQLKLNWFKK

Amino acid sequence of mutant E protein N8R + W181G of dengue virus serotype 2 (DENVY)
(394 a2} (SEQIDNO: 7
MRCIGMSRRDFVEGVSGGSWVDIVLEHGSCVTTMAKNKPTLDFELIKTEAKQPATLRKYCIE
AKLINTTTESRCPTQGEPSLNEEQDKRFVCKHSMVDRGGGNGCGLFGRGGIVTCAMERCK
KNMEGKVVQOPENLEYTIVITPHSGEEHAVGNDTGKHGKEIKITPQSSITEAELTGYGTVTMEC
SPRTGLDENEMVLLOMENKAWLVHROQWFLDLPLPWLPGADTQGSNWIQKETLVTFRKNPHA
KKODVVVLGSQEGAMHTALTGATEIQMSSONLLFTGHLEKCRLRMDKLOQLEGMSYSMOTGK
FEKVVKEIAETOHGTIVIRVOQYEGDGSPCKIPFEIMDLEKRHVLGRLITYVNPIVTEKDSPYNIEA
EPPFGDSYIHGVEPGOQLKINWFKK

DNA sequence of mutant E protein N8R of dengue viras sevotype 2 (DENVY) (SEQ ID NQO: 8)

Atgaggtgtaitgeaatgictagacggganttatggagapagtctclgaegapagtigegtegatatigicclggagacggaagetgegteac
cacaatggctaagaacaagoccacceiggacticgagetgatcaagacegaggecaageagectgecacacigoggaagtactacategagg
coaagetgaccagcaccacacgagageagatgteccacacaggee gagecicoctgaatgagpageaggacangegattegtatacaag
cactotatggtggataggegatgggganacypatgtggoctaticggoaagapopgeatcgtgaccigegecatgiitcggtgtaagaagaaca
tggaggucaaggipgigcagecigagaatetygagtacaccategtyatcacaccacacagoggagagaagcacgeagtyggaaatgacace
2ECAAZCACRZCARLPALAICAALAICACACCACAZAZCICCAICACCHARRRCCEAgOigRcagECtatggcacagigaceatggagtacic
ceeaaggaccggccipgatiicaacgagatyptactgelgeagatggagaataaggoctygctgatgcaccgecaglggtitciggaccigeca
ctgecatggetgeciggageagatacceagggeiccaactggatccaganggagacactggigaccticasgagiceacacgeaagaageag

gacgigotpetactggooictoaggagegageaatgeacacagoccigaceggageeacagagatecagatgtclageggeaatetgotgtic
accggecaccigaagigecgacigagaaigpataageigeagetgaagggcatgagetactecatglgeaccggcaagittaageigeigaag

gagatcgecgagacacageacggcacaategtgatcaggetgcagtatgaggegc gacggeageoctigtaagatcceatiogagateatagat
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ctggagangeggeacgtgelgggeagactyalcaceglgaacceaategigacagagaaggactetecegigaatategaggeegageecect

ace
HpeaalagctacatCatcal geC T oA reeCg aeeage tg ectgaacteettcaagangtag

DNA sequence of mutant E protein WI01G (SEQ IDNO: 9)
Atgageiotattggagtgtctascosggatitipgtagagp g 1&,&& geogpgagteaieratatigicCiEgagcacgeaagoiglgteac
cacaatggecaagaacaagoccacectgpacticgagetgatcaagacogagaocaageagectgecacactge ggaagtactgeatogagy
ccaaumigacma.a ceacaaccgagagcagatgteccacaca E\Q\QSC“:}& cottecctgaatgaggageaggacaagegatiogipgtocaag
gotclatggtegatagey gagga;gam seatgtppoctgticggegagggegeeategigacctpogocatpitogptptaa gaagancy
ggeaaggtestecagocigagaatotggagtacaccatcgtgatcacaccacacagoggagaggageacgcagtggeaaat gacace
Jigc-aaszm ggoaa 5.5. gatcaagatcacaccacagagotecatcaccgaggcegagetgacagectatgycacagipaccatggagtycie

eatttcaacgagatggiec t;zcttvcas:atwagaama& cetggotggtgcaccgecagtgghtctggacetgey

padechalhdiatis &
3

fea1 ety g
ctg,cm ggci& ct, gageagatacecagyucicoaactggatecagaaygagacactgataacciicaagaatcCacacgecaagaageay

o el

de{ggg ft({ctgggctctiagvazu ACCANTECACACACCCIZACCETARCCACAZAEAICCAZATEICIagCEECARTCIECtgHe

()

Pt

sgcigagaatgeaiaagotgcagotgaaggeeatgagclactieatzigraceggeaggittagggigeigaag

[ededey fedehdedo

CACAYLACTRC :caatcmud %5 cagtalgagggegac egcs ageocttgtaagateccattogagateatggat

= t.. \‘ g g Pl R e
Ctggagaagcggcacutgug ggcagactgatcacegigaacecaategigacagagaaggactelecegtgnatategaggecgageeecet

tgecpatagotacateatcateggegtagagece cvg.,, ceagotgaagetpaactggticasgaagtaa

&L =3 @2

DNA sequence of mutant E protein NSR + WIBIG {(SEQ ID NO: 10}
Atgagutetattypagtgtotagacgeeatitgtggagggagtotetggegg

c.ata‘dlgggcaagdamaguuu.u»tscgaﬁiggag‘i&zauaﬁﬂ'mgazasaszccaa@gaa{ iLccaca t,:a gva agtactgeategagy
CCAaZCEACCARCACCACAACCLAgAECAZAtEICCCaracagEgegn gcctfcccfgaﬁtgaggags:aggac&ag ggi sztmocaag
cactotatggtggataggpaggaggasacggatpipgestgticgpeaaggacegeategtgacetycy
stgcagectgagaatetggagiacaccatcgigalcacaccacacagegEngay
(Y

tggaggocaagetaety
CUCAARCACEECAAZTAgAICAAAICACALTACAEAZCICCAtCATOEAgECCRARCtga 'ucgct‘atgg*acagtgaccatgg g tgcte

g8 e -.’T
cee aszuaccg.g.c ﬂg utcaagmmtggiﬂcmctwcaﬂati.;.agmtaamcct“ clgglgeaccgocagiggiitciygaccigeca
cagatacecagggctecaactggatecagaaggagacactiggigacciicangaatecacacgocangaageag
jﬁctctcagvagsm geaatgeacacageccigacegpagecacagagatecagatgictagoggcaatotgetighic
cgg lgagaatggataagctgeagetgaaggod 'lgdutauaa’wt*fcaw'maavtt’magg guteaay
acggcacaategtgatcagegtocagtalgaggecgacggeagecctigtaagateccaticgagateatggat
ciggaqaz}u Ug aLGtgctggﬁca&act&atc.acc&ztga‘w:uaai gtgacagagaaggacicteccgtgaatategaggecgagocect

titggcgatagetacateatcateggegigpageceggecageigaageigaactggticaagaagtaa

fachfeelue)

cgpaggetgegtaac

53
g gag

e
gl

agg

58

&
&

DNA sequence of mutant E protein N8R plus ¥UTR + I UTR (SEQ ID NO: 1)
irg yaaataagagagaaaa gaag.qgtaaaaas!aa’ttar'iaa.ﬂmcacgamgaaacauac acactectgetatgigtacigotgcictgagtic
agettceaccggtyacatgagetetattgeaatgictagacgggaittigiggagapagictelggeeggagiigeaiogatatigicciggage

gczaaﬂcts.\cuta.&cmcaat ggocaagaacaageocaceotggacticgageigatcaagaccgaggocaageageeigecacactigegy
aagtactgcalogaggooaagetgacoaacaccacaacegagageagatgtcecacacagggogagecticeeigaatgaggageageacan

regettegtatgcaageactictatggtogatagggatgggeanacggatgtggecigitcggeaaggegaeategtaacctgegecatgtiic

e

gutgtaagaagaacatgpageecaaggigatgcagecigagaatctggagiacaccatcgigalcacaccacacagogRagaggageacgea

glggeangtgacaccggoaagcacgecaaggagatcaagaicacgccacagagorccateacegaggecgageigacaggetatgeeacag
traccaty muuuu aggaccggoctgeatiicage gagatpgtpcigctgeagatggagaatagggeciggetagigeacegocagty
gittctggaccigecactgocatggeigectggageagatacccaggactccaactiggatccagaaggagacactggtyacciicaagaatecac
aogecgagaageagaacgtigetostoctppoctcicagaggeageaatgeacacageccigaceggagecacagagatecagatgtciage
gucaatctgeigticacoggecacctgaagigocguctigagartppataagetpcageigaaggpcatgagetactecatglgeacoggaagt
Haaggtgsteaaguagatcgoogagacacageacggcacaategligatcagggtocagiatgaggpogacgacaged ligta{mauucat

FCAgateatEeatClepagaag gECACIICCIEEECagact gatcacogtgancecanic glgacagagaaggacioteeegteantatega

b pad

gecgagccecctittggeeatagctacatcatcateggegipggageceggccagetgaageigaactgglicaagaagtaaggtaccigataat

< o Loy

‘w (I’“
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agectggagocicggtgceatgeticttgeecetigggocicoececageeccicctececticctgeaccegtaccecgiggictiigaataaa

SIolEagigapCECadananaanddanadarnddanaianfadaAnedaAYAARAIARAYAARIIAREAAARAAARAZARRAARAAARY
IARATIAAIRARJIAA]ARAAR

]

DNA sequence of mutant E protein WIHG plus STTR 3" UTR SEQ IDNQG: 12)

Ggganataagagagadaagaggagiangag %ammaumemcc.a\:gga%a agacacacteCtgetatgtactgotgetctpgtic
caggitceaccggtuacatgagatotaitgaaatgictaaccygpatittgtypagapagtcictggcgagagtigeatsaatattstectggagc
acgeaagetgeptgaccacaatggccgagaacaageccaceeigEacticgagrtgatcaagaccgaggeeaagageotgecacacigegy
aagtactgcatcgagaccaagotgaccaacaccacaacogagageagatgteccacacaggacgageciicocigaatgaggageaggacas
gcggmg{glgcaag £ac tmatggtgga{aggggaégagga%cggatgtgg clgitcgucaagggeggcategigaccigegecatgit
‘,({caag_gtg_gtg cagectgagaatciggagiacaccategigalcacaccacacagoggagaggageacge
j'_ca.a“ gagatcaagattacaceacagagaiocatcacegaggocgagetgacaggetatggeaca
ctggaticancgagatggigergoetgeagatggagaataggaectggetggtgeaccgecagt

lag,aat‘f'imcc BEEECICCRRCIEERCCIEIARRARACACIZRIFACCHTIREAALCC
geteicaggagggageaatgeacacageesigaceggagoeeacagagatecagatgicta

deelee petletive

gtgecggetgagaalggataagetgeagetganggeeatgagetactecatgtgeaccggcaa

t=l

attta qmmwmmo':mte.wc g sxuamg.‘c cggracaatogtpatcaggatgcagtatgaggac gacpgoageeetipgtaagatece

S B =
aﬁwds&zlcaiszs:dtuvs.auawrc";caavtgug secagactgatcacegtgaacceaatogigacagagaaggactetccegtgaatale
gaggcegagecceitigge gatagetacaicateateggegtugageeggeeageigaagctzaactgettcaagaagtaaggtacetgata
ataggctggagecteggtggocatgatcitgeceatigggeciceceocageaectectecceicoigeaccegtacceeegiggictitgaata

dagiclgagle e eoCanaidanddanataanddanatanasdaniaanadaaniaanadantdiansaarsiaaasaansdaaasaany

=l

dARATAARAZARIAAAATRARAZAARA

3‘:’

-

f

DNA sequence of mutant E protein N8R + Wi G plus S"UTR + 3" UTR (SEQ ID NO: 13)
geuaaatadgagaganagasgagtaagaag mat’ztaas:aﬂccaccamuamcawa %‘tcctgctatgvu tactgetgetetggatioe

aggticcaccggtpacaigaggtatatiggaatyiciagacggeatitigteya gg catattglecigeagca
Cggaagetgegtgaccacagtgglraagaacaageecaccetiggacticgage ; »L‘CTgC‘é actgegga
agtactgcategageecaageigactaataccacaacgagageagalgicec acacau.acg. 3cctt ceotgaatyaggageaggacaag
cug tt,ﬂ'tu“caa“Lm.tt.ldtmfrgg&mgﬁ@:gaggagga&aaggdtgtgg tgttcggcaagggeggeatcgigacctgegecatgtiic
ggigtaagaagaacaiggaggeeaaggtygtycagectgagaatetggagtacaceatcgtgalcacaccacacagegeagaggageacgca
gtegoaaatgacaccgycaageacgacaaggagatcaagatcacaccacagagoiccatcacegageccgagetgacaggctatggcacag
tgaccatggaglgtceccaaggaceggectggatitcaacgagatggtycigetgcagatggagaataaggectggetgglgcaccgecagyg
glitctgaccigeractgocaligectgoCiggagiagataccCagguciceaactgy ra‘a,s..au'uu.gdu cactggtgaccicgagaatecac

gucteteaggaggeageaatgoacacagoectgaceggagecacagagatecagatygiciage

ACECCARPAALCARLACLIRRILATUCIgELT
ggeaatctgetgticaccggecaceigaagtgecggetgagaatggataageigea 57 Udaggng’at ctactceatgtgcaccggeaagt
ftaaggiegigaageagategogagacacageatggacanicgtgatcagggtecagtaigagegegacgecagecctigtaagateceat
fcgagatealy

geatciggagaageggeacgigotggecagactgateaccgigaacceaatcgtgacagagaaggactoteccgigaatatega
ggccgagecceeitiiggegatagetacateateateggegtggageeeggecagetgaagetgaactggticaagaagtaaggtacetgataat
agpctggagecicgaipaccatgettetigeeceitggaoctccecccageecaicctoeccticcigacce glaccceegtagicitipaataaa

RICIgaglgeacLecaaaannadRAAANAAIAAAAIAAAANAAANAAAARAAARRAAINAAAARAIAANAAAAAAAAARAAARAAAAR
dadadaaadaardaanadarrnda]
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CLAIMS
What i3 claimed is:

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 variant comprises amino acid mutation at position 8 and/or position 101 of
SEQ IDNO: 2.

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

th

{a) an amne acid substitution of the 8% Asn residue;
{b) an amino acid substitution of the 101™ Try residue; and
{¢} an amino 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

{a} 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 101™ Try (W) residue with Gly.

4. The composttion of any of claims 1 1o 3, wherein
the mRNA encodes SEQ IDNO: 5,
the mRNA encodes SEQ ID NG: 6; or
the mRNA encodes SEQ ID NO: 7.

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

the mRNA comprises 4 transcript from SEQ 1D NO: §;
the mRNA comprises a transcript from SEQ ID NO: 9; or
the mRNA comprises a transcript from SEQ D NG: 10

6. The composition of any of claims 1 to 5, wherein the mRNA further comprises
a 5" wntranslated region (UTR) and a 3" UTR.

-3

. The composition of claim any of claims 1 1o 6, wherein
the mRNA comprises a transcript froma SEQ 1D KO: 11
the mRNA comprises a transcript from SEQ ID NO: 12; or
the mRNA comprises a transcript from SEQ 1D NG 13,

"R
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8. The composition of any of claims I to 7, wherein the mRNA further comprises
a 5 cap analog; and/or
a poly(A} tail.

9. The composition of claim 8, wherein the 3’ cap analog is 7mG{3ppp{ ¥ )NimpNp.

10, The composition of any of claims 1 to 9, whevein the mRNA comprises a chemical
modification.

11, The composition of claim 10, wherein the chemical modification s a L-methylpsesdouridine
modification.

12 The composition of any of claims 1 to 11, wherein the hipid nanoparticle comprises a cationie

ipid, a non-cationic lipid, a sterol and a polyethyvlene glveol (PEG)-modified lipnd.

13. The composition of any of claims 1 o 12, wherein the lipid nanoparticle comprises 20-70%

catiomic hipid, 5-458% non-cationic lipid, 20-35% sterol, and 0.5-15% PEG-modified hipid.

4. The composition of any of claims 1 1o 13, wherein the lipid nanoparticle comprises 50%

cationic lipid, 10% non-cationic lipid, 38.5% sterol and 1.5% 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 1o 15, wherein the lipid nanoparticle comprises a hipid

bilayer surrounding a core where the mRNA is encapsulated.

17. A vaccine against dengue viras infection which comprises an effective amount of a

composition of any of claims 1 10 16 and a physiologieally acceptable vehicle.

18. The vaccine of claim 17, wherein the dengue virng nfection is cansed by dengue virgs
serotype L {DENVL), dengue vivus serotvpe 2 (DENVD), dengoe virtus serotype 3 (DENVY) andior
dengue virus 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 dengue virus infection, andfor alleviating antibody

dependent enhancement of the dengue virus infection.
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20. A composition of any of claims 1 to 16 for use in immunization against dengue virgs

infection in a subject in need thereof.

21. The composition for use of claim 20, wherein the dengue virus infection is caused by
dengue virus serotype § (DENV1), dengue virus serotype 2 (DENVZ), dengue virus serotype 3

{DENV3) andfor dengue virus serotype 4 {DENV4)

22, The composition for use of claim 20 or 21, wherein the immunization incodes neptralizing
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 Tor manufacturing a medicament for

mmunization against dengue vires infection in a sebject in need thereof.

24, Use of claim 23, wherein the dengne virus infection is caused by dengue viras serotype 1
{DENV1), dengue virus serotype 2 (DENV2), dengue virns serotype 3 (DENV3Y and/or dengue virus
serotype 4 (DENV4).

25, The use of claim 23 or 24, wherein the immunization incudes neutralizing antibodies against
the dengue virgs infection andfor alleviates antibody dependent enhancement of the dengpe vinus

infection in the subject.

26, A method for immunization against dengue virus infection 11 g subiect in need thereof,
comprising;
administering to the sobject in need thereof a therapeutically effective amount of a composition

of any of claims 1 to 16 or a vaccine of any of claim 17 1o 19.
27. The method of claim 26, wherein the amount of the composition or vaceine is effective in
mdncing neutralizing antibodies agaiust the dengue virps infection and/or alleviating antibody

dependent enhancement of the dengue virns infection in the sabject.

28. The method of clatm 26 or 27, whergin the composition is administered to the subject once

or more than once.
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