COMPOSITIONS AND METHODS FOR DENGUE VIRUS CHIMERIC
CONSTRUCTS IN VACCINES

PRIORITY

[0001] This PCT Application claims priority to U.S. Provisional Application No. 61/800,204
filed March 15, 2013. This application is incorporated herein in its entirety by reference for
all purposes.
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[0002] Some embodiments disclosed herein were supported in part by grant number R43
Al084291-01 from the National Institutes of Health. The U.S. Government may have certain
rights to practice the subject invention,

FIELD

[0003| Embodiments hercin report compositions, methods, uses and manufacturing
procedures for denguc virus constructs and vaccine compositions thereof., Some
cmbodiments concern a composition that includes, but is not limited to, chimeric flavivirus
virus constructs that alonc or in combination with other constructs can be used in a vaccine
composition. In certain cmbodiments, compositions can include constructs of more than one
scrotypes of dengue virus, such as dengue-1 (DEN-1) virus, dengue-2 (DEN-2) virus,
dengue-3 (DEN-3) virus and/or dengue-4 (DEN-4) virus, In other embodiments,
manufacturing stratcgy that can improve the safety and genetic stability of recombinant live-
attenuated chimeric dengue vaccine (DENVax) viruses. Certain cmbodiments include at least
one live, attenuated dengue virus in combination with denguc virus chimeric constructs
identified to be both safe and effective in vaccine compositions where the constructs have

undergone additional passages in cell cultures. BACKGROUND

[0004] Infection with dengue virus can lcad to a painful fever of varying severity. To date,
four serotypes of denguc virus have been identified: dengue-1 (DEN-1), dengue-2 (DEN-2),
or dengue-3 (DEN-3) in combination with dengue-4 (DEN-4). Dengue fever is causcd by
infection of a dengue virus, Other subtypes may be discovered in the future (e.g. DEN-5).
Dengue virus serotypes 1-4 can also cause dengue hemorrhagic fever (DIII7), and denguc
shock syndrome (DSS). The most scvere consequences of infection, DHF and DSS, can be
life threatening., Dengue viruses cause 50-100 million cases of dcbilitating denguc fever,

500,000 cases of DHF/DSS, and more than 20,000 deaths each year. To date, there is no
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effective vaccine to protect against dengue fever and no drug treatment for the disease.
Mosquito control efforts have been ineffective in preventing dengue outbreaks in endemic
areas or in preventing further geographic spread of the disease. It is estimated that 3.5 billion
people are threatened by infection with dengue virus. In addition, dengue virus is a leading
cause of fever in travelers to endemic areas, such as Asia, Central and South America, and
the Caribbean.

[0005] All four dengue virus serotypes are endemic throughout the tropical regions of the
world and constitute the most significant mosquito-borne viral threat to humans in tropical
regions, worldwide. Dengue viruses are transmitted to humans primarily by Aedes aegypti
mosquitoes. Infection with one dengue virus serotype results in life-long protection from re-
infection by that serotype, but does not prevent secondary infection by one of the other three
dengue virus serotypes. In fact, previous infection with one dengue virus serotype leads to an
increased risk of severe disease (DHF/DSS) upon secondary infection with a different
serotype. The development of an effective vaccine represents an important approach to the
prevention and control of this global emerging disease. Multiple immunizations make
complete vaccine coverage difficult both for public health efforts in dengue virus endemic
countries as well as travelers.

SUMMARY

[0006] In one aspect, the present disclosure provides a polynucleotide molecule encoding a
modified live, attenuated dengue-2 virus strain PDK-53-V polypeptide molecule, wherein the
polynucleotide molecule comprises: an adenine to guanine mutation at position 592 encoding
a glutamic acid instead of a lysine in the polypeptide molecule at amino acid position 166
corresponding to prM-52; and an adenine to guanine mutation at position 8803 encoding a
valine instead of an isoleucine in the polypeptide molecule at amino acid position 2903
corresponding to NS5-412. In another aspect, the present disclosure provides a polypeptide
molecule encoded by a polynucleotide molecule. In yet another aspect, the present disclosure
provides a modified live, attenuated dengue-2 strain PDK-53-V virus, comprising the
polypeptide molecule as described herein, or represented by a polynucleotide molecule as
described herein.

[0006a] In a further aspect, the present disclosure provides a pharmaceutical composition
comprising a polynucleotide molecule as described herein, a polypeptide molecule as
described herein, or a dengue-2 virus as described herein, and a pharmaceutically acceptable
excipient. In a further aspect, the present disclosure provides the pharmaceutical composition

as described herein for use as a medicament. In a further aspect, the present disclosure
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provides a use of the pharmaceutical composition as described herein in the manufacture of a
medicament for inducing an immune response in a subject.

[0006b] In a further aspect, the present disclosure provides a vector encoding a
polynucleotide molecule as described herein. In a further aspect, the present disclosure
provides a cell comprising the polynucleotide molecule as described herein or the vector as
described herein. In a further aspect, the present disclosure provides an immunogenic
composition comprising a modified live, attenuated dengue-2 strain PDK-53-V virus
represented by a polynucleotide molecule as described herein and a pharmaceutically
acceptable carrier. In a further aspect, the present disclosure provides a composition
comprising one or more live attenuated viruses as described herein and a pharmaceutically
acceptable carrier.

[0006¢] Examples herein concern compositions, methods and uses of chimeric dengue virus
constructs. In some examples, a composition can include chimeric dengue virus constructs
having an attenuated dengue virus backbone with structural genes from at least one other
dengue virus serotype. Other examples concern at least one live, attenuated virus in
combination with one or more chimeric dengue viruses. Other examples can include a
composition of chimeric dengue viruses having a modified DEN-2 backbone (e.g. PDK-53 as
a starting backbone in P1 (passage-1) and passage variability (after passage and growth in
vitro on a permissive cell line) as indicated for P2, P3,...P8..P10 etc.) and one or more
structural components of DEN-1, DEN-2, DEN-3 or DEN-4. In other examples, an
immunogenic composition is generated where when introduced to a subject, the composition
produces an immune response to one or more dengue viruses in the subject. Therefore,
constructs contemplated herein can be generated and passaged in vitro, and each of the
passages provides an attenuated dengue virus contemplated of use in a pharmaceutically
acceptable vaccine composition. In certain examples a live, attenuated virus can be a live,

attenuated dengue-2 virus alone or in combination with one or more chimeric dengue viruses.
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[0007] In certain examples, chimeric dengue virus constructs of dengue virus serotypes can
include passage 7 (P7) live, attenuated viruses or chimeric viruses having nucleic acid
sequences identified by SEQ ID NOS: 1, 4, 7 and 10 or polypeptide sequences indicated by
SEQ ID NOS: 2,3,5,6,8,9, 11 and 12. It is contemplated herein that any of the passages
for any of the live, attenuated viruses described herein can be used in an immunogenic
composition to induce immune responses to the represented dengue viruses (e.g. serotypes 1-
4). In accordance with these examples, an immunogenic composition that includes a P-8
isolated live, attenuated virus can be administered to a subject to induce an immunogenic
response against one or more dengue virus serotypes depending on the construct selected. In
addition, a live, attenuated virus can be combined with one or more of these chimeric viruses.
This is contemplated for each of the live, attenuated viruses isolated/produced in each
subsequent cell passages (e.g. African Green Monkey Vero cell production, hereinafter: Vero
cells). It is contemplated herein that any cell line (e.g. GMP-produced cell bank, FDA or
EMA -approved) capable of producing dengue viruses is of use to passage any of the viral
constructs at a manufacturing scale or as appropriate contemplated herein for subsequent use
in a vaccine or immunogenic composition against Dengue virus.

[0008] In other examples, compositions contemplated herein can be combined with other
immunogenic compositions against other Flaviviruses such as West Nile virus, Japanese
encephalitis or any other flavivirus chimeric construct and/or live, attenuated virus. In certain
examples, a single composition can be used against multiple flaviviruses.

[0009] In certain examples, an immunogenic composition of the present summary can
include chimeric dengue viruses against one or more of DEN-1, DEN-2, DEN-3 and/or DEN-
4, alone or in combination with a live, attenuated dengue virus composition.

[00010] In other examples, a construct can include a construct having adaptive
mutations in the structural or non-structural regions of the virus that increase growth or
production without affecting attenuation or safety of the virus when introduced to a subject.
In certain examples, any of the contemplated chimeric dengue virus constructs can include a
live, attenuated DEN-2 virus having specific mutations used as a backbone where the live
attenuated DEN-2 PDK virus further includes structural proteins of one or more of prM
(premembrane) and E (envelope) structural proteins of the other dengue virus serotypes. In
addition, a DEN-2 backbone can include additional mutations in order to increase production
of or enhance the immune response to a predetermine composition in a subject upon

administration (e.g. chimeric Dengue virus 2/1, 2/3 or 2/4).



[00011] In some examples, structural protein genes can include prM and E genes of
DEN-1, DEN-2, DEN-3 or DEN-4 on a DEN-2 backbone having one or two mutations that
are part of a live, attenuated dengue virus. For example, a dengue construct, in certain
examples can include those constructs termed DENVax-1-A, DENVax-2-F, DENVax-3-F,
and DENVax-4-F (see Example section) where the DEN-2 backbone has one or more
mutations (e.g. not found in the P1 or other previous passaged virus or PDK-53) from the
DEN-2 live, attenuated virus previously demonstrated to be safe and effective to induce an
immune response. The DEN-2 live, attenuated virus of the instant application is an improved
version of the originally used DEN-2 live, attenuated virus. A chimeric construct of the
instant summary can include a modified attenuated DEN-2 PDK-53 backbone, having one or
more structural proteins of the second dengue virus serotype wherein the structural proteins
can include additional mutations to increase an immunogenic response to the chimeric
construct. In some examples, certain mutations acquired by attenuated DEN-2 PDK-53 can
produce a conservative amino acid change or not in a constructs different from the P1
construct which can result in desirable traits for production etc.

[00012] In other examples, a live, attenuated DEN-2 genome can be used to generate
constructs of dengue virus serotype 1 (DEN-1) and dengue virus serotype 3 (DEN-3), dengue
virus serotype 4 (DEN-4) where one or more structural protein genes of the DEN-2 viral
genome can be replaced by one or more structural protein genes of DEN-1, DEN-3 or DEN-4,
respectively. In some examples, a structural protein can be the C, prM or E protein of a
second dengue virus. In certain examples, structural protein genes include the prM and E
genes of DEN-1, DEN-3 or DEN-4. These hybrid viruses express the surface antigens of
DEN-1, DEN-3 or DEN-4 while retaining the attenuation phenotypes of the parent attenuated
DEN-2.

[00013] Constructs disclosed herein can include chimeric constructs of DEN-4, DEN-2,
DEN-1, and DEN-3 expressing surface antigens of DEN-1, DEN-3 and DEN-4 using
attenuated DEN-2 virus as a backbone.

[00014] In certain examples, compositions of the instant summary can include a
composition that comprises a single chimeric dengue virus construct disclosed herein and a
pharmaceutically acceptable carrier or excipient. Alternatively, compositions of the instant
summary can include a composition that comprises two or more, or three or more chimeric
dengue virus constructs disclosed herein, and a pharmaceutically acceptable carrier or
excipient. In accordance with these examples, a one or more dengue virus chimeric constructs

contemplated herein can be combined with one or more, live attenuated dengue
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viruses. In certain examples, a live, attenuated virus can be a live, attenuated DEN-2 virus
wherein additional mutations in the NCR, NS1 regions or other regions increase the immune
response, increase viral growth or other improvement for an improved live, attenuated dengue
virus.

[00015] In certain examples, the attenuation loci, nucleotide 5S’NCR-57-T, NS1-53-
Asp, and NS3-250-Val, of the DENV-2 vaccine have been previously determined, and all of
these changes are shared by the common PDK-53 virus-specific genetic background of the
four DENVax viruses. The genetic sequence of the three attenuation loci as well as the
previously established in vitro and in vivo attenuation phenotypes of these vaccine candidates
were carefully monitored for the cGMP-manufactured DENVax seeds. This report describes
strategies used to generate master virus seeds (MVS) as well as their genetic and phenotypic
characterization of use in the manufacture of dengue virus vaccine compositions. These
MVS can be used for manufacture of clinical materials and ultimately commercial vaccine
supplies.

Brief Description of the Drawings

[00016] The following drawings form part of the present specification and are included
to further demonstrate certain embodiments. Some embodiments may be better understood
by reference to one or more of these drawings alone or in combination with the detailed
description of specific embodiments presented.

[00017] Fig. 1 represents an exemplary chart reflecting an exemplary chimeric
construct of the instant invention, DEN-2/DEN-4 compared to previously generated
constructs and wild type dengue viruses.

[00018] Fig. 2 represents an exemplary histogram plot comparing various responses
using a live, attenuated DEN-2 backbone (with additional mutations) and a second dengue
virus serotype as structural components substituted for the dengue-2 structural components
(e.g. DENVax-1 MVS). This plot illustrates plaque sizes of the DENVax MVS. Wild-type
Dengue viruses and previously published research-grade vaccine candidate viruses were
included for control and comparison. This plot illustrates improved production of the dengue
virus constructs compared to control dengue virus chimeric constructs.

[00019] Fig. 3 represents an exemplary histogram plot that represents temperature
sensitivities of DENVax MVS (Master Virus Seed). Wild type dengue viruses and previously
published research-grade vaccine candidate viruses were included for comparison with the

MVS grade.



[00020] Fig. 4 represents an cxemplary histogram plot that represents viral growth of
DENVax MVS in C6/36 cells compared to controls. Wild-type dengue viruses and research-
grade vaccine candidate viruses were included for comparison with the DENVax MVS.
[00021] Figs. SA-5C represent exemplary plots of neurovirulence in newborn mice.
Pooled results of several experiments summanzing the ncurovirulence of wt DENV-2 16681
virus in CDC-ICR (»=72) and Taconic-1CR (#»=32) newborn mice challenged ic with 10t pfu
of the virus (A). Neurovirulence of DENVax MVS tested in Taconic-ICR mice with a dose of
10* pfu (B) or 10" pfu (C). The numbers of animals tested per group in one experiment (n=16)
or two pooled cxperiments (n=31 or 32) arc indicated.

[00022] Fig. 6 represents an exemplary histogram illustrating plaque size of the
DENVax MVS, WVS, and BVS. Mcan plaque diameters + SD (error bars) of the virus
plaques in Vero or LLC-MK; cells under agarose overlay mcasurcd on day 9 pi. Wild type
DENVs and previously published research-grade vaccine candidate viruses were included for
control and comparison,

[00023] Fig. 7 represents an exemplary histogram plot illustrating growth of DENVax
MSV, WVS, and BVS in C6/36¢ells at two incubation temperatures to verify their retention
of this in vitro attenuation marker after large scale manufacturing,

[00024] Fig. 8 represents an exemplary histogram plotting restricted growth of
DENVax MVS, WVS, and BVS in C6/36 cells. Mean titers & SD (crror bars) of the viruscs
replicated in C6/36 cells 7 days pi. The wt Denguce viruses and previously published
research-grade vaccine candidate viruses were included for comparison.

[00025] Figs. 9A-9B rcpresent exemplary graphs of data of neurovirulence of

DENVax MVS in newborn ICR mice. (A) IC inoculations of the virus at dose of 10* PFU. (B)
IC inoculation of the virus at dose of 10° PFU.

[00026] Fig. 10 rcprescnts an exemplary chart comparing new live, attenuated viruses

to previously gencrated live, attenuated dengue viruses.

Definitions
[00027] As used herein, “a” or “an” may mean onc or more than onc of an item,
100028] As used herein the specification, “subject” or “subjects” may include, but are

not limited to, mammals such as humans or mammals, domesticated or wild, for example
dogs, cats, other houschold pets (e.g. hamster, guinea pig, mousc, rat}, ferrets, rabbits, pigs,
horscs, cattle, prairie dogs, wild rodents, or zoo animals.

100029] As used herein, the terms "virus chimera,” "chimcric virus," "flavivirus
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chimcra" and "chimeric flavivirus” can mean a construct comprising a portion of the
nuclcotide sequence of a dengue-2 virus and furthcr nucleotide sequence that is not from
denguc-2 virus or is from a different flavivirus. A “denguc chimera” comprises at least two
different denguc virus scrotypes but not a different flavivirus. Thus, examples of other
denguc viruscs or flaviviruses include, but are not limited to, scquences from dengue-1 virus,
dengue-3 virus, dengue-4 virus, West Nile virus, Japanese encephalitis virus, St, Louis
cncephalitis virus, tick-borne encephalitis virus, yellow fever virus and any combination
thereof.

100030} As used herein, "nucleic ackd chimera" can mean a construct of the invention
comprising nucleic acid comprising a portion of the nucleotide sequence of a dengue-2 virus
and further nucleotide sequence that is not of the same origin as the nucleotide sequence of
the denguc-2 virus. Correspondingly, any chimeric flavivirus or flavivirus chimera disclosed
herein can be recognized as an example of a nucleic acid chimera,

[00031] As uscd herein, “a live, attenuated virus™ can mean a wild-typc virus, mutated
or selected for traits of usc in vaccine or other immunogenic ¢ompositions whercin some
traits can include reduccd virulence, safety, efficacy or improved growth ctc.
DESCRIPTION

[00032] In the following sections, various exemplary compositions and methods arc
described in order to detail various embodiments. It will be obvious to one skilled in the art
that practicing the various cmbodiments does not require the employment of all or cven

somc of the specific details outlined herein, but rather that concentrations, times and other
specific details may be modified through routine experimentation, In somg cascs, well-
known mcthods or components have not becn included in the description.

[00033] In accordance with embodiments of the present invention, there may be
cmployed conventional molecular biology, protcin chemistry, microbiology, and recombinant
DNA tcchniques within the skill of the art. Such techniques arc cxplained fully in the
literature.  Scc, e.g., Sambrook, Fritsch & Maniatis, Molecular Cloning: A Laboratory
Manual, Sccond Edition 1989, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.; Animal Cell Culture, R. 1. Freshney, ed., 1986).

[00034] Embodiments herein concern compositions, methods and uses for inducing
immune responses against onc or more dengue virus serotypes in a subject, individually or
simultaneously. Tn accordance with these embodiments, attenuated dengue viruses and
nucleic acid chimeras arc gencrated and used in vaccine compositions disclosed herein.

Some embodiments concern modified or mutated dengue constructs or chimeras. Other

7



embodiments concern introducing mutations to modify the amino acid sequences of
structural proteins of dengue viruses wherein the mutation increase immunogenicity to the
virus.

[00035] Live, attcnuated denguce viruscs of all four serotypes have been developed by
passaging wild-type viruses in cell culture. Thesc are some of the most promising live,
attcnuated vaccine candidates for immunization against flavivirus and in particular denguc
virus infection and/or disease. These vaccine candidates have been designated by a
combination of their dengue serotype, the cell line through which they were passaged and
thc number of times they were passaged. Thus, a dengue serotype 1 wild-type virus
passaged in PDK cells 13 times is designated as DEN-1 PDK-13 virus. Other vaceine
candidates are DEN-2 PDK-53, DEN-3 PGMK-30/FRhL-3 (e.g. thirty passages in primary
green monkey kidney cells, followed by three passages in fetal rhesus lung cells and DEN-4
PDK-48). These tour candidate vaccine viruscs were derived by tissue culture passage of
wild-type parcntal DEN-1 16007, DEN-2 16681, DEN-3 16562 and DEN-4 (036 viruses,
respectively,

[00036] In certain embodiments, live, attenuated denguc-2 PDK-53 vaccine virus
contained a mixture of viruses, with the population containing varying nucleotide
differences. After genctic characterization of the attenuating mutations, certain attenuating
characteristics were outlined and enginccred into a cDNA infectious clone. RNA was
transcribed from this infectious clone and introduced into Vero cells as a passage 1 of the
newly characterized and derived PDK-53-Vero-DEN-2-P 1 virus (scc for example, Table
1). This attenuated virus was crcated for each DEN serotype, but for DEN-1, DEN-3 and
DEN-4, the prM and E genes were engineered into 3 separate cDNA infectious clones, thus
gencrating four separate PDK-53-Vero viruses (termed herein as: PDK-53-Vero-DEN-2-P 1,
PDK-53-Vero-DEN-1-P 1, PDK-53-Vero-DEN-3-P 1, and PDK-53-Vero-DEN-4-P

1). Thesce attenuated vaccine virus strains were passaged in Vero cells 10 times (Table 1),
and cach scparatc lincage acquired mutations upon their adaptation to grow in Vero cells
(Tablc 3). Certain embodiments here are directed to derivation and uses for these live,
attenuated dengue viruses.

[00037] Previous human clinical trials with these attenuated viruses have indicated
that DEN-2 PDK-53 has the lowest infoctious dosc (50% minimal infectious dosc of 5
plaque forming units or PFU) in humans, is strongly immunogenic, and produces no
apparent safety concerns, The DEN-1 PDK-13, DEN-3 PGMK-30/FRhL-3 and DEN-4

PDK-48 vaccine virus candidates have higher 50% minimal infectious doses of 10,000,
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3500, and 150 PFU, respectively, in humans. Although only one immunization with
monovalent DEN-2 PDK-53 virus or DEN-4 PDK-48 virus was required to achicve 100%
scroconversion in human subjects, a booster was nceded to achieve the same seroconversion
ratc for DEN-1PDK-13 and DEN-3 PGMK-30/FRhL-3 viruses, which have the two highest
infectious doses for humans.

[00038] DEN-2 PDK-53 virus vaccine candidate, also abbreviated PDK-53, has
several measurable biological markers associated with attenuation, including tempcraturc
sensitivity, small plaque size, decreased replication in mosquito C6136 cell culture,
decreased replication in intact mosquitocs, loss of neurovirulenge for suckling mice and
decreased incidence of vircmia in monkeys. Clinical trials of the candidate PDK-53 vaccine
have demonstrated its safety and immunogenicity in humans. Furthermore, the PDK-53
vaccine induces dengue virus-specific T-cell memory responses in human vaccine recipicents.
Some embodiments herein describe an improvement on the DEN-2 PDK-53 used in
chimeric constructs disclosed herein,

[00039] Immunogenic flavivirus chimeras having a denguc-2 virus backbone and at
lcast one structural protein of another dengue virus scrotype can be used for preparing the
denguc virus chimeras and methods for producing the dengue virus chimeras are described.
Thc immunogenic dengue virus chimeras arc provided, alone or in combination, in a
pharmaccutically acceptable carrier as immunogenic compositions to minimizc, inhibit, or
immunize individuals against infection by one or more scrotypcs, such as dengue virus
serotypes DEN-1, DEN-2, DEN-3 and DEN-4, along¢ or in combination. When combined,
thc immunogenic dengue virus chimeras may be uscd as multivalent vaccines (e.g. bi-, tri-
and tetravalent) to confer simultancous protection against infection by more than one
species or strain of flavivirus. In certain embodiments, the dengue virus chimeras are
combined in an immunogenic composition useful as a bivalent, trivalent or tetravalent
vaccine against the known dengue virus serotypes or confer immunity to other pathogenic
flaviviruses by including nucleic acids encoding one or more proteins from a different
flavivirus.

[00040] In some embodiments, avirulent, immunogenic dengue virus chimcras
provided herein contain the nonstructural protein genes of the attenuated dengue-2 virus
(e.g. PDK-53), or the equivalent thereof, and one or more of the structural protein genes or
immunogenic portions thereof of the flavivirus against which immunogenicity is to be
induced in a subject. For example, some embodiments concern a chimera having attenuated

dengue-2 virus PDK-353 genome as the viral backbone, and one or more structural protein
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gencs encoding capsid, premembrane/membrane, or envelope of the PDK-53 genome, or
combinations thereof, replaced with one or more corresponding structural protein genes
from DEN-1, DEN-3 or DEN-4 or other flavivirus to be protccted against, such as a
different flavivirus or a different dengue virus serotype. In accordance with these
embodiments, a nuclcic acid chimera disclosed herein can have functional propertics of the
attcnuated dengue-2 virus and is avirulent, but cxpresses antigenic epitopes of the structural
gene products of DEN-1, DEN-3 or DEN-4 in addition to other flaviviruses and is
immunogenic (e.g. induces an immune responsc to the gene products in a subject). Then,
these DNA construets are used to transcribe RNA from an infectious clone, this RNA is
introduced into Vero cells again producing a ncw progeny virus at P1. These new progeny
viruscs are distinguishable from PDK-53. (Scc e.g. P1-P10).

[00041] In another cmbodiment, a nucleic acid chimera can be a nucleic acid chimera
having, but not limited to, a first nucleotide sequence encoding nonstructural proteins from
an attenuated dengue-2 virus, and a second nucleotide sequence encoding a structural
protein from denguc-4 virus alone or in combination with another flavivirus, In other
embodiments, the attcnuated dengue-2 virus can be vaccine strain PDK-53 having onc or
more mutated amino acids {scc Examples). These additional mutations confer desirable
traits of usc as live, attenuated dengue-2 or as chimeric constructs described herein. Some
embodiments include structural proteins of one or more of C, prM or E protein of a sccond
dengue virus.

[00042] Other aspects include that chimeric viruses can include nucleotidc and amino
acid substitutions, deletions or insertions for example, in the control PDK-53 denguc-2
genome to reduce interference with immunogenicity responscs to a targeted dengue virus
scrotype. These modifications can be made in structural and nonstructural proteins alone or
in combination with the example moditications disclosed herein and can be generated by
passaging the attenuated virus and obtaining an improved composition for inducing an
immunc response against one or more denguc virus scrotypes.

[00043) Certain embodiments discloscd herein provide for method for making the
chimeric viruses of this invention using recombinant techniques, by inserting the required
substitutions into the appropriate backbone genome. Other embodiments hercin concern
passaging a confirmed (c.g. safe and effective) live, attenuated chimeric virus for additional
improvements, In certain embodiments, a dengue-2 backbone used herein can include one
or more mutations prescnted in Table 3. In other embodiments, a dengue-dengue chimera

of the instant application can include one or more mutations as presented in Tablc 3. Tn yet
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other cmbodiments, a dengue-dengue chimera can include all of the mutations for each
chimera as represented in Table 3 for Den-2/Den-1, Den-2/Den-3 or Den 2/Den-4.
Pharmaccutical compositions that include a live, attenuated virus represented by the
constructs of Tablc 3 arc contemplated. For example, mono-, di-, tri- or tetravalent
compositions are contemplated of use herein using chimeras and live, attcnuated denguc-2
viruses as presented in Table 3.

[00044] In certain embodiments, a live, attenuatcd DEN-2 variant contemplated
herein can be formulated into a pharmaceutical composition wherein the pharmaceutical
composition can be administered alone or in combination with dengue-dengue chimeras or
denguc-flavivirus chimeras. In certain embodiments, a bi | tri or tetravalent compositions
can be administered in a single application or in multiplc applications to a subject.
Flavivirus Chimeras

100045] Dengue virus types 1-4 (DEN-1 to DEN-4) are mosquito-borne flavivirus
pathogens. The flavivirus genome contains a S-noncoding region (5'-NC), followed by a
capsid protein (C) encoding region, followed by a premembrane/membrane protein (prM)
encoding region, followed by an cnvelope protein (E) encoding region, followed by the
region encoding the nonstructural proteins (INS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) and
finally a 3' noncoding region (3'NC). The viral structural proteins are C, prM and E, and the
nonstructural proteins arc NS1-NSS. The structural and nonstructural proteins are translated
as a single polyprotcin and processed by cellular and viral proteases,

[00046] Flavivirus chimcras can be constructs formed by fusing non-structural
protein genes from one type, or serotype, of dengue virus or virus species ot the flaviviridac,
with protein genes, for example, structural protein genes, from a different type, or serotype,
of denguc virus or virus species of the flaviviridac. Altcmatively, a flavivirus chimera of
the invention is a construct formed by fusing non-structural protein genes from one type, or
scerotype, of dengue virus or virus species of the flaviviridac, with further nucleotide
sequences that direct the synthesis of polypeptides or proteins selected from other denguc
virus scrotypes or other viruses of the flaviviridac.

[00047] In other cmbodiments, avirulent, immunogenic flavivirus chimeras provided
herein contain the nonstructural protein genes of the attenuated dengue-2 virus, or the
equivalent thereof, and on¢ or more of the structural protein genes, or antigenic portions
thereof, of the flavivirus against which immunogenicity is to be conferred. Suitable
flaviviruses include, but arc not limited to those listed in Table 1.

100048] Other suitable dengue viruses for use in constructing the chimeras can be
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wild-type, virulent DEN-1 16007, DEN-2 16681, DEN-3 16562 and DEN-4 1036 and
attenuatcd, vaccine-strain DEN-1 PDK-13, DEN-2 PDK-53, DEN-3 PMK-30/FRhL-3 and
DEN-4 PDK-438. Genetic differences between the DEN-1, DEN-2, DEN-3 and DEN-4 wild
type/attenuated virus pairs arc contemplated along with changes in the amino acid
sequences encoded by the viral genomes.

[00049] Sequence listings for DEN-2 PDK-53 correspond to the DEN-2 PDK-53-V
variant, wherein genome nucleotide position 5270 is mutated trom an A to a T and amino
acid position 1725 of the polyprotein or amino acid position 250 of the NS3 protein
contains a valine residue. The DEN-2 PDK-53 variant without this nuclcotide mutation,
DEN-2 PDK-53-E, differs from PDK-53-V only in this onc position. DEN-2 PDK-53-E has
an A at nuclcotide position 5270 and a glutamate at polyprotcin amino acid position 1725,
NS3 protein amino acid position 250. [t is understood that embodiments herein include
modified PDK 53 that include one or more passages in a separate host cell (e.g. Vero cells,
see Table 1) where desirable traits of usc in vaccine compositions contemplated hercin arc
generated.

[00050] In certain cmbodiments, designations of the chimeras can be based on the
DEN-2 virus-specific infectious clonc modificd backbones and structural genes (prM-E or
C-prM-E) insert of other denguc viruses or other flaviviruses. DEN-2 for the dengue-2
backbone, followed by the strain from which the structural genes are inserted. One DEN-2
backbone variant is reflected in the next letter after the number designation, One particular
DEN-2 backbone variant from which the chimera was constructed is indicated by the
following letter placed after a hyphen, parent 16681 (P), PDK-53-E (E), or PDK-53-V (V)
the last Ictter indicates the C-prM-E structural genes from the parental (P) strain or its
vaccine derivative (V) or the prM-E structural gencs from the parental (P) or its vaccine
derivative (V1). For cxample; DEN-2/1-VP denotes the chimera comprising the attenuated
DEN-2 PDK-53V backbone comprising a valine at N§S3-250 and the C-prM-E gencs from
wild-type DEN-1 16007; DEN-2/1-VV denotes the DEN-2 PDK-53V backbone with the
vaccing strain of dengue-1, DEN-1 PDK-13; DEN-2/1-VP1 denotes the DEN-2 PDK-53V
backbone and the prM-E genes from wild-type DEN-1 16007; DEN-2/3-VP1 denotes the
DEN-2 PDK-53V backbone and the prM-E genes from wild-type DEN-3 16562; DEN-
2/4VP1 denotes the DEN-2 PDK-53V backbone and the prM-E genes from wild-type DEN-
4 1036. Other chimeras disclosed hercin are indicated by the samc manner.

[00051] In one embodiment, chimeras disclosed herein contain attcnuated dengue-2

virus PDK-53 genome as the viral backbone, in which the structural protein genes encoding

12



C, prM and E protcins of thc PDK-53 genome, or combinations thereof, can be replaced
with the corresponding structural protein genes from dengue-1, dengue-3 or dengue-4 virus
and optionally, another flavivirus to be protected against, such as a different flavivirus or a
different dengue virus strain,

[00052] In the nonstructural protein regions, a Gly-to-Asp (wild type-to-PDK-53)
mutation was discovered at nonstructural protein NS1-53 (genome nucleotide position
2579); a Leu-to-Phe (wild type-to-PDK-53) mutation was discovered at nonstructural
protein NS2A-181 (genome nucleotide position 4018); a Glu-to-Val (wild type-t0-PDK-53)
mutation was discovered at nonstructural protein NS3-250 (genome nucleotide position
5270); and a Gly-to-Ala mutation (wild type-to-PDK-53) was discovered at nonstructural
protcin NS4A-75 (gcnome nucleotide position 6599). The live, attenuated DEN-2 virus of
the instant invention further includes mutations as presented in any chimera or live,
attenuated dengue-2 virus of Table 3.

[00053] PDK-53 virus strain has a mixcd genotype at genome nuclcotide 5270. A
significant portion (approximately 29%) of the virus population encodes the non-mutated
NS3-250-Glu that is present in the wild typc DEN-2 16681 virus rather than the NS3-250-
Val mutation. As both genetic variants are avirulent, this mutation may not be necessary in
an avirulent chimera,

[00054] Previously, it was discovered that avirulence of the attenuated PDK-53 virus
strain can be attributed to mutations in the nucleotide scquence encoding nonstructural
proteins and in the 5’ nonceding region. For example, a single mutation at NS1-53, a double
mutation at NS1-53 and at 5SNC-57, a double mutation at NS1-53 and at NS3-250 and 4
triplc mutation at NS1-53, at 5’NC-57 and at NS83-250Q, result in attcnuation of the DEN-2
virus. Thercfore, the genome of any dengue-2 virus containing such non-conservative
amino acid substitutions or nucleotide substitutions at these loci can be used as a basc
sequence for deriving the modified PDK-53 viruses disclosed herein. Another mutation in
the stem of the stcm/loop structure in the 5' noncoding region will provide additional
avirulent phenotype stability, if desired. Mutations to this region disrupt potential secondary
structures important for viral replication. A single mutation in this short (only 6 nucleotide
residues in length) stem structurc in both DEN and Venczuelan equine encephalitis viruses
disrupts the formation of the hairpin structurc. Further mutations m this stem structure
decrease the possibility of reversion at this locus, while maintaining virus viability.

[00055] Mutations disclosed herein can be achicved by any method known in the art

including, but not limited to, naturally-occurring or sclected clones having additional
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teaturcs once passaged in a cell line of interest (e.g. Vero cells). 1t is understood by those
skilled in the art that the virulence screening assays, as described herein and as are well
known in the art, can be uscd to distinguish between virulent and avirulent backbone
structurcs.

Construction of Flavivirus Chimcras

[00056] Flavivirus chimeras described herein can be produced by splicing onc or
more of the structural protein genes of the flavivirus against which immunity is desired into
a PDK-53 dengue virus genome backbone, or othcr methods known in the art, using
recombinant engineering to remove the corresponding PDK-53 gene and replace it with a
dengue-1, dengue-3 or dengue-4 virus gene or other gene known in the art.

(00057 Alternatively, using the sequences provided in the sequence listing, the
nucleic acid molccules cncoding the flavivirus proteins may be synthesized using known
nucleic acid synthesis techniques and inserted into an appropriate vector. Avirulent,
immunogenic virus is therefore produced using recombinant engineering techniques known
to those skilled in the art,

[00058] A target gene can be inserted into the backbone that encodes a flavivirus
structural protein of intcrest for DEN-1, DEN-3, DEN-4 or other flavivirus. A flavivirus
gene to be inscrted can be a gene encoding a C protein, a PrM protein and‘or an E protein.
The sequence inserted into the dengue-2 backbone can encode both PrM and E structural
proteins. The sequence inserted into the dengue-2 backbone can encode all or one of C, prM
and E structural proteins.

[00059] Suitablc chimeric viruses or nucleic acid chimeras containing nuclcotide
sequences cncoding structural proteins of other flaviviruses or denguc virus serotypes can
be cvaluated for usefulness as vaccines by screening them for the foregoing phenotypic
markers of attenuation that indicate avirulence and by screening them for immunogenicity,
Antigenicity and immunogenicity can be evaluated using in vitro or in vivo reactivity with
flavivirus antibodics or immunoreactive serum using routine screcning procedures known to
thosc skilled in the art.

Dengue Virus Vaccines

{00060} In certain embodiments, chimeric viruses and nucleic acid chimeras can
provide live, attenuated viruses uscful as immunogens or vaccines. Some embodiments
include chimeras that cxhibit high immunogenicity to dengue-4 virus while producing no
dangerous pathogenic or Icthal ctfects.

[00061] To reduce occurrence of DHE/DSS in subjects, a tetravalent vaccine is
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needed to provide simultancous immunity for all four serotypes of the virus, A tetravalent
vaceine is produced by combining a live, attenuated dengue-2 virus of the instant
application with dengue-2/1, dengue-2/3, and dcngue-2/4 chimeras described above ina
suitable pharmaceutical carrier for administration as a multivalent vaccine.

[00062] The chimeric viruses or nucleic acid chimeras of this invention can include
structural genes of cither wild-type or live, attenuated virus in a virulent or an attenuated
DEN-2 virus backbonc. For cxamplc, the chimera may express the structural protcin genes
of wild-type DEN-4 1036 virus, its candidate vaccine derivative in ¢ither DEN-2
backgrounds.

[00063] Viruscs uscd in the chimeras described herein can be grown using techniques
known in the art. Virus plaque titrations are then performed and plaques counted in ordcr to
assess the viability and phenotypic characteristics of the growing cultures. Wild type viruses
can be passaged through cultured cell lines to derive attenuated candidate starting materials,
[00064] Chimeric infectious clones can be constructed from the various dengue
serotype clones available. The cloning of virus-specific cDNA fragments can also be
accomplished, if desired. The cDNA fragments containing the structural protein or
nonstructural protein genes are amplified by reverse transcriptasc-polymerase chain reaction
(RT-PCR) from dengue virus RNA with various primers. Amplificd fragments are cloned
into the cleavage sites of other intermediate clones. Intcrmediate, chimeric denguc virus
clones are then sequenced to verify the accuracy of the inscrted dengue virus-specific cDNA.,
[00065] Full genome-length chimeric plasmids constructcd by inscrting the structural
protein and/or nonstructural protein genc region of denguce scrotype viruses into vectors are
obtainable using recombinant techniques well known to those skilled in the art.

Nucleotide and Amino Acid Analysis

[00066] The NS1-53 mutation in the DEN-2 PDK-53 vaccine virus 1s significant for
the attenuated phenotype of this virus, because the NS1-53-Gly of the DEN-2 16681 virus is
conserved in nearly all flaviviruscs, including the tick-borne viruses, sequenced to date.
DEN-4 vaccine virus can also contain an amino acid mutation in the NS1 protein at position
253. This locus, which is a Gln-to-His mutation in DEN-4 PDK-48 vaccine virus, is Gln in
all four wild serotypes of dengue virus. This Gln residuc is unique to the dengue viruscs
within the flavivirus genus. The NST protein is a glycoprotein that is secreted from
flavivirus-infected cells. Tt is present on the surface of the infected cell and NS1-specific
antibodics are present in the serum of virus-infected individuals. Protection of animals
immunized with NST protein or passively with NS1-specitic antibody has been reported.
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The NS1 protein appears to participate in carly viral RNA replication,

[00067] The mutations that occurrcd in the NS2A, NS2B, NS4A, and NS4B proteins
of the DEN-1, -2, -3 and -4 attenuated strains arc conservative in nature, The NS4A-75 and
NS4A-95 mutations of DEN-2 and DEN-4 vaccine viruses, respectively, occurred at sites of
amino acid conservation among Jengue viruscs, but not among flaviviruses in general,
[00068] The flaviviral NS3 protein possesses at least two recognized functions: the
viral proteinase and RNA helicase/NTPase. The 698-aa long (DEN-2 virus) NS3 protein
contains an amino-fermingl serine protease domain (NS3-51-His, -75-Asp, -135-Ser
catalytic triad) that is followced by sequence motifs for RNA helicase/N'I'Pase functions
(NS3-196-GAGKT (SEQ ID NO:147), -284-DEAH, -459-GRIGR). None of the mutations
in the NS3 proteins of DEN-1, DEN-2, or DEN-3 virus occurred within a recognized motif.
The NS3-510 Tyr-to-Phe mutation in DEN-1 PDK-13 virus was conservative. Since the
wild-type DEN-2, -3 and -4 viruses contain Phe at this position, it is unlikely that the Tyr-
to-Phe mutation plays a role in the attcnuation of DEN-1 virus. The NS3-182 Glu-to-Lys
mutation in DEN-1 PDK-13 virus occurred at a position that is conserved as Asp or Glu in
most mosquito-borne flaviviruses and it may play some role in attenuation. This mutation
was located 15 amino acud residues upstrcam of the GAGKT hclicase motif. As noted in
previous reports, the NS3-250-Glu in DEN-2 16681 virus is conserved in all mosquito-
borne flaviviruses except for yellow fever virus.

[00069] Nucleic acid probes sclectively hybridize with nucleic acid molecules
encoding the DEN-1, DEN-3 and DEN-4 viruscs or complementary scquences thereof. By
"sclective” or "selectively” is meant a sequence which does not hybridize with other nucleic
acids to prevent adequate detection of the dengue virus, Therefore, in the design of
hybridizing nucleic acids, sclectivity will depend upon the other compongents present in a
sample. The hybridizing nuclcic actd should have at least 70% complementarity with the
segment of the nucleic acid to which it hybridizes. As used herein to describe nucleic acids,
the term "selectively hybridizes™ excludes the occasional randomly hybridizing nucleic
acids, and thus, has the same meaning as "specifically hybridizing.” The selectively
hybridizing nuclcic acid of this invention can have at Icast 70%, 80%, 85%, 90%, 95%,
97%, 98%, and 99% complementarity with the scgment of the scquence to which it
hybridizcs, preferably 85% or more,

[00070] Sequences, probes and primers which selectively hybridize to the encoding
nucleic acid or the complementary, or opposite, strand of the nucleic acid are contemplated.

Specific hybridization with nucleic acid can occur with minor modifications or substitutions
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in the nucleic acid, so ltong as functional species-specific hybridization capability 15
maintained. By "probe" is meant nucleic acid sequences that can be used as probes or
primers tfor selective hybridization with complementary nucleic acid scquences for their
detection or amplification, which probes can vary in length from about 5 to 100 nucleotides,
or preferably from about 10 to S0 nucleotides, or most preferably about 18-24 nuclcotides.
[00071) If uscd as primers, the composition preferably includes at least two nucleic
acid mulecules which hybridizce to different regions of the target molecule o as to amplify a
desired region. Depending on the length of the probe or primer, the target region can range
between 70% complementary bascs and full complementarity and still hybridize under
stringent conditions. For example, for the purpose of dcetecting the presence of the denguc
virus, the degree of complementarity between the hybridizing nucleic acid (probe or primer)
and the sequence to which it hybridizces is at Icast enough to distinguish hybridization with a
nucleic acid from other organisms,

(00072 Nucleic acid sequences encoding the DEN-4, DEN-3 or DEN-1 virus (¢.g.
structural clements) can be inserted into a vector, such as a plasmid, and recombinantly
expressed in a living organism (e.g. into a dengue-2 backbone) to produce recumbinant
denguc virus peptides and/or polypeptides and/or viruses.

Nuclcic Acid Detection Methods

[00073] A rapid genetic test that is diagnostic for each of the vaccine viruscs
described herein is provided by the current invention. This embodiment of the invention
enthances analyses of viruses isolated from the serum of vaccinated humans who developed
a vircmia, as well ag enhancing charactcrization of viremia in nonhuman primates
immunized with the candidate vaccine viruses.

[00074] These sequences include a diagnostic TagMan probe that serves to report the
detection of the cDNA amplicon amplified from the viral genomic RNA template by using a
reverse-transciptasc/polymerase chain reaction (RT/PCR), as well as the forward and
reverse amplimers that arc designed to amplify the cDNA amplicon, as described below. In
certain instances, onc of the amplimers has been designed to contain a vaccine virus

specific mutation at the 3'-terminal end of the amplimer, which cffectively makes the test
even more specific for the vaccine strain because extension of the primer at the target sitc,
and conscquently amplification, will occur only if the viral RNA template contains that
speeific mutation,

[00075) Automated PCR-based nucleic acid sequence detection system can be used,

or other known technology tor nucleic acid detection. The TaqMan assay is a highly
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specific and sensitive assay that permits automated, real time visualization and quantitation
of PCR-generated amplicons from a sample nuclcic acid template. TagMan can determine
the presence or absence of a specific sequence. In this assay, a forward and a reverse primer
arc designed to anneal upstream and downstream of the target mutation site, respectively. A
specific detector probe, which is designed to have a mclting tempceraturc of about 10.degree.
C. higher than cither of the ampiimers and countaining the vaccine virus-specific nucleotide
mutation or its complement (depending on the strand of RT/PCR amplicon that is being
detected), constitutes the third primer component of this assay.

[00076] A probe designed to specifically detect a mutated locus in one of the vaccine
viral genomes will contain the vaccine-specific nucleotide in the middle of the probe. This
probe will result in detectable fluorcscence in the TaqMan assay if the viral RNA template
is vaccine virus-specific. However, genomic RNA templates from wild-type DEN viruses
will have decreased efficiency of probe hybridization because of the single nucleotide
mismatch (in the case of the parental viruses DEN viruscs) or possibly morc than one
mismatch (as may occur in other wild-type DEN viruses) and will not result in significant
fluorcscence. The DNA polymerase is more likely to displace a mismatched probe from the
R17PCR amplicon template than to cleave the mismatched probe to release the reporter dye
{TagMan Allelic Discrimination assay, Applied Biosystems).

[00077] One strategy for diagnostic genetic testing makes use of molecular beacons.
Thc molecular beacon strategy also utilizes primers for RT/PCR amplification of amplicons,
and detection of a specific sequence within the amplicon by a probe containing reporter and
quencher dyes at the probe termini. In this assay, the probe forms a stem-loop structurc. The
molecular beacons assay cmploys quencher and reporter dycs that differ from those used in
the TaqMan assay.

Pharmaceutical Compositions

[00078] Embodiments hercin provide for administration of compositions to subjects
in a biologically compatible form suitablc for pharmaccutical administration in vive. By
"biologically compatible form suitablc for administration in vivo" is meant a form of the
active agent (c.g. pharmaceutical chemical, protein, gene, of the embodiments) to be
administered in which any toxic effects are outweighed by the therapeutic effects of the
active agent, Administration of a therapeutically active amount of the therapeutic
compositions is defined as an amount effective, at dosages and for periods of time necessary
to achicve the desired result. For example, a therapeutically active amount of « compound

may vary according to factors such as the discasc state, age, sex, and weight of the
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individual, and the ability of antibody to ¢licit a desired response in the individual. Dosage
regima may be adjusted to provide the optimum thcrapeutic response.

[00079] In one embodiment, the compound (c¢.g. pharmaccutical chemical, protein,
peptide etc. of the embodiments) may be administered in a convenient manner, for example,
subcutaneous, intravenous, by oral administration, inhalation, intradermal, transdermal
application, intravaginal application, topical application, intranasal or rectal administration.
Depending on the route of administration, the active compound may be contained in a
protective buffer (¢.g. FTA, F127/trchalosc/albumin). In one embodiment, a composition
may be orally administered. Tn another embodiment, the composition may be administered
intravenously. In onc embodiment, the composition may be administered intranasally, such
as inhalation, Tn yet another embodiment, the composition may be administered
intradermally using a needle-free system (e.g. Pharmajct® ) or other intradermal
administration system.

[00080] A composition may be administered to a subject in an appropriate carricr or
dilucnt, co-administered with enzyme inhibitors or in an appropriate carrier such as
liposomes. The term "pharmaceutically acceptable carrier" as used herein is intended to
includc dilucnts such as saline and aqueous buffer solutions, It may be necessary to coat the
compound with, or co-administer the compound with, a material to prevent ity inactivation.
The active agent may also be administered parenterally, or intraperitoneally, Dispersions
can also be prepared in glycerol, liquid polyethylene glycols, and mixtures thercot and in
oils. Undcr ordinary conditions of storage and use, these preparations may contain a
prescrvative to prevent the growth of microorganisms or other stabilizing formulation (c.g.
FTA).

[00081] Pharmaccutical compositions suitable for injcctable usc may be administered
by means known in the art. For cxample, sterile aqucous solutions (where water soluble) or
dispersions and sterile powders for the cxtemporancous preparation of stcrile injectable
solutions or dispersion may be used. In all cascs, the composition can be sterile and can be
fluid to the extent that casy syringability cxists. It might be stablc under the conditions of
manufacturc and storage and may be preserved against the contaminating action of
microorganisms such as bacteria and fungi, The pharmaceutically acceptable carrier can be
a solvent or dispersion medium containing, for example, water, ethanol, polyol (for example,
glycerol, propylene glycol, and liquid polyetheylene glycol, and the like), and suitable
mixturcs thereof. The proper fluidity can be maintained, for example, by the use of a

coating such as lecithin, by the maintenance of the required particle size in the case of
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dispersion and by the use ot surtactants. Prevention of microorganisms can be achicved by
heating, exposing the agent to detergent, irradiation or adding various antibacterial or
antifungal agents.

[00082] Sterile injectable solutions can be prepared by incorporating active
compound (e.g. a compound that induces an immunc response to one or more dengue virus
serotypes) in the required amount in an appropriate solvent with onc or a combination of
ingredients enumerated above, as required, followed by filtered sterilization.

[00083] Upon formulation, solutions will be administered in a manncr compatible
with the dosage formulation and in such amount as is therapeutically cffective. The
formulations arc casily administered in a variety of dosage forms, such as the type of
injectable solutions described above. [t is contemplated that compositions are especially
suitable for intramuscular, subcutaneous, intradermal, intranasal and intraperitoneal
administration. A particular ratio may be sought such as a 1:1, 1:2 or other ratio (e.g. PFUs
of a given dengue virus serotvpe)

[00084] The active therapeutic agents may be formulated within a mixture
predetermined ratios. Single dose or multiplc doscs can also be administered on an
appropriatc schedule for a given situation (e.g. prior to travel, outbreak of dengue fever).
[00085] In another embodiment, nasal solutions or sprays, aerosols or inhalants may
be used to deliver the compound of interest. Additional formulations that are suitable for
other modes of administration include suppositorics and pessaries.

[00086] Certain formulations can include cxcipicnts, for example, pharmaceutical
gradcs of mannitol, lactose, starch, magnesium stcarate, sodium saccharine, cetlulose,
magnesium carbonate and the like.

[00087] A pharmaccutical composition may be prepared with carricrs that protect
active ingredients against rapid climination from the body, such as time-release
formulations or coatings. Such carriers include controlled release formulations, such as, but
not limited to, microencapsulated delivery systems, and biodegradable, biocompatible
polymers, such as ethylenc vinyl acetate, polyanhydrides, polyglycolic acid, polyorthoesters,
polylactic acid and others are known.

[00088] Pharmaceutical compuositions arc administered in an amount, and with a
frequency, that is cffective to inhibit or alleviate side cffects of a transplant and/'or to reduce
or prevent rejection. The precise dosage and duration of treatiment may be determined
empirically using known testing protocols or by testing the compositions in model systems
known in the art and extrapolating therefrom. Dosages may also vary with the severity of
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the condition. A pharmaceutical composition is generally formulated and administered to
cxert a therapeutically useful effect while minimizing undesirable side effects. In gencral,
dosc ranges from about 10” to 10° PFU can be administered initially and optionally,
followed by a second administration within 30 days or up to 180 days later, as nceded. In
certain embodiments, a subject can receive dual administration of a mono, bi-, tri or
tetravalent composition disclosed herein whercein the composition is a single composition
mixture or has predetermined compositions of different dengue virus serotypces. In some
embodiments, a DEN2/4 chimera can be present in higher concentrations than other dengue
virus serotypes such as a live, attenuated dengue-1.

[00089] It will be apparcnt that, for any particular subject, specific dosage regimens
may be adjusted over time according to the individual need.

[00090] In one cmbodiment, a composition disclosed herein can be administered to a
subject subcutaneously or intradcrmally.

[00091] The pharmaceutical compositions containing live, attenuated dengue viruses
may be administered to individuals, particularly humans, for cxample by subcutaneously,
intramuscularly, intranasally, orally, topically, transdcrmally, parenterally, gastrointestinally,
transbronchially and transalveolarly. Topical administration is accomplished via a topically
applicd cream, gel, rinse, etc. containing therapeutically cffcctive amounts of inhibitors of
serinc protcascs. Transdermal administration is accomplished by application of a ¢ream,
rinsc, gel, etc. capable of allowing the inhibitors of scrine protcases to penetrate the skin and
enter the blood stream. In addition, osmotic pumps may be uscd for administration. The
nccessary dosage will vary with the particular condition being treated, method of
administration and rate of clcarance of the molecule from the body.

[00092) In certain cmbodiments of the methods of the present invention, the subject
may be a mammal such as a human or a veterinary and/or a domesticated animal or
livestock or wild animal,

Therapeutic Methods

[00093} In one embodiment of the present invention, methods provide for inducing
an immunc response to dengue virus serotype(s) using a mono, bi-, tri or tetravalent
formulation of live, attenuated and/or chimeric viral constructs contcmplated herein.
[00094] Embodiments of the present invention is further illustrated by the following
non-limiting cxamples, which are not to be construed in any way as imposing limitations
upon the scope thereof. On the contrary, it is to be clearly understood that resort may be had

to various other embodiments, modifications, and cquivalents thercof which, after reading

21



the description herein, may suggest themselves to thosce skilled in the art without departing
from the spirit of the present invention or the scope of the appended claims.

EXAMPLES

[00095] The following examples are included to demonstrate certain embodiments
presented herein. 1t should be appreciated by those of skill in the art that the techniques
disclosed in the Examples which follow represent techniques discovered 1o function well in
the practices disclosed herein, and thus can be considered to constitute preferred modes for
its practice. However, those of skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in particular cmbodiments which are disclosed
and still obtain a like or similar result without departing from the spirit and scope herein.
Example 1

100096] In some exemplary methods, compositions used to generate as referred to
herein as “master virus seeds (MVS)” are disclosed. These compusitions may be derived
trom one or more live, attenuated dengue viruses, such as DEN-1, DEN-2, DEN-3, and
DEN-4. In certain methods, compositions may be derived from one vr more live attenuated
Dengue viruscs that include but are not limited to, specific construets disclosed herein
referred to as DENVax-1, DENVax-2, DENVax-3, and DENVax-4. Tn other exemplary
methods, strategics uscd to generate and characterize these compositions are provided.  In
yet other embodiments, tctravalent dengue virus formulations and genetic and phenotypic
characterization of these formulations are provided.

Production and analysis of pre-master DENVux viruses

[00097] Certain procedures were performed to generate pre-master dengue virus
sceds, such as serial amplification and purification of denguc viruses (¢.g. DENVax). First,
DENVax viruses were re-derived by transfection of viral RNA transcribed from the full-
length recombinant DENVax ¢DNA into production-certificd cclls (¢.g. Vero cells),
resulting in PI (passage 1) virus seed. The four P1 viruscs from cach of dengue-1 to
denguc-4 were then amplified and plaque purified to obtain the candidate pre-master
vaccine P7 seeds (see Table 1). Certain tests were performed to analyze passages of dengue
viruses. For examplc, full-length genome sequencing demonstrated that all four of the P2
(passage 2) sced viruses were genetically identical to their homologous progenitor,
research-derived, rescarch-grade candidate vaccine virus. The original plaque phenotypes
were also retained in the P2 viruses. Six plaque purified viruses (P3 A-F) were isolated for
each serotype of dengue virus (e.g. DENVax1-4) from the P2 seeds, and each isolated
plaque was dircetly plaque purified two more times, The third plaque purification (PS) of
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cach virus was amplified twice (P6 A-F and P7 A-F) in Vero cells to produce the potential
pre-master P7 DENVax seeds (Table 1),
Table 1 Example of a cGMP Rederivation of DENVax Viruscs in WCB-Vero Cells

Passage | Seed Production/Purification Characterizations
P1 Transfect W(CB-Vero with transcribed viral RNAs Plaquc titrate
P2 Amplify P1 virus Full genome sequence
P3 Pick 6 plaques (A -F)scrotype from P2 plaque assay | Plaque purification
P4 Pick plaques A-F from P3 plaque assay Plaque purification
) Pick plaques A-F from P4 plaque assay Plaque purification
P6 Amplify P5 A-F plaques Plaquc titratc
Full genome sequence,
pP7 Pre-master seeds: Amplify P6 A-F TagMAMA, Plaque
phenotypes
pg* MVS: Amplify selected P7 virus seed Full genetic gnd phenotypic
characterization
. - . Full genome scquence
( 4 . D ot > cAac =) 3
P9 WVS: Amplify P8 Master Seed viruses TagMAMA
Full genome scquence,

P10 BVS: Amplity PY Working Seed viruses

TagMAMA

* Onc optimal P7 sced (A, B, C, D, E, or F) was selected based on the genetic and plaque
analysis to make P& MV S

[00098] Some tests were further performed to characterize P7 DENVax seeds, such
as analysis of genome scquences and plaque phenotypes of the P7 seeds, and comparison
with P2 seeds (Table 2). Plaque phenotypes of the P7 viruses were generally similar to
thosc of the P2 seeds. In some exemplary experiments, virus titers were monitored. Virus
titers reached over 6.0 log pfu/ml for most of the P7 seeds, except tor § viruses. Genome
sequencing of more than 60 candidate vaccing virus sceds after 10 or more scrial passages
in Vero cells identified no reversion event at N§1-53 and NS3-250 of the three major
attenuation determinants of the DENV-2 PDK-53 genctic vector, suggesting that these 2
loci are quite stable in candidate vaccine virus seeds. All sequence chromatograms of the
24 candidate strains generated from both forward and reverse sequencing for these two sites
were homogenous without any minor nucleotide populations cvident at the NS1-53 and
NS3-250 genetic loci. In contrast to the NS 1 and NS3 sites, different levels of reversions at
the 5'NCR-57 attenuation locus were identified from multiple scrially passaged research
grade vaccine viruscs, suggesting this locus might not be as stable as NS1 and NS3 after

multiple passages in cell culture. Therefore, a sensitive mismatch amplification assay
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(TagMAMA) was developed to accurately measure the reversion rate at the S’NCR-57
locus by real-time RT-PCR. 1n some studies, the 5"NCR-57 rcversion rates of all 24 of the
P7 sceds were measured by the TaqMAMA. Depending on the concentration of the input
viral RNA for each virus in the assay, the sensitivity limit of the TagMAMA ranged
between 0.01% and 0.07% rcversion, which is much more sensitive than the 10-30%
reversion sensitivity limit detectable by consensus genome sequence analysis. The resulting
data illustrates that 15 of the 24 P7 viruses had minimal or undctectable reversion (< 0.07%),
one virus (DENVax-3-D) had almost 100% reversion, and 8 viruses (1 DENVax-1, 1
DENVax-2, 2 DENVax-3, and 4 DENVax-4) had partial reversion ranging from 0.08% to
12.85% (Table 2). Full-length genome sequencing was conductcd for 16 of the 24 P7
viruses with low levels of S"NCRS7 reversion as measured by TagMAMA., All the
sequenced viruscs maintained the other two DENVax attenuation determinants (NS1-53,
NS3-250), and all had acquired additional mutations that were not present in the original,
enginecred recombinant cDNA clones (Table 2). In one exemplary target vaccine
composition, DENVax-1-A, DENVax-2-F, DENVax-3-F, and DENVax-4-F were selected
as target pre-master sced for cach scrotype because their genotypes and plaque phenotypes
most closely resembled thosc of the originally designed vaccine recombinants. The
DENVax-1-A, DENVax-2-F, and DENVax-4-F had two non-synonymous mutations, and
the DENVax-3-F had onc. The cvidence suggests these additional mutations observed in
these 4 pre-master sceds do not cause safety concerns or immunogenicity alterations for the
viruses. Thesc pre-master sceds were further amplified to generate the MVS (master seed,
designated as P7, Table 1).

[00099] Exemplary methods provided hercin used purified in-vitro transcribed viral
RNA from cloned ¢cDNA plasmid as the pure sourcc to transtect vaccine-certified Vero cells
to generate vaccine virus. Serial plaque purifications and full-genome sequence analyscs
were incorporated into the manufacturing procedures to ensure manufactured vaccine sceds
with optimal purity and genetic stability. Six cloned viruses were prepared as potential pre-
mastcr seeds for each serotype of DENVax. Through genomic analysis, including
TagMAMA and complcte genomic sequencing, as well as characterization of viral plaque
phenotypes, pre-master sceds were chosen 10 advance to master virus seeds production for
each serotype (scrotypes 1-4). The selected pre-master secds had undetectable reversions
(<0.01% or <0.07%) at the 5’NCR-57 locus, with 1 or 2 amino acid substitutions in their

genomes, and retaincd the small plaque phenotypes previously observed.

24



Table 2. Characterizations of pre-master (P7) seeds

Logio
Virus Clone® | TagMAMA” | pfu/ml | Plaquc® | Mutations identified in genome”
DENVax-1 A i 6.85 P2 NS2A-116 [-L, NS2B-92 E-D, one silent
B * 6.93 P2 nd®
C ¥ 6.93 D nd
D ¥ 7.02 D C-67 K-A; onc silent
E 0.57% 7.28 P2 nd
F = 7.18 P2 E473 T-M; onc silent
DENVax-2 A 0.03% 6.33 P2 NS1-341 K-N
B * 6.33 P2 E-305 K-T, two silent
C * 5.84 i i NS4A-18 T-A, four silent
D 0.08% 6.20 P2 NS2B-99 1I-L, one 3NCR
E 0.03% 6.31 P2 prM-52 K-E, NS5-412 1-V, two silent
F *¥ 6.15 P2 prM-52 K-E, NS5-412 I-V
DENVax-3 A * 6.00 P2 NS5-200 K-N, one silent, one 3'NCR
B 0.05% 6.27 P2 NS2A-33 I-T, NS2A-59 M-T
C 0.30% 6.25 P2 nd
D 100.00% 6.27 P2 nd
E 0.31% 6.00 P2 nd
F b 6.30 P2 E-223 T-S, one silent =
DENVax-4 A 0.47% 5.60 P2 E323 K-R/K, NS2B-21 L-F/L, NS2B-39
T-S, one silent
B * 5.65 D NS2A-126 A-V; NS4A-5 N-D;NS5-383
K-R, one silent
o 4.50% 5.90 P2 nd
D 12.85% 5.97 D nd
E 0.52% 6.85 S prM-85 E-D, NS2B-45 T-A, NS5-320 M-
T, NS5-551 E-G, two silent
F 0.02% 6.93 S NS2A-66 D-G, NS4A-21 A-V, four silent

*Cloned viruses (by serial plaque purifications) selected for further development of MVS are designated bold.
b*; Reversion rate < 0.07% (detection limit). *¥: Reversion rate < 0.01% (detection limit)
¢ Plaque phenotypes: P2: similar (o P2 virus; L = larger than P2 virus, D = similar size, but appear somewhat different in clearness of the

laques; S = smaller than P2.

‘Substitutions differing from (he engineered DENVax cDNA clones. Amino acid mulations are listed with residue position of the virus
protein and the changes (wt-mutation). Total number of silent mutations in structural and non-structural genes ol each seed is listed.
Mutations at non-coding region (NCR) are also noted.
“nd = Not done. These clones had higher ’NCR-57 reversion rates (by TaqMAMA) than other clones, so were excluded from further

sequence analysis.

Example 2
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[000100] [n some cxemplary methods, compositions of master virus seeds, working
virus sceds and bulk virus sceds as well as their genetic and phenotypic characterization arc
described. These compositions are provided for manufacture of clinical materials and
ultimatcly commercial vaccine supplics. Scrial plaque purifications and full-genome
sequence analyses were incorporated into the manufacturing process to ensure compositions
of vaccine seeds with optimal safety and genetic stability for manufacture of clinical trial
matcrials.

Production and manufucturing quality controls for MVS, WVS, and BVS

[000101] In some studies, MVS of the 4 DENVax were produced by amplifying the
prc-master P7 seed in certified Vero cells. In other studies, MVS were used to make large
amount of WVS in cell factories. Further, the BVS stocks of DENVax were amplified from
the WVS and were formulated into tetravalent drug product mixtures to be used used for
human clinic trials. Quality controls for product rclcase were performed in some exemplary
methods, including, but not limited to, testing all of the MVS, WVS, and BVS for identity,
infectious titer, sterility, mycoplasma, and in vitro and in vivo adventitious agents. All
seeds passed the virus identity test using scrotype-specific RT-PCR assays, which showed
positive amplification corresponding to its scrotype and ncgative for heterologous serotypes
(data not shown). No detectable mycoplasma or adventitious agents were detected in the
MVS, WVS, or BVS stocks.

Genetic analysis of the MVS, WVS, and BVS

[000102] In certain exemplary methods, after generation of MVS from the sclected
pre-MVS (P7) strains sclected above were produced and the respective viral RNA was
scquenced again. Full-length genome sequencing revealed that the MVS for DENVax-1
was identical to its pre-master seed, while the WVS and subsequent BVS acquired 2
additional substitutions at E-483 and NS4B-108 (see Tables 2 and 3). The Ala substitution
at E-483 rcpresented part of the genotype in the MV, but became the dominant genotype in
BVS. DENVax-2 and DENVax-3 were identical to their respective pre-master seeds (Table
2 and 3). Thc DENVax-2 MVS was identical to its pre-master seed, and the WVS and BVS
had 2 additional mutations at NS4A-36 and NS4B-111. Both mutations were partial in
WYVS and were the major genotype in the BYS. The MVS of DENVax-3 was again
identical to the pre-master sced, but the WVS and BVS contained an additional aa
substitution at NS4A-23. The DENVax-4 MVS acquired an additional ainino acid mutation,
at locus NS2A-99 (from Lys to Lys/Arg mixed genotype) during production of the MVS
(Table 3). Tts WVS and BVS rctaincd the NS2A-99 Lys/Arg mixcd genotype, and the BVS
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had an cxtra NS4B-23R Scr/Phe mixed genotype. Consensus sequence results also
confirmed that MVS, WVS as wcll as BV retained the three genetic determinants of
attenuation at thc 5'NCR-57, NS1-53, and NS3-250 loci. Analysis of the least stable
attenuating locus by TagMAMA demonstrated that the 5'NCR-57 reversion rate between
<0.7% to and .13% among MVS, <0.07% among WVS, and between <0.07 and 0.21%
among BVS. A 3% reversicn at the 5’"NCR-57 locus was considered the maximum

permissible rate for acceptance of a vaccine lot (Table 3).

Table 3. Nuclcotide and amino acid substitutions in DENVax seeds

DENYax Nucleotides Aniino Acids Pre-master MVS* wvst BVS*®
DENVax- 1 2384 G-C F-483 (Gly-Ala - - Gly/Ala Ala
3823 A-C NS2A-116Tke-T.eu Leu Leu Leu Leu
4407 A-T NS2B-62 Glu-Asp Asp Asp Asp Asp
7148 C-T NS4B-108 Thr-Tle - - Tle Ile
7311 A-G silent G G G G
TagMAMA S'NCR-57 reversion %’ - - - -
DLENVax-2 592 A-Ge prM-52 Lys-Glu Glu Glu Glu (Glu
6481 G-C NS1A-36 Ala-Pro - - Ala/Pro Pro
7156 C-T NS4B- 111 Teu-Phe - - 1.eu/Phe Phe
8803 A-(i N§5-412 Ile-Val Jal Val Val Val
TagMAMA 5'NCR-57 reversion %" — - 0.07% 0.21%
DENVax-3 1603 A-T B-223 Thr-Ser Ser Ser Ser Ser
6436 G-A NS4A-23 Asp-Asn - - Asn Asn
7620 A-Gx silent G G G G
TagMAMA 5'NCR-57 reversion %" - - -
DIENVax-4 225 A-T silent T T T N
3674 A-G NS2A-66 Asp-Gly Gly Gly Gly Gly
3773 A-AVG NE2A-99 [ys-T.ys/Arg - T.ys/Arg | Lys/Arg Lys/Arg
5391 C-T silent T T T 1
6437 C-T NS4A-21 Ala-Val Val Val Val Val
7026 1-C silent T/C 1C T/C T/C
TRECCT | G S - . Ser/Phe Ser/Phe
9750 A-C silent C C C C
TagMAMA 5'NCR-57 reversion %" - 0.13% - -

* Bold: Changes started at MV'S stocks.

bu_»

indicates reversion rate < 0.01% (delection linmmit), "-" indicales reversion rate <0.07% (detection limit)

[000103]

Full-genome scquence analysis revealed that an additional amino acid

mutation developed in the DENVax-4 MVS, while the other threc DENVax MVS lots

retained the consensus genome sequence of their pre-master sceds. Overall, from deriving

of the P! sccds to the pre-master (P7) seeds, only 1 or 2 non-synonymous mutations

occurred in a given sced. From P1 to MVS (P8) seeds, 2 to7 nucleotide substitutions were

identificd in any given DENVax seed and only 2 to 3 of these substitutions resulted in

amino acid changes. Thus, minor changes occurred. RNA viruses arc crror-pronc in their
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genome replication, so genetic substitutions in flavivirus genome during ccll passages are
not unexpected. None of the silent mutations in thc MVS were within the 57 or 3’NCR that
may affect virus replication. Only the change in prM-52 Lys-Glu of the DENVax-2, and
the substitution in NS2A-66 Asp-Gly of DENVax-4 arc not conscrvative changes. The
NS2A-66 mutation of the DENVax-4 is in the nonstructural backbone part of the DENV-2
PDK-53. Although NS2A-66 locus is usually Asp among various strains of DENV-2, it is
usually Gly for DENV-4, Tt is possible that thc Asp to Gly change in thce DENVax-4 is
refevant for fitness of the DENVax-4 in Vero cells. The DENVax-2 prM-52 mutation
resides in the C-terminal portion of the prM that is cleaved out from the mature virus
particles. In some cxemplary mcthods, phenotypic characterization was performed to
confirm that none of the mutations in the MVS sccds significantly altered the attenuation
phenotypes of the vaccine.

[000104] The DENVax viruses demonstrated high genetic stability during the
manufacturing process. The three defined DENV-2 PDK-53 attenuation loci located in
5’NCR, NS1-53, and NS3-250 remained stable m the consensus genome sequence upon
scrial passage of the DENVax from pre-Master straing to bulk vaccine preparations. The
highly scnsitive TagMAMA of the S’NCR-57 locus demonstrated minimal or undetectable
reversion in the MVS, WVS (P9/Working), and BVS (Bulk Virus Seed for vaccines) of
denguc virus scrotypes. The S"NCR-57 reversion rates of the DENVax BVS preparations
(P10-equivalent) were significantly lower than the S"NCR-57 reversion rates that evolved in
rescarch-grade vaccine candidates after 10-serial passages in Vero cells (4-74% reversion).
The strategy for large-scale manyfacturing of the DENVax seeds provided herein resulted in
a genetically stable vaccinc sced which retained the attcnuation markers in the candidate
vaccine viruses.

Plaque phenotype of DENVax MVS

[000105] In one exemplary mecthod, plaque phenotypes of the DENVax MVS were
compared with wild type Dengue viruscs and their homologous research-grade chimeric
viruses in Vero cells (Fig. 2). All of the MVS of DENVax-1, -2, and -3 produced plaques
that were significantly smaller than their wild type homologs and very similar (within 0.4-
mm differences) to their homologous research-grade viruses in Vero cells. DENVax-4
MVS was also significantly smaller than the wild type DENV-4, but was slightly larger (0.9
mm diffcrence) than the original fab derived D2/4-V chimera.

[000106] Fig. 2 represents an exemplary histogram illustrating plaque sizes of the

DENVax MVS in contrast with control wild type viruses and research-grade vaccine
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candidate viruses. Mean plaque diameters (mm) = SD (error bars) of the virus plaques in
Vero cells under agarose overlay measured on day 9 pi. The wild type DEN viruses,
represented by black bars, and previously published research-grade vaccine candidate
viruses, represented by white bars, were included for control and comparison to the
DENVax master vaccine sceds represented by grey bars.

Temperature sensitivity of DENVax MVS

[000107] In another exemplary method, temperature sensitivity was tested in Vero
cells for the DENVax MVS and compared with their homologous wild type and the original
research-grade chimeric vaccine virus, The wild type (wt) DENV-3 16562 was not
temperaturc scnsitive. The wt dengue virus serotype 1 and dengue virus serotype-4 were
moderately temperature sensitive at 39°C (titers were approximately 1.0 log g pfu/ml lower
at 39°C than at 37°C, Fig. 3). Wt Dengue virus serotype-2 16681 was the most temperature
scnsitive of the wt Dengue viruses tested, and resulted in a 100-fold titer drop at 39°C.
DENVax-1, -2, and -3 were as temperature sensitive as their original homologous research-
grade chimeric vaccine viruses (Fig. 2). Titers at 39°C dropped between 2.0 and 3.0 logio
pfu/ml for these DENVax strains. DENVax-4 also was temperaturc scnsitive,
demonstrating a 5-fold reduction in titer. However, the original rescarch-grade D2/4-V
demonstrated about a 10-fold reduction in titer. The final stabilized DENVax-4 MVS
contained F127 (and other agents known to stabilize these formulations (FTA)), which was
shown to enhance thermal stability of the Dengue viruses. The presence of the F127 in
DENVax-4 MVS likely contributed to the less pronounced tcmperaturc scnsitivity of the
virus in the Vero culture assay. In a separate experiment, temperature sensitivity of an
MSV-derived DENVax-4 strain in the absence of F127 was further evaluated. To remove
the F127 from thc strain, viral RNA wag isolated from a DENVax-4 bulk virus preparation
and was transfected into Vero cells, This DENVax-4 virus appeared to be as temperature
sensitive as the D2/4 V rescarch strain (titer reduced 1.5 logio pfu/ml) on day 3 pi in the
absence of F127 (Fig, 3).

{000108] Fig. 3 illustrates an exemplary histogram illustrating tcmperaturc scositivitics
of DENVax MVS. The wild type Dengue viruses and previously published rescarch-grade
vaccine candidate viruses were included for comparison. The DENVax-4 MVS contains
additional F-127 that can mask the temperature sensitivity results of the virus in this assay.
A scparate experiment analyzing a surrogate DENVax-4 in the abscnce of F127 was also

included. Mean titers + SD (crror bars) of the viruses replicated in Vero cells at 37°C or



39°C.

DENVax MVS replication in mosguito C6/36 cells

[000109] In some cxemplary mcthods, the DENVax MVS were grown in C6/36 cells
to verify their retention of the i vitro attenuation phenotype, with the knowledge that the
research-grade chimeric vaccine viruses retained the attenuation phenotype of the backbone
DENV-2 PDKS53 virus in these mosquito cells, Comparced to the wt Dengue viruses,
DENVax-1, DENVax-2 and DENVax-4 MVS showed significant growth reduction (at least
3 logio pfu/ml reduction) in C6/36 cells on day 6 pi (Fig. 4). The DENVax-3 MSV also
exhibited reduced growth compared to the wt DENV-3 16562, but the reduction was not as
marked (1-2 logo pfw/mnl reduction). However, the C6/36 titers of the DENVax-3 seed lots
were similar (within 1 logiopfu/ml difference) to the C6/36 titer of the original research-
gradc chimeric D2/3-V vaccine virus.

[000110] Fig. 4 illustrates an exemplary histogram plotting restricted growth of
DENVax MVS (grey bars) in C6/36 cells in comparison with wt Dengue viruses (black bars)
and rcscarch-grade vaccine viruses (white bars). Mean titers & SD (error bars) of the
viruscs replicated in C6/36 cells 6 days pi.

Virus infection, dissemination, and transmission rates in whole mosquitoes

1000111] In somc exemplary methods, the infection and dissemination rates of the
DENVax were compared with their parental wt Dengue viruses, In certain exemplary
experiments, oral infection experiments were conducted in de. aegipti mosquitocs.
Infectious blood meals were back-titrated to measurc the virus titers and only the
experiments with similar virus titers in the blood mcal (Iess than 1 log;o pfu/ml differences)
between parental Dengue viruses and DENVax for cach scrotype were included for
comparisons in Table 4, DENVax-1, DENVax-2, and rescarch-grade D2 PDK-53-VV45R
did not infect mosquitoes through oral feeding, which is significantly different (p < 0.0001)
from their parental viruses, DENV-1 16007 (44% infcction) aml DENV-2 16681 (43.3%
infection). Becausc no mosquito was infected by DENVax-1 and -2, there was little to no
dissemination concern for these two vaccine viruses. While DENVax-4 did infect some
mosquitoes through oral feeding (2 out of 55), the infection rate was significantly lower (p <
0.05) than its parcntal wt virus, DENV-4 1036 (8 out of 50). DENVax-3 did not infect any
mosquitocs in two experiments with blood meal viral titers of 5.240.02 log;o pfu/ml (Table
4), and in a separate experiment with blood meal viral titer of 6.0 logp pfu/m], ouly 1 out of

30 mosquitoes became infccted (data not shown). However, wt Dengue virus-3 16562 also
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had a very low infection rate (8%) at 5.2 log;¢ pfu/ml, and the rate did not increase in a
separate experiment with a higher blood meal viral titer at 6.2 logyo pfivml (3%, 1 positive
out of 30 mosquitocs, data not shown). Although the wild type (wt) Dengue virus-3 and
Decngue virus-4 had significantly lower infection rates than the wt Dengue virus-1 and
Dengue virus-2, the mean virus titers in the infeccted mosquitoes were similar (3.1 t0 3.9
logie pfu/mosquito). In contrast, the DENVax-4 titers from the two infected mosquitoes
were both minimal (0.7 log,s pfu/mosquito), which was 1,000-fold lower than the titer from
the mosquitoes infected by wt Dengue virus serotype-4 1036 (3.9 + 1.5 pfu/mosquito).
[000112] For those mosquitoes that were infected, dissemination out of the midgut
could be assessed by determining whether virus was present in the legs. The four parental
DENVs resulted in dissemination rates ranging between 36.3% and 62.5%, and their mean
virus titers (in log;o pfu) from the legs were between 0.9+0.3 and 2.240.7 (cxcluding
ncgative samples). Neither of the two DENVax-4 infected mosquitocs resulted in virus
disscmination to the legs (Table 4). While disseminated virus was dctectable in the legs,
none of the four wt Denguc viruscs was detectable in saliva of orally infected mosquitocs,
suggesting that oral feeding conditions may not be sufficiently sensitive to measurc the
transmission ratc of these DENVs. Therefore, in other cxemplary methods, highly stringent
artificial mosquito infections by dircet [T inoculation werc subscquently performed (Table
4). Exccpt for DENVax-4, all viruscs {wt and DENVax) achicved 100% infection of the [T
inoculated de. aegypti. The DENVax-4 inoculum had a slightly lower viral titer than the
other three viral inocula, but 1t still successfully infected 70% of the inoculated mosquitocs.
Despite the high body infection rates achieved by IT inoculation, all four DENVax viruscs
exhibited significantly lower (p < 0.005) or non-detectable transmission rates (0-10%)
compared to the wt Dengue viruses (43-87%, Table 4). The DENVax viruses demonstrated
little to no infection and dissemination after oral feeding, and the highly stringent IT results

affirmed the minimal transmission capacity of these DENVax viruses in de. aegypti.

Table 4; Virus infection, dissemination, and transmission rates in whole mosquitoes

Oral Fecd I'T inoculation
b Blood Infectio Bady Dissemin | Imocu | Infectio Body e
Yirus A ,
Meal® n® Titer® ation® lum n’ Liters | SANVA
Mean= | , ; Mean= 4 o rmenf | pfu/d [ o Mcant % d
SD o) | gy P PNy | Toee | PN g eNy | 7
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DENV-L e | 0% | 36+ 3%63% | o | 100% | 47F | 3%
16007 : 125 | 15 @nn 39 1 om0) | 048 | @30
0% <0.0 100% 34+ 10% <0.00

BIRNVas-1 69 030y | NA | oo NA 678 | Gomo) | 039 | @noy | s
DENV-2 s | B3% | 31z B5% | org | 100% | 521 | 87%
16681 : 330) | 15 (5/13) 3 | @onoy | 034 | eeno
D2 PDKS3- % =00 00% | 40+ | 0% | <0.00
VV4SR a4 o3 | N | ool i 364 | 3030) | 020 | ooy | ol

—— 0% <0.0 100% 3.5+ 7% <0.00
DENVax-2 64 030 | N | oo HA 27 | om0y | 027 | enoy | o
DFENV3 PP % | 38 0% | 330 | 100% | 42+ | 67%
16562 32 | @ns) | oz a23) | 30 | @3030) | os0 | (2030

. 52 0% 0.10 00% | 33+ | 3% | <0.00
DiENvexd | bos | msoy | N | e i 373 | @osoy | 035 | asoy | o
DFENVA 58+ | 16% | 39= 25% | ooq | 100% | 52+ | 70%
1036 0.5 @50 | Ls /%) 4| Gy | oas | eiso)

. 541 | 36% | 07= | 003 0% | LIt | 0% | <0.00
i 0.4 @55 | 00 3 | 9%02 | 18 | oipg) | 045 | 2 | o

'Vm titers or Mean=standard deviation if from morc than | experiment in blood meal (logyo pfu/ml) by back titration
® Rate of virus detected in mosquito bodies. P/V = posmvc/toml mosquitoes
“Mean virus titers L standard deviation (log;o pfu/mosquito) in mosquito body, only positive sample are included for
calculaticn
4 Statistic analysis of the differences between wit DENV and DENVax by Fisher Exact probability
“Ratc of virus detected in legs of the positively infected mosquitocs
" Rate of virus detected in saliva of the positively infected mosquitoes. Used to measure transmission efficiency

[000113] Vector competence is an important safety component for live-attenuated
flavivirus vaccine viruses. Previously, the research-grade DENV-2 PDK-53-VV45R virus
and wt derivatives were tested in de. aegypti, and found that the NS1-53-Asp attenuating
mutation was the dominant determinant for impaired mosquito replication. The other two
major attenuation loci of the DENV-2 PDK-53 vaccine, nucleotide 5"NCR-57-T and NS3-
250-Val, also exhibited some inhibiting cffect on replication in mosquitoes, thus providing
additional, redundant restrictions for mosquito vector competence. Some exemplary
methods described herein were used to test the mosquito oral and 1T infection and
replication for all four DENVax strains, DENVax-1, -2, and -3 did not infect any Ae.
aegypti mosquitocs through oral infection (Table 4). The DENVax-4 infected only 3.6% of
orally cxposed mosquitoes, a level significantly lower than that of the wt DENV-4 with a
replicative mean titer in the mosquito bodies lower than that of wt DENV-4 infected
mosquitoes. Surprisingly, DENVax-4 was detected in the legs of the infected mosquitoes,
suggesting that DENVax-4 was not able to disseminate from the mosquito midgut following
oral infection. The infection rates for the DENVax-1, -2, and -4 were all significantly less
than their wt counterparts, but the difference was not significant between DENVax-3 and wt
DENV-3 16562 due to the very low infection rates for both viruses. Compared to other wt
strains of DENV assessed in Ae. aegypti collected from the same Mace Sot Province,
Thailand, the parental wt Dengue virus strains used for engineering DENVax appeared to
have lower infectious and disscmination rates by oral infection. The wt DENV-1 PUO359,
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DENV-2 PUO218, DENV-3 PaH881/88, and DENV-4 1288 used for engineering the
Yellow Fever (YF) 17D vaccine-based ChimeriVax-DEN vaccines had infection rates
ranging 47-77%. In contrast, the YF 17D vaccinc cannot infect Ae. aegypti. Although the
ChimeriVax strains contained the prM-E from thesc highly infectious wt DENV, the
ChimeriVax retain the mosquito attenuation phenotype of their YF 17D replicative
backbone. Results provided herein also indicated that the mosquito attenuation of DENV-2
PDK-53 backbonc was maintained in the DENVax strains. In addition, using the wt
Denguc virus strains with lower mosquito-infectivity in constructs included in compositions
described herein provides an additional safcty feature.

[000114] The oral infection results illustrate that the DENVax had minimum mosquito
infectivity and disscmination capacity. [n addition, the more sensitive and stringent IT
infection experiments were performed to further analyzc the potential of DENVax to be
transmitted by de. aegypti. The TT results demonstrated that all four DENVax viruscs had
non-detectable or minimal mosquito transmission potential compared to their wt
counterparts. DENVax transmission could only theoretically occur if (1) vector feeds ona
vaccinee with a sufficient viremia titer to infect mosquito midgut, (2) the virus is capable of
replicating in the midgut epithelium and able to subsequently disscminate out of the midgut,
and (3) the disseminated virus can replicate in salivary gland and cxpectorate sufficient
virus in saliva for transmission. The threshold of human viremia required to infect
mosquitoes has not been established adequatcly, but human viremia can be 10%-10°
mosquito infectious doseso (MIDse)/ml after natural wt DENV infection. This MIDsy was
bascd on dircct IT inoculation of mosquitoes with diluted human plasma. Analysis of
DENVax in nonhuman primates indicated that viremia titers following DENVax
immunization were very low (less than 2.4 log,o pfu/ml) and lasted for 2-7 days. Given the
low viremia levels and the low mosquito infection, dissemination, and transmission capacity
of DENVax, it is unlikcly that these vaceine viruses could be transmitted by mosquitoes in
nature or cause viremia,

[000115] Thercfore, it is proposed that any of the passages of any of the serotypes (P1-
P10) could be used in a composition to generate a safe and effective vaccine against one,
two, three or all four dengue virus scrotypes.

Neurovirulence in suckling nice

[000116] The original research-grade vaccine viruses were highly attenuated for
neurovirulence in newborn ICR mice maintained in-house at DVBD/CDC, All of these

mice survived ic (intracercbral) challenge with 10 pfu of each vaccine virus. The wt
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Dengue virus scrotype-2 16681 virus, on the other hand, resulted in 62.5% - 100% mortality
in these CDC-ICR micc in various experiments. In some experiments, commercial 1CR
mice obtained from Taconic Labs (T'aconic-1CR) were used to study neurovirulence in
newborn mice. Tt was observed that ncwborn Taconic-ICR mice were significantly morc
susceptible to Dengue virus serotype-2 infection than the previous CDC-ICR mice. Fig. SA
summarizes the neurovirulence of wt Dengue virus serotype-2 16681 in CDC-1CR colony
and Taconic-ICR ncwborn mice challenged ic with 10" pfu of the virus. The Taconic-ICR
mice (100% mortality in 32 mice, average survival time of 8.3 = 0.5 days) were more
susceptible to ic Denguc virus scrotype-2 16681 challenge than the previous CDC-ICR mice
(91% fatalitics in 72 mice, average survival time of 14.6 £ 2.3 days).

[000117] In other cxemplary methods, in order to evaluate neurovirulence of the
DENVax MVS, the Taconic-ICR mice initially were challenged ic (intracercbrally)with a
dose of approximatcly 10* pfu of wt Denguc virus scrotype-2 16681, D2 PDK-53 VV45R,
D2/3-V, or DENVax 1-4 virus in onc {n=16) or two (n—31-32) experiments (Fig. 5B), At
this dose, D2/3-V research grade virus, as well as DENVax-1, and DENVax-3 MVS
cxhibited fully attenuated neurovirulence phenotypes (no illness or mortality). As expected,
wt Dengue virus serotype-2 was found to be “fatal”, with average mouse survival time
(AST) of 8.3 £ 0.8 days. In these Denguc virus scrotype-2-sensitive Taconic-ICR mice, the
D2 PDK-53-VV45R research grade virus resulted in 81.3% mortality. The DENVax-2
MVS and DENVax-4 MVS were uniformly fatal in the Taconic-ICR, showing AST values
of 9.8+ 1.7, 10.2+ 1.4, and 11.3 + 0.4 days, rcspectively.

[000118] In some exemplary methods, the neurovirulence of wt Dengue virus
serotype-2 16681 virus was compared with that of D2 PDK-53 VV45R, DENVax-2 MVS
and DENVax-4 MVS, as well as D2/4-V research grade virus, at a 10-fold lower dose (10°
pfu, Fig. 5C). The wt Dengue virus serotype-2 retained a uniformly fatal neurovirulent
phenotype, with AST of 9.0 + 1.4 days, at this lower challenge dose. The other 4 viruscs
exhibited intermediatc ncurovirulence phenotypes, and the degree of neurovirulence was
serotype-specific. The D2 PDK-53-VV43R virus and its DENVax-2 MVS cognatc showed
significant attenuation (32.3% survival with AST of 13.1 + 3.8 days and 31.2% survival
with AST of 10.5 & 3.4 days, respectively). Both the DENVax-4 MVS and the research
grade D2/4-V virus were highly attcnuated for ncurovirulence (81.3% survival with AST of
[8.8 = 5.8 days and 100% survival, rospectively). The results suggested that MVS of
DENVax-1 and -3 exhibited complcte attcnuation of ncurovirulence, while DENVax-2 and

-4 MVS lots retained attcnuation phenotypes that closely resembled their homologous
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research-grade virus vaccine candidates.

[000119] Figs. SA-5C represent exemplary graphs illustrating ncurovirulence in
newborn mice tested with various compositions including wt Dengue virus serotype-2 and
different attenuated Dengue viruses. Pooled results of numcrous cxperiments summarizing
the neurovirulence of wt Dengue virus serotype-2 16681 virus in CDC-ICR (#=72) and
Taconic-TCR (»=32) newbomn mice challenged ic with 10 pfu of the virus (A).
Neurovirulence of DENVax MVS tested in Taconic-ICR mice with a dosc of 10* pfu (B) or
10° pfu (C). The numbers of animals tested per group in one experiment (n=16) or two
pooled experiments (n=31 or 32) arc indicated.

Plagque phenotype of WVS, and BVS

[000120] Certain studics were performed to comparc plaque phenotypes of WVS and
BVS with MVS. wt Denguc viruscs and their homologous lab derived, research-grade
chimeras in Vero cells (Fig. 6). Mecan plaquc sizes were calculated from 10 plaques for
each vaccine virus, but from reduced numbers of wt DENV-1, -3, and -4. All of the MVS
viruses of DENVax-1, -2, and -3 produced placques that were significantly smaller than their
wt homologs and very similar (within 0.4-mm differences) to their homologous research-
grade viruses in Vero cells. DENVax-4 MVS was also significantly smaller than the wt
DENV-4, but was slightly (0.9 mm) larger than the original lab derived D2/4-V chimera,
With the exception of the DENVax-2, all of the WVS and BVS of the DENVax-1, -3, -4
retained significanily smaller plaque sizes than those produced from their wt homologs, The
DENVax-2 WVS and BVS produced plaques that were similar to the plaques of wt DENV-
2 virus in Vero cells, but when tested in LLC-MKS cells all of the DENVax-2 manufactured
seeds produced plaques that were somcewhat smallcr than thosc of the wt DENV-2 (1.4 +0.4)
and similar to the lab derived D2 PDK-53-VV45R (1.0 + 0.3) (Fig. 6).

[000121] Evaluation of thc phenotypic markers of viral attenuation, including small
plaque phenotype, temperature scusitivity, reduced replication in mosquito cells, reduced
infection/dissemination/trangmission by mosquitocs, and reduced neurovirulence in
newborn TCR mice, were asscssed for the compositions of MVS stocks. Results indicated
that all of thc DENVax retained the expected attenuation phenotypes similar to the original
research-grade vaccine viruses. Given the mutations responsible for attenuation are
conscrved in all MVS, WVS and BV, it can be expected the attenuated phenotypes to be
retained in the material manufactured for human clinical testing.

[000122] Fig. 6 represents an exemplary histogram illustrating plaque size of the
DENVax MVS, WVS, and BVS. Mean plaque diameters £+ SD (error bars) of the virus
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plaques in Vero or LLC-MK,; ¢ells under agarose overlay measured on day 9 pi. The wt
DENVs and previously published research grade vaccine candidate viruses were included
for control and comparison.

Virus replication in mosquito C6/36 cells

[000123] Previous studies demonstrated that the research-grade PDK-53-based
chimeric vaccine viruses retained the attenuation phenotype of the backbone DENV-2
PDKS3 virus in C6/36 cells. In some exemplary methods, the DENVax MSV, WVS, and
BVS werc grown in Cé/36cells to verify their retention of this in vitro attenuation marker
after large scalc manufacturing. Compared to the wt Dengue viruses, except for DENVax-3,
the manufactured sceds showed marked growth reduction (at least 3 log;o PFU/ml reduction)
in C6/36 cells on day 6 pi(Fig. 7). The DENVax-3 sceds also exhibited reduced growth
compared 10 the wt DENV 3 16562, but the reduction was not as marked (1-2 logip PFU/ml
reduction). However, the titers of the DENVax-3 seed lots were similar (within 1 logye
PFU/ml difference) to the original rescarch-grade chimeric D2/3-V vaccinge vinus.

(000124 Fig. 8 represents an cxemplary histogram plotting restricted growth of
DENVax MVS, WVS, and BVS in C6/36 cclls. Mean titers 1 SD (error bars) of the viruses
replicated in C6/36 cells 7 days pi. ‘The wt Dengue viruses and previously published
rescarch grade vaccine candidate viruses were included for comparison.

Neurovirulence in suckling mice

[000125) Additional experiments were performed to analyze neurovirulence in
newborn ICR mice. At an intracranial dosc of 10* PFU, the survival rates for wt DENV-2
16681 and the D2 PDK-53-VV45R were 0% and 18.8%, respectively (Fig. 9A) in the TCR
mice, but were about 20% for wt DENV-2 16681 and 100% for the D2 PDK-53-VV45R in
the CDC TCR mice. In this study, DENVax-1 and DENVax-3 MVS were attenuated (100%
survival) for the mice at a dose of 10* PFU, but the MVS of DENVax-2 and DENVax-4
caused 100% mortality at the dose of over 10° PFU ( Fig. SA). Howcver, when tested ata
dose of 10° PFU of virus, thc DENVax-2 (31.3% survival) and DENVax-4 (81.3% survival)
showed reduced neurovirulence relative to wt Dengue virus serotype-2 16681 (0% survival),
and their survival rates were similar to those of the research grade vaccine candidates D2
PKD-53-VV45R (32.3%) and D2/4 V (100%), respectively (Fig. 9B). Although, wt DENV-
1, -3, or -4 were not included for comparison in this study, previous work demonstrated that
wt DENV- 1 16007 wag attenuated in the CDC-ICR mice by the ic¢ route, while both wt
DENV-3 16562 and DENV-4 1036 wcre highly virulent (0% survival) for the CDC-TCR

mice. 1tis likely that these 3 wt DENV would exhibit similar or greater virulence in the
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morce susceptible Taconic [CR mice. Therefore, inclusion of these wt Denguc viruses for
comparison with their homologous DENVax MVSs was considered to be uninformative.
This study indicated that all 4 DENVax MVSs and original laboratory derived candidate
vaccine viruscs exhibit comparable mouse attenuation phenotypes relative to the wt DENV-
2 16681,

[000126] Figs. 9A-9B represent exemplary graphs of data of neurovirulence of
DENVax MVS in newbom ICR mice. (A) IC inoculations of the virus at dosc of 10° PFU.
(B) IC inoculation of the virus at dose of 10° PFU

1000127] All seed lots of the DENVax were tested for the identity, sterility, and
freedom from undesirable agents. Full-genome sequence analysis revealed that one extra
amino acid mutation evolved in the DENVax-4 MVS, while the other 3 DENVax MV Ss
rctained the consensus genome sequence of their pre-master sceds. In WVS lots, the
DENVax-3 acquired an extra amino acid mutation and the other 3 scrotypes accumulated 2
extra amino acid substitutions, rclative to their pre-master seeds. Genome sequences of all
the 4 BVS lots were identical to their WVS lots. Overall from the P2 seeds to the pre-
master (P7) seeds, only 1 or 2 non-silent mutations occurred in a given seed. Between pre-
master and BCS (P10) seeds, only 1 to 2 nuclcotide substitutions were observed, all of
which occurred in NS2A, 4A, or 4B, with the exception of single nucleotide change
resulting in a conserved glycine and alanine at residue E-483. From P2 to BVS (P10) seeds,
total 3 to 8 nucleotide substitutions were identified in any given DENVax seed, and only 2
to 4 of these substitutions resulted in amino acid changes. None of the silent mutations in
the BVS were within the §5°- or 3°-NCR region which may affects virus replication. These
results suggcest that the DENVax viruses were genetically highly stable during manufacture.
The three defined DENV-2 PDK-53 attenuation loci located in 5’"NCR, NS1-53, and NS3-
250 remained unchanged in the consensus genome sequence upon serial passage of the
DENVax to generate BVS stocks, The highly sensitive TagMAMA of the §'-NCR-57 locus
showed minimal or undetectable reversion in the MVS, WVS, and BVS of DENVax. The
highest reversion rate of 0.21% was identified in the DENVax-2 BVS. The reversion rates
of the P10-equivalent BV'S (<0.07% to 0.21%) were significantly lower than the reversion
rates that evolved in uther vaccine candidates after serial passages in Vero cells (4-74%
reversion by P10). This suggcsts that this stratcgy for large scalc manufacturing of the
DENVax seeds is successful, regarding maintaining genetic stability and retention of
attenuation markers in the candidate vaccine viruscs.

[000128] Since MVS stocks disclosed herein will be used for future manufacturing of
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WYVS and BVS lots, full panels of virus attenuation phenotype evaluations, including small
plaque phenotype, temperature sensitivity, reduced replication in mosquito cells, reduced
infection/dissemination/transmission in whole mosquitoes, and reduced ncurovirulence in
newborn ICR mice, were conducted for all MVS or their cquivalent surrogate stocks. For
the WVS and BVS stocks, plaque size, infectivity in mosquito cells, were also performed to
confirm their attenuations. Results indicated that all the MVS stocks of the 4 serotypes of
DENVax retained the expected attenuation phenotypcs, such as small plaques, reduced
replication in C6/36 cells, and reduced mousc ncurovirulence, similar to the original lab-
derived vaccine viruses (Figs. 6, 8, and 9), Except for the DENVax-4, all other 3 MVS
stocks of DENVax were TS at 39°C as shown in Figs 3 and 7.

|000129] For the WVS and BVS stocks, two attcnuation phenotypes, small plaques
and restricted replication in C6/36 cells, were analyzed and confirmed. Since there are very
little genetic changes between the MVS and BVS, it was cxpected that they would retain the
attenuation phenotypes as MVS. Tn addition to the experiments described in this report,
safety and immunogenicity of the manufacturcd DENVax in Agl29 micc and nonhuman
primate have been tested.

[000130] Exemplary methods are provided hercin to demonstrate manufacture of
DENVax MVS, WVS, and BVS stocks under cGMP. The BVS stocks were used to
formulate the tetravalent DENVax currently in human clinical trial cvaluations. A unique
manufacture stratcgy to optimize the genetic stability and safety of the manufactured MVS
was provided in some cxcmplary methods. Since the main attenuation loci of the DENVax
have been well characterized previously and a highly sensitive and quantifiable SNT* assay,
TagMAMA was devceloped to integrate genome sequence and the TagMAMA to identify
optimal pre-master secds for making the MVS. The genetic and phenotypic
characterizations of the MV'S were fully analyzed to confirm that these viruses retained
desirable attenuations for safety of the vaccine. This may be the only live, attenuated viral
vaccine that can be efficiently analyzed for all the major attenuation genctic loci during
manufacturing from pre-master all the way to BVS stocks. Results provided hercin
cxcmplified the advantage of strategically designed live-attenuated vaccines in vaccine
safcty.

[000131] Fig. 10 represents an gxcmplary table comparing new live, attenuated viruses
to previously generated live, attenuated dengue viruses. Mutations are indicated where

different from a control virus (e.g. 16681), or other live, attcnuated dengue-2 viruses,
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Materials and methods

Viruses and cells

[000132] DENV-1 16007, DENV-2 16631, DENV-3 16562, and DENV-4 1034 scrved
as wild-type (wt) DENYV controls, and they were the parcntal genotype viruscs for the four
rccombinant DENVax vaccine candidates. DENVax progenitor research-grade viruses,
designated as D2/1-V, D2 PDK-53-VV45R, D2/3-V, and D2/4-V, were prepared and
characterized previously. Vero (African green monkey kidncey) cells usced for making the
master and working cell banks for vaccine production werc originatced from the American
Type Culture Collection (ATCC) CCLE1 cell ling that has been characicrized by the World
Health Organization (WHO) for vaccine manufacturc (WCB-Vero cells).

Derivation of live recombinant DENVax viruses from cDNA clones

[000133] To re-derive the candidate vaccine viruses under cGMP manufacturing
conditions, the previously engineered DENV infectious ¢cDNA clones, pD2-PDK-53-
VV45R, pD2/1-V, pD2/4-V, and in vitro-ligated pD2/3-V containing the full genome-
length viral cDNAs werce used to make fresh viral RNA transcripts by in vitro transcription
as described previously. Briefly, Xbal-linearized DENV genomic cDNAs were treated with
proteinase K, extracted with phenol/chloroform and precipitated in ethanol to remove any
residual proteins, and then suspended in RNase-free Tris-EDTA buffer prior to transcription.
The in vitro transcription was conducted using the AmpliScribe T7 High Yield
Transcription kit (Epicentre Technologies) following the manufacturer’s recommended
protocol. The RNA A-cap analog, m7G(5"ppp(5°)A (New England BioLabs), was
incorporated during the 2-hr transcription reaction to add the 5°-terminal A-cap to the RNA
transcript, The samples were then treatcd with DNase 1 to digest the template cONA,
followed by low pH phenol/chloroform extraction and cthanol precipitation to remove
residual DNA and proteins, The purified RNA transcripts, suspended in RNase-free water,
were distributed in 20-ul aliquots and stored at -80°C until ready for transfection of cells,
The integrity and con¢entration of the RNA transcripts were analyzed by agarose gel
electrophoresis. Each 20-pl aliquot was estimated to contain sufficient genome-length viral
RNA to permit transfection of 0.4-1 x 107 production-certified Vero cells by clectroporation.
[000134] Transfection of each RNA transeript into WCB-Vero cells was performed in
the cGMP facility at Shantha Biotechnics. DENVax RNA transcripts werc thawed, mixed
with 400 ul of the Vero cell suspension (1 x 107 cells/ml), and transferred to a pre-chilled
sterile clectroporation cuvetie (4-mm gap) for electroporation by a Gene Pulser Xcell total
system (BioRad Laboratories). Each sample was pulsed once at 250V/oc Ohms/500 pF,
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incubated for 10-15 min at room temperature, transferred to a 75-em” flask containing 30 ml
of cell growth medium (MEM with 10% FBS), and incubated at 36°C £ 1°C, 5% CQ for 6
to 11 days. The culture medium was harvested, clarified by centrifugation, stabilized, and
stored in small aliquots below -60°C. The viral titcrs of candidate vaccine stocks (termed
P1 for passage level 1) resulting from transfection were determined by plaque titration assay
in Vero cells and used for further propagation of the DENVax seeds.

Manufacture of DENVax virus seeds

1000135] P1 virus sceds were used to propagate DENVax pre-master, master, working,
and bulk virus seed lots through a stratcgy designed to ensure the optimal genetic stability
and safety of the manufacturcd lots. This strategy included three serial plaque purifications,
as well as genetic analyses of viruscs at various passage levels to select the optimal clonal
virus population for continucd sced production (Table 1), Briefly, the P1 seeds harvested
from transfected cells were amplified once by infection of Vero cells at a MOT of 0.001 to
generate the P2 seeds. Aliquots of the P2 seed stocks were evaluated by plaque morphology
and complete viral genomic sequencing. The genetically confirmed P2 stocks were plated
on Vero cell monolayers with overlay medium as described in the plaquc titration section
below to generate well-isolated plaques. After visualization with neutral red, six individual
plaques from each of the 4 serotypes of vaccine viruscs were isolated (plaque clones A to F)
and mixcd into 0.5 ml of culture medium (passage P3). Each of the six plaquc suspensions
was subjected to two additional rounds of plaquc purification, resulting in twice- and thrice-
plaquc purificd virus seeds at passages P4 and P35, respectively. The PS viruses were
amplified through two sequential Vero passages to produce P7 sced stocks.

[000136] Genetic analysis of the threc major DENVax attenuation loci using spot
sequencing and’/or Taqman-bascd mismatched amplification mutation assay (TagMAMA)
as previously disclosed, and plaque phenotype analysis werc conducted to screen all 24 P7
seeds. Seeds possessing appropriatc initial characteristics were then further characterized by
full genomie sequencing. As a result of these analyses, onc of the 6 (clone A-F) P7 seeds of
each DENVax serotype was sclected to be the pre-master sccd, based on the presence of the
DENV-2 PDK-53 attenuating mutations, minimal genomic sequence alterations, and
cxpeeted plaque phenotype. Each selected pre-master seed was expanded to master virus
sced (MVS or P8) by a one-time passage of the virus at MOI of 0,001in multiple 175 cm?
flasks of Vero cells. Except for the DENVax-4 MVS, the master virus sceds were harvested
at 8-10 days post infection (pi). The MVS stocks were harvested at 6-10 days post infection
(pi), clarificd by centrifugation, stabilized by the addition of sucrosc/phosphatc/glutamate
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solution (final concentration 7.5 % sucrose, 3.4 mM potassium dihydrogen phosphate, 7.2
M dipotassium hydrogen phosphate, 5.4 mM monosodium ghutamate, respectively) and
0.95 to 1.90% FBS (final concentration), DENVax-4 MVS was prepared differently to
optimizc its yicld. Bricfly, multiple flasks of cells were infected with DENVax-4 pre-master
seed at a MOI of 0.001 in the presence of 0.1% F-127™, poloxamer 407, (other EO-PO
block copolymers have been assessed and may substitute here, see issucd patent ) that have
been demonstrated to enhance DENV virus thermal stability. Infectious mcedia was
harvested days 6-10 pi, and stabilized with 17% EFBS (final concentration), pooled, and
frozen. All four DENVax MVS stocks were storcd as 1-ml aliquots below -60°C.

[000137] The DENVax working virus seeds (WVS) were preparcd by onc-time
passage in Vero cell culturc of the MVS at a MOI of 0.001. The procedures were similar to
the production of MVS, except they were cultured in multiple-layer cell factorics (6360
¢m?). The WVS stocks were filtered through 10 uM and 0.45uM filters, stabilized with the
samge stabilizers used for the MVS, aliquoted into 30ml PETG bottles or 2.0 mi cryovials,
and stored below-60°C.

[000138] Tn certain methods, bulk virus seeds (BVS) were produced by infecting
multiple cell factories (6360 om’ each) of confluent Vero cells with 90 mL of diluted WVS
to attain a MOT of 0.001. A media used for dilution of the WVS inccula contained 0.1% F-
127™ without serum, After 1.5 hr adsorption, cells were washed 3 times with PBS, and 800
ml of serum-frec DMEM medium was added to each cell factory, and the factories were
incubated at 36(x1)°C in 5(x0.5)% CO,. After incubation for four days, small aliquots of
medium were collected for sterility testing. Viruses were harvested between day 5 and day
10 pi, and immediately clarified by filtration through a 0.45 um pore size filter, and 1L of
each clarified virus pool was stabilized by addition of 500 ml of 3x FTA buffer (final
F-127"™ poloxamer 407, 0.1% human
albumin USP in PBS, pll 7.4). The stabilized virus was distributed into 1-L PETG bottles

concentrations of 15% trehalose, 1,0% Pluronic®
)

and stored frozen below -60°C for subsequent pooling and quality control testing, All
stabilized virus harvests with a virus titer above 10° PFU/ml and an acceptable level of
residual DNA were rapidly thawed in a water bath at 32°C, then aseptically pooled and
mixcd. Each pooled monovalent BVS was distributed into labeled PETG containers and
stored at below -60°C until further use.

Manufacture product quality controls

[000139] The MVS, WVS, and BVS seeds were tested for identity, sterility, and
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detectable adventitious agents. The identity of cach vaccine stock was confirmed by RT-
PCR with DENVax serotype-specific primers. The amplificd cDNA fragments contained
the E/NS1 chimeric junction site to permit identification of each of the four DENVax
scrotypes. Each sced was tested in all 4 serotype-specific RT-PCR reactions to confirm viral
identity and frcedom from cross contamination with heterologous DENVax serotypes.
Sterility testing was performed in accordance with USP 71 (United States Pharmacopcia,
section 71). Mycoplasma testing was performed.

[000140] The following in vitro and in vivo tests for viral contamination werc all
performed using unclarified, unstabilized DENVax harvests collected during manufacture
of the seeds. Harvested infectious media were first neutralized with DENV rabbit
polyclonal antiserum (Inviragen) at 36 + 1°C for | hr to inactivate thc DENV. For iz vitro
test, the neutralized sceds were inoculated into three indicator cells lines, MRCS3, VERQ
and MA104, in 25 cm’ flasks. Echo virus (CPE control) or mumps virus (hemadsorption
control) were uscd as positive CPE or hemadsorption control, respectively. All cells were
monitored daily for CPE for a total of {4 days. At the end of 14 days, the culture
supcrnatant was removed and replaced with 10 mL of a guinea pig red blood cell (RBC)
solution (3 mL of 0.5% guinea pig RBC in phosphate buffered saline, made up to 10 mlL
with ccll growth medium). The flasks were then incubated at 5 + 3°C for 30 minutes
followed by incubation at room temperature for 30 minutes. The monolayers were washed
with PBS and obscrved under 10 X magnification for the presence of any star-shaped
clumps of RBCs for hemadsorption,

1000141] In vivo tests for adventitions agents were performed in suckling mice, post-
weaning mice and guinea pigs. Suckling mice were inoculated with 0.1ml or 0.01 ml (10
mice in ¢ach dose group) of the DENV-antiserum neutralized sced sample through
intraperitoneal (ip) injection. Similarly, 10 post-wcaning mice were ¢ach inocnlated ip with
0.5 ml or 0.03 ml of the sample. Guinea pigs (5/group) were each inoculated ip with

5.0 mL. Suckling mice were obscerved daily for morbidity and mortality for a total of 14
days following inoculation. Post-weaning mice werc obscrved for a total of 28 days, and
guinea pigs were observed for a total of 42 days tollowing inoculation. The test articics met
the acceptance critcrion if >80% of the inoculated animals remained healthy throughout the
obscrvation period.

[000142] The i vive testing for contaminants was also performed in embryonated
chicken eggs and was conducted. For every sample, 10 embryonated hen eggs (9 days old)

were cach inoculated with 0.5 mL of the DENV antiserum-ncutralized sample into the
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allantoic fluid and incubated at 35°C for 3 days. The allantoic fluids from these 10 eggs
were harvested, pooled and passaged into the allantoic fluid of 10 fresh embryonated eggs
(10-11 days old; 0.5mL/cgg) and incubated at 35°C for a further 3 days. Similarly, for each
sample, 10 embryonated cggs (6-7 days old) were each inoculated with 0.5 mL per egg
(DENVax-2 monovalcnt BVS ) or 0.25 mL per cgg (DENVax-1, DENVax-3 and DENVax-
4 BVS ) by injection into the yolk sac and incubated at 35°C for Y days. The yolk sacs from
these 10 eggs were harvested and pooled, and a 10% suspension was passaged into the yolk
sacs of 10 fresh embryonated eggs (6-7 days old; 0.5 ml/egg) and incubated at 35°C for a
further 9 days. Eggs inoculated into the allantoic fluid (both initial and passage mnoculations)
wete observed for viability after 3 days incubation. Both pools of allantoic fluid were tested
for hemagglutination activity using chicken, guinea pig and human type O erythrocytes at
4°C and 25°C. Eggs inoculated into the yolk sack (both initial and passage inoculations)
were obscrved for viability after 9 days of incubation.
Virus plague assay and immunofocus assay
[000143] Virus titers were measured by plaque assay or immunofocus assay using
Vero cells. Plaque assays were performed in double agarosc overlays in six-well plates of
conflucnt Vero cells as previously described, and they were also used to evaluate the plaque
phenotypes of the DENVax sceds. For accurate comparison, plaque sizes of all viruscs were
measured and compared in the same cxperiment.  After visualization with neutral red on
day 9 pi, up to 10 well isolated plaques for cach virus were measured for mean plaque size
calculation. Fewer plaques were measured for wt DENV-1, -3, and -4, whose larger plaque
sizes often did not permit measurcment of 10 well-separated plaques.
[000144] Because tetravalent DENVax contains all four DENV scrotypes, a DENV
serotype-specific immunofocus assay was developed to quantitate each DENVax
component in the tetravalent formulations. Immunofocus assays of cach individual
DENVax MVS were compared with the plaque assays to ensure virus titration results were
comparable between the two assays. The immunofocus assay was conducted in 6-well
plates of confluent Vero cells infected with serially diluted viruscs. Cells were overlayed
with a balanced salt medium (BSS/YE-LAH mcdium) containing 0.7% high viscosity
carboxymethyl ccllulose (Sigma) and incubated for 7 days at 37°C with 5% CO,. After
removal of overlays, ccll sheets were washed 3 times with PBS, fixed with cold 80%
acctone for 30min at -20°C, washed once with PBS, and blocked with a blocking buffer
containing 2,5% (w/v) nonfat dry milk, 0.5% T'riton X-100, 0.05% Tween-20 in PBS at
37°C tor 30 min. Blocked cells were incubated with dilutcd DENV serotype-specific MAbs,
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1F1 (DENV-1), 3H5 (DENV-2), 8A-1 (DENV-3), or 1H10 (DENV-4) in blocking buffcr at
37°C for 1 hour or 4°C overnight, washed 3 times with washing buffer (0.05% Tween-20 in
PBS), and incubated with alkaling phosphatase- or horsc radish peroxidasc (HRP)-
conjugated affinity-pure goat anti-mouse IgG (Jackson Immuno Research Laboratories) at
37°C for 45-60 min. Platcs were washed 3 times before the appropriate substrate, 1-Step
NBT/BCIP plus suppressor (Picree) for alkaline phosphatasc or Vector-VIP kit (Vector
Labs) for HRP, was added for color development. Color development was stopped by
rinsing with watcr when the foct were fully developed. Stained immunofoci were dircctly
visualized and countcd on a light box.

Genetic sequence

[100145] Full length genomes of the MVS and WVS were sequenced (see below).
Briefly, viral RNA was extracted from DENVax seeds by using the QIAamp viral RNA kit
(Qiagen), and overlapping cDNA fragments covering the entire genome were amplified
using the Titan One Tube RT-PCR kit (Roche Applied Science, Inc.). The amplified cDNA
fragments were gel purified before sequencing with both forward and reverse primers using
the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems). Sequence reactions
were cleancd using the BigDyce XTcerminator Purification kit (Applicd Biosystems), and run
on the 3130x1 Gencetic analyzer (Applicd Biosystems) at DVBD/CDC. The Lascrgenc
ScqMan softwarc (DNAStar, Inc) was uscd for genome analysis and comparison.,
Tagman-based mismatch amplification mutation assay (TagMAMA)

[000146) TagMAMA is a scnsitive, quantitative single nucleotide polymorphism assay
devcloped to permit finer asscssment of the level of reversion at the SNC-57 locus of
attenuation, and was further optimized for this study. Extracted viral RNA from MVS and
WVS were analyzed by the TagMAMA with both sets of primers/Taqman probe that are
specific to wt or the vaceine SNC-57 region. The forward primers used to detect DENV-2
wt and vaccine sequences were D2-41-GC and D2-40-TT, respectively. The 3'-terminal
nucleotide of each forward primer matched the specific 5"NCR-57 nucleotide for each virus,
while the nucleotide adjacent to the 3'-terminal nucleotide in cach primer differed from the
DENV-2 viral genomic sequence to enhance the mismatch cffect. The reverse primer, CD-
207, and the Taqran probe, CD-169F, for both wt and vaccinc scts were identical.
Scquences of the primers and probe as well as cycling conditions were described previously.
The real time R'T-PCR was performed with the 1Q5 or CFX-95 system (BioRad), using a
BioRad iScript RT-PCR (for probes) kit, in a 25-pl reaction containing 5 ul of viral RNA

44



template, 0.4 uM of each primer, and 0.2 uM of the probe, Triplicate reactions for each wt-
and vaccine-specific assay were conducted for each sample. Genome copy numbers were
determined relative to a standard curve prepared for each viral genotype, where the RNA
standards were transcripts derived from plasmids containing nt 1-2670 of each genotype-
spccific cDNA. In addition, the specificity of the assay was confirmed by festing cach RNA
standard with the heterologous genotype primer/probe sets to ensure minimum cross-
reactivity in every experiment. The results were reported as the percentage of viral genomes
showing reversion. Previously, due to higher cross-reactive backgrounds that limited the
mput RNA levels for this assay, the original detection sensitivity was about 0.1% reversion
(discrimination power). Since then, the assay has been further optimized using improved
real-time PCR equipment and reaction kits, and the cross-reactive background was
decreased considerably at much high levels (7-8 logiocopics) of RNA tcmplate input. This
optimization rcsulted in significant improvement of the detection sensitivity, down to 0.01-
0.07% reversion.

Virus replication in mosquito C6/36 cells and temperature sensitivity in mammalian Vero
cells

[000147] ‘The replication phenotypes of the four DENVax MVS stocks and wt DENV-
1, -2, -3, and -4 viruscs were cvaluated in C6/36 mosquito cclls (Aedes albopictus). C6/36
cclls grown in 6-well plates were infected in duplicate with each virus at a MOT of 0.001
and incubated with 4 ml/well of DMEM medium containing 2% FBS in a 5% CO; incubator
at 28°C. Small aliquots of the culture supcrnatant were collected for each virus on day 6 pi,
mixed with an cqual volumc of medium containing 40% FBS, and stored at -80°C until
ready for virus plaque titration.

[000148] Temperature sensitivity was conducted by comparing viral growth at 39°C
versus growth at 37°C at five days pi of Vero cells in 6-well plates. Cells were infected in
quadruplicate with each virus at a MOI of 0.001 at 37°C. Following adsorption of virus, the
infected cultures were incubated with 4 ml/well of DMEM medium containing 2% FBS in 2
separate S% CO, incubators, one set (duplicate plates) at 37°C and the other at 39°C.
Aliquots (50-pul) of the culture supernatant were collected on day 5 pi, mixed with an cqual
volume of DMEM containing 40% of FBS, and stored at -80°C until rcady for virus plaque
titration. Incubator temperatures were calibrated with NIST-traceable factory-calibrated
thermometers (-1 to 51 °C; ERTCO).

Mosquito infection, dissemination, and transmission
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[000149] Aedes aegypti mosquitoes used for the study were from a colony established
in 2002 from a village ncar Mac Sot (16" N, 33’ E), Thailand. Aftcr cmerging from larvae,
adult mosquitocs were maintained at 28°C at a 16:8 (light:dark) photoperiod with 10%
sucrose solution provided ad libitum. Five-to-seven day old female mosquitocs were uscd
for infectious blood meal feeding or intrathoracic (IT) inoculations. Aliquots of freshly
culturcd DENVax and wt DENV were used immediatcly upon harvest (without any freeze-
thaw cycle) to make virus blood meals as indicated below for oral infcction. Remaining
virus supcrmatants were supplemented with FBS to a final concentration of 20%, and
aliquots were stored at -80°C for future virus plaque titration and [T inoculation experiments.
The freshly prepared DENVax seeds for these experiments were amplified from the pre-
master sceds in Vero cells, and were ¢onsidered DENVax MVS cquivalents.

[000150] Infectious blood meals were prepared by mixing fresh virus at a ratio of 1:1
with defribrinated chicken blood (Colorado Scrum Company) on the day of oral infection,
Mosquitoes were sugar-starved overnight and then offered the virus:blood mixture for 1
hour using a Hemotek membrane feeding system (Discovery Workshops)., A 50-ul aliquot
of the blood meal was retained at -80°C for back-titration of virus doses. Fully-engorged
fcmales were sorted under cold anesthesia and placed into cartons with 10% sucrose
solution provided ad libitum. Cartons were placed at 28°C with a photoperiod of 16:8 h
{light:dark). After 14 days, 25-30 mosquitocs from each virus group were anesthetized via
exposure to triethylamine (Flynap ®, Carolina Biological Supply Company) and one hind
leg was removed and placed in 0.5 ml of DMEM with 10% FBS and 5%
penicillin/streptomycin (100U/ml and 100pg/ml respectively). Saliva was collected by
inserting the proboscis of the anesthetized mosquito into a capillary tube containing 2.5%
FBS and 25% sucrose solution. Mosquitoes were allowed to salivate for at Icast 15 minutes
and then capillary tubes and bodies were placed into separate tubes containing DMEM.
Mosquito bodics, legs and saliva were stored at -80°C until they were triturated and assaycd
for infectious virus. For IT inoculation, mosquitoes were cold-anesthetized and inoculated
with approxiumately 50 pfu of virus in 0.34 ul inoculum. Tnoculated mosquitocs were kept
for 7 days in the same conditions as described above. Mosquitocs were then anesthetized,
and their saliva and bodies werce collected as described above. Samples were stored at -80°C
until further processing.

[000151] To process the samples for virus titration, body and leg samples were
homogenized with copper coated BBs (Crossman Corporation, NY) at 24 cycles/second for

4 min using a mixer mill, and then clarified by centrifuging at 3,000 x g for 3 min. Saliva
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samples were centrifuged at 3,000 x g for 3 minutes to expel fluid from capillary tubes.
Ten-fold dilutions of the body and leg homogenates and saliva samples were tested for
presence of infectious virus by plaque assay. Results from bodies, legs, and saliva were
used for determining the infection, dissemination, and transmission rates, respectively.
Mouse neurovirulence

[000152] Timed pregnant female ICR mice werc obtained from Taconic Labs, and
monitored several times each day to determine approximate birth times of pup litters. In a
given experiment, approximately 12-24 hours after birth, two litters of eight pups per virus
(n=16), was challenged with 10" to 10* pfu of virus in 20 pl of diluent by intracranial (ic)
inoculation using a 30-gauge needle. Animals were monitored at least 3 times daily for at
lcast 32 days following challenge. At the first sign of illness (rough fur, hunched back,
weight loss, abnormal movement, paralysis, or lethargy) animals were euthanized by lethal
ancsthctization with isofluranc gas, followed by cervical dislocation. The post-infection day
of euthanasia represented the “time to illness/morbidity” or “survival time” for the animal.
The animal cxperiments were conducted following a DVBD/CDC IACUC-approved animal
protocol.

Derivation of Master Sced Viruscs

DENvax-1 Master Virus Seed (MVS)

[000153] Nucleotide sequence of the chimeric viral genome and deduced amino acid
sequence of the translated protein are provided herein. Most of the prM-E gene (nt 457 to -
2379, underlined) is wild-type (wt) DEN-1 16007 virus specific; the remaining genome is
DEN-2 PDK-53 virus specific. All engineered substitutions differ from wt virus (D1 16007
or D2 16681), as well as extra mutations (changes from engineered cDNA clone) detected
in the MVS are marked.

Substitutions Included in the Genome and Protein:

[000154] .lunctlon sites between D1 (prM-E) and D2 backbone:
a. MIul (nt 451-456): engineered silent mutation, nt-453 A-to-G
b. (nt 2380-2385); engineered mutations, nt-2381/2382 TG-to-CC
(rebultcd in E-482 Val-to-Ala change)

[000155] D2 PDK-53 virus backbone (change from wt D2 16681): all in bold
S'-noncoding region(NCR)-57 (nt-57 C-to-T): raajor attenuation locus {in red)
NS1-53 Gly-to-Asp (nt-2579 G-to-A): major attenuation locus (in red)
NS2A-181 Leu-to-Phe (nt-4018 C-to-T)

NS3-250 Glu-to-Val (nt-5270 A-to-T): major atienuation focus (in rod})
nt-5547 (NS3 genc) T-to-C silent mutation

®an oM
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f. NS4A-75 Gly-to-Ala (nt-6599 G-to-C)
* nt-8571 C-to-T silent mutation of PDK-53 is not enginccred in the vaccine virus

[000156] DEN-1 prM-E (change from wt D1 16007)
a. Engineered nt-1575 T-to-C silent mutation to remove native Xbal site

[000157] Additional substitutions found in vaccine seed (0.03% nt different from
original clonc)
a. NS2A-116 Tle-to-Leu (nt-3823 A-to-C, in bold)
b. NS2B-92 Glu-to-Asp (nt-4407 A-to-T, in bold)
c. nt-7311 A-to-G silent mutation (in bold)

NCHE-87-T, £2 POX-532 xtienuation locus {wo D2 18681: &)

>5'-Noncoding Region i =C
10 20 30 40 50 60 70 80 S0 100
AGTTGTTAGTCTACGTGGACCGACRRAGACAGATTCTTTGAGGEACGCTAMAGCTCAA TG TAGTTCTAACACGTTTITTAATTAGAGAGCAGATCTCTGATGA
M N
110 120 130 140 150 160 170 180 180 200

ATAACCAACGGAAAAAGCCCARARACACGCCTTTCAATATGCTGAAACGCGAGACGAAACCECETGTCEGACTGTGCAACAGCTGACARAAGAGATTCTCACT
N QR KEKAEKHNNTZPUPHNMIELERT EB®RDNUPEREYSTVYGQOQGQ L T X R ¥? B L

210 220 23¢ 240 250 260 270 280 280 3co
TGERATGCTGCAGGGACGAGGACCATTARAACTGTTCATGGCCCTIGGTGECGTTCCTTCGTTTCCTARCAATCCCACCARCACCAGGGATATTGARGAGA
G N L g8 R BE P L E WA P ¥ ALY AR P L B FPLTIPRPPTAGETLLKR

310 320 330 340 350 360 370 380 390 400
TGGGGAACAATTARARAATCAAAAGCTATTARTGTTTTCAGAGGCTTCAGGAAAGAGATIGCAAGGATECTEGARCATC TTCAATAGEGAGACCGCAGATCTG
W &8 T I KK ®S 3 KATIDNDYYIL RGP R KETIUGHSER2zENIELENTIT LM BNBREDRTERSLER

>prM Beginning of D1 16007 seguence
410 420 430 440 450 |460 470 480 490 500
CAGGCATGATCATTATGCTGATTCCRAACAGTGATGG CG'I'I‘CCAT'ITAACCQ £t iTGGGGGA(;AGCCGCATATGATAG'ITAG CAAGCAGGAAAGAGGAAA
8 M I I M E T P T VY M X P B LTT R G G E P HM I V 8 K 9 ER®EK

Engineered Miui splicing site (nt-453 A-to-G silent)

510 520 530 540 550 560 570 580 590 600
GTCACTTTTGTTCAAGACCTCTGCAGGTCTCAACATGTGCACCCTCATTGCCATGGATTTGCCACGACTTCTGTGAGGACACCATGACCTACAAATGCCCC
B 5L L F ET 8B X 8B8Y BN T HEI A ND L@ B L QRBDT NI X EC P

610 620 630 640 650 660 870 680 630 700
CGGATCACTGAGGCGGAACCAGATCACCTTGACTETTGG TGCAATECCACGGACACATGGGTGACCTATGCAACCTGCTCTCARACTGGCGAACACCGAC

E I T 2R a B F DD ¥ Db c ¥ &89 X7 DT B ¥ T ¥ T £ 8B Q T& B H R R

>M
710 720 730 740 750 760 770 780 790 800
GAGACAAACGTTCCGTCGCATTGGCCCCACACGTGGEGCTTGECCTAGARACAACAGCCEARACGTGGATCTCCTCTEANGGTCCTTGEGAAACAGATACA
P KR B YV &1L A PHY @@L 6L ETZRATETDHNMSESEEREGAWEK®QGIQ

810 820 830 840 850 860 B70 880 890 900
AAAAGTAGAGACTTGGGCTCTGAGACATCCAGGATTCACGECTGATAGCCCTTTTTCTAGCACATGCCATAGGARCATCCATCACCCAGAAAGGEATCATT
XY B2 W A L £ B &g VI 3258 ¥F LB HA T T 8 1 T @K 8 I 3

»E
910 820 830 940 950 960 a70 230 990 1000
TTCATTTTGCTCATCCTGGTAACACCATCTATGEGCCATCCCATCCOTEEGAATAGGCARCAGAGACTTCGTGGRAGCGACTGTCAGGAGCAACATCGGTGS
P IT L L M L VYT PE S8 M A NRGCV G I 6N R DF YV EG L B & 5 TW VB

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
ATGTGETACTCCAGCATGGAACTTGCETCACCACCATCGCARAANACAMACCAACACTGGACATTCARCTCTTCARCACCCAGETCACARACCCTGCAGT
vV ¥y 4 E B @ 8 ¢C VYV TT W kK EHN K PTH D T E L L KT EVTYVYTNXNDPATY

1110 1120 1130 1140 1150 1160 1170 11a8c 11580 1200
TCTGCGTAAATTGTECATTGAAGCTAAAATATCAAACACCACCACCAAT TCEAGATGTCCAACACAAGGAGAAGCCACACTCGTGCAAGAACAAGACGCG
L B E L € X B A XTI 88 TTTDHP» BR £ ¥pPp?PTAae6EIiL?TLEVYVY EZEZGQDXN

1210 1220 1230 1240 1250 1260 iz27o 1280 1290 1300
AACTTTGTCTCCCCGACGAACGTTCCTGGACAGAGECTGGCECAATCC CTCTCGGCTATTCGGARANGGTAGTCTARATARCGTGTGCCAAGTTTAAGTCTG
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N P V€ R RTTF ¥ BRGWE ¥ € C 6L » & K& 8L I TCECAZRTEZEROCTUY

1310 1320 1330 1340 1350 1360 1370 138¢ 1390 i4c0
TCGACAAAACTACGAAGGAAAGATAGTTCARTATGARAACCTARAATATTCAGTGATAGT CACCETCCACACTGGAGAT CAGCACCAGGTEGGAAATGAGAC
T KL E € K I ¥vYQ ¥ ERLT KY B Y I ¥Y¥T7T%X RETSE&DHBRQQY &N B X

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
TACAGAMCATGGAACAACTGCAACCATARCACCTCAAGCTCCTACGTCGGARATACAGCTGACCCACTACCGARCCCTTACATTAGATTETTCACCTAGE
2 B E S T R AT ET RO A FTSEEIOLTDEEYSTELITE B E S B K

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
ACAGGGCTAGATTTTAACCAGATGGTETTGCTEACAATGAARGAAAGATCATGCCTTGTCCACRARCAATGGTTCCTAGACTTACCACTGCCTTGGACCT
T @ L. D FN EMVYVLLTMUEKEU RS WL V HEKAOGQMWUPFILIDTILUZPILUZPWTS

Engineered silent mutation (nt-1575 T-to-C): remove the native DEN-1 virus-specific xbaI site

1610 1620 1630 1640 1650 1660 1670 1630 1620 1700
CTGGEECTTCAACATCCCARGAGACTTGGAACAGACARGATTTACTGGTCACATT TAAGACAGCTCATGCAAAGARGCAGGAAGTAGTCGTACTAGGATC
G A 8 T B8 Q ET W ¥ R 2 B L L YT F KT A H2Z2 X KGQEUY V¥ VY LG &

1710 1720 1730 1740 1750 1760 1770 1780 1790 13800
ACARGAACCAGCAATGCACACTGOGCTCGACTCCAGCGACAGAAATCCAAACGTCAGGAACGACAACAATTTTCCCAGCACACCTAAARTGCAGACTARAAR
g BE€ A M BT ALT®GGaA2TETIQTS & TTTIF AOGHTLIEKTUGE CRULE

1810 1820 1820 1840 1850 1860 1870 1880 1890 1900
ATGGACAAACTAACTTTARAAGGGATGTCATATGTCATGTGCACACGCTCATTCARGTTAGAGRAAGAAGTGGCTGAGACCCAGCATGEAACTETTCIGE

M D K &b TL XK G M 8 ¥ VM CTG@®SB P X EETKTETYVATET Q H G T V L V

1910 1920 1930 1940 1950 1960 1970 1580 1990 2000
TCECAGETTAAATATGAAGGAACAGACGCACCATGCAAGATTCCCTTTTCGACCCAAGATCGAGANAGCAGCAACCCACAATCEGAGATTAATAACAGCCAR
2 Y E ¥ E TP R PC EI PF 8 TGQDEZEKEGSGOA2ATHR N6 EFEL I TADIDR

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
CCCCATAGTCACTGACARRGARARRCCAGTCAATATTGAGCCAGARCCACCCTTTCGTGAGACCTACATCCTGETAGCAGCAGCTGARARRGCTTTGAAL
P I vy 7T B REIXDP»P VY NIES-RTED©DP?PPFGGUEESEYIWVYse A ad =2 K A LK

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
CTAMNGCTCGTTCAAGARAGGAAGCAGCATAGGCAAAATGTTTGAAGCAACTGCCCCAGGAGCACGAAGGATGGCCATTCTGGERAGACACCECATGGGACT
L 8 W P K K@ 8 8 7] @ KM F EAT ARG R AMzBRRMMATILIILTGDDTAMWWDPTF

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
TCGGTTCTATAGGAGGAGTGTTCACGTCTATGEGARARCTGCTACACCAGGTTTTTCGAACTGCATATGGAGTTTTGTTTAGCGGAGTTTCTTGGACCAT
& 8 I &@ ¢ ¥ F T8 ME ELEY HGOGY P G T R ¥ & ¥V L F B GYVYVYS W T M

End of D1 16007 sequence

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

K I &¢I 6 T L L T W Lhnaga b H 8 R NT S L 88K MCTI &K AGTI VY TL Y
Engineered ligoiﬁ‘v splicing site, E-482 Val-to-Ala (nt-2381/2382 TG-to-CC)

SNS1
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
TTGGGAGTCATGCTGCAGGCCCGATAGTEGGTTECGTTGTGAGCTGGAAAAACAAAGAACTCARATCTGGCACGTGGGATTTTCATCACAGACAACGTGCACA
F 8 ¥y B ¥ g A D S &G Y VY A ¥ XN ERKELLEESE®E® &I FITD NY HT

2510 2520 2530 2540 2550 2560 2570 2580 25280 2600
CATGCACAGAACAATACAAGTTCCARCCAGAATCCCCTTCARARCTAGCTTCAGCTATCCAGARAGCCCATCARGAGGRCATTTGTGCAAT CCCCTCAGT
W TEQY KPP QP E S P 8 KT A 8 A I QKA AHEUZEUDPTIOCCGSGTI R RTSEY

N2 PORXR-53 NEL-Hi-Agp stbenustion Iocus {wbt D2 1868%1:; dly, ne-2573-0)

2610 2620 2630 2640 2650 2660 2670 2680 2680 2700
AACAAGACTGGAGAATCTGATGTGGARACAARTARCACCAGAATTGAAT CACATTCTATCAGAAAATCAGCTGAAGTTAACTATTATCACAGGAGACATC
Z BRDL E ¥ I M M 2@ T 7T PEILNREBETIILSEH-NEYY EIZIDIITTIDHMNMNTITED I

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800
ARAGGAATCATGCAGGCAGGRAAACGATCTCTGCGECCTCAGCCCACTGAGCTEAAGTATTCATGCARARCATCGCGGGCAAAGCARARAATGCTCTCTACAG
K I M Q¢ A @ KRS LEUPGQPTUET LK YO®BEB WEKTWAaU KA &G KM WD5Ls ?TE

2810 2820 2830 2840 2850 2860 2870 2880 28280 2900
AGTCTCATAACCAGACCTTTCTCATTGATGGCCCCGAAMCAGCAGAATGCCCCAACACARATAGAGCTTGCRATTCGTTCGCARGTTGRAGACTATGGCTT
S AN g 7T F L 1D P ET KESC PR T N R & WHN B L BEYERY S F

2910 2920 2930 2940 2950 2960 2870 2980 2990 3000

TCCACTATTCACCACCARTATATGCCTARRATTGARAGAAARACAGCATCTATTCTGCGACTCARRAACTCATGTCAGCEEGCCATARARGACAACAGAGCT
g ¥ 2T TN I K LEILILEERER XS DY F &P AEELKNMNS EKEEKTIKDRBHE RA
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3010 3020 3030 3040 3050 3060 3070 3080 3080 3100
GTCCATGCCCATATCCCTTATTGAATAGARAGTGCACTCAATGACACATGGARAGATAGAGARAGCCTCTTTCATTGARGTTAARARCTGOCACTGGCCAR
V HA DMG Y WIESATILDNDTMWIEKTIEIKA AS ST FIEUVYVI KD NUGCHWWT?PK

3110 3120 32130 3140 3150 3160 3170 3180 3190 3200
AATCACACACCCTCTGGAGCAATGGAGTGCTAGAARCGTGAGATGATAATTCCAAAGAATCTCGCTGGACCAGTGTCTCAACACAACTATAGACCAGGCTA
8 BT HEW S XN GV E E S8 E MBI I PKEK-SNILIALSPY S8 Qg BN T R P G X

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
CCATACACAAATAACAGGACCATGGCATCTAGG TAAGC T TGAGATGGACTTTGAT TTCTATCGATGGEAACAACAGTGGTAGTGACTGAGGACTGCGGAAAT
H T g1 2T P W HLKLEGEEKE LT E N8N D F D PF €D &8 TT¥YN T ERL GN

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
AGAGCACCCTCTTTGAGRACAACCACTGCCTCTGGAARACTCATARCACAATGGTCGCTCCCEATCTTGCACATTACCACCGCTARGATACAGAGGTGAGE
R G P &L R T T T KR 8¢ KL I 2 B2 WC CRSBCTIL PERILBERETY RG ED

>NS2A
3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
ATGGCTGCTGETACGGGATGGARATCAGACCATTGAAGGAGARAGARCGAGAATTTGGTCAACTCCTTGGTCACAGCTGGACATSGGCAGGTCCGACAACTT
G C W Ye MR I RPLIXUEIKETENILUGYVYN-NS8TILYVYVTA G EHDG OQOQUVDNTF

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
TTCACTAGGAGTCTTGGEAATGECATTGTTCCTEEAGEAARTCCTTAGGACCCGAGTAGGARCGARACATGCAATACTACTAGTTGCAGTTTCTTTTETG
8 h e vV hrEh &M A L P LEBEEMLEDT® EY 6% K E 2 I L b ¥ & W B F Y

3610 3620 3630 3640 3650 3660 3670 3680 36390 3700
ACATTGATCACAGGGAACATGTCCTTTAGAGACCTGGGAAGAGTCATCCTTATGCTAGGCGCCACTATGACGGATCACATAGCTATGGCCGTGACTTATC
T LI TGN M 5§ F R DL GRYMY M VY S A TMTDDTISGEG MG Y T ¥L

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800
TTGCCCTACTAGCAGCCTTCARAGTCAGACCAACTTTTGCAGCTGGACTACT CTTGAGARAGCTGACCTCCAAGGAATTGATGATGACTACTATAGGAAT
A LD LA AMP XKV EHR PR PAAGL ETL R K LT SA&EZEILMNMMEHT ITIRBI

3810 3820 3830 2840 3850 3860 3870 3380 3890 3900
TGETACTCCTCTCCCAGAGCACCCTACCAGAGACCATTCTTGAGTTGACTGATGCGT TAGCCT TAGGCATGATGETCCTCAARATGGTGAGARATATGGAR
¥ L L B p8ETL PETILEDILWLTDAMADLELKAILGEMNMUYLELEMYTERHNMNRE

Additional NS2A-116 Ile-to-Leu (nt3823 A-to-C) mutation in master and pre-master sead

33910 3920 3930 3940 3950 3960 3970 3980 3950 4000
AAGTATCAATTCCCACTCACTATCATEECTATCTTCTCCCTCCCARACCGCAGTGATATTACAAAACGCATGGARACTCGAGTTGCACAATATTGGCAGTGG
E ¥ o h 2 Y T XN B I BT YENARERY I LLONAMAREWESTIHKEDR'Y

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
TETCCGTTTCCCCACTETTCTTARCATCCTCACAGCAAAAAACAGATTGEATACCATTAGCATTGACGATCAARGETCTCARTCCAACAGCTATTTTTCT
8 V8 P L P LT S8 B @ @Q ET P WIP®P»PLAILTI RKSGL NPT & F L

D2 PDK-53 gpecific NS2A-181-Phe (wt D2 16681l: Leu, nt-4018-C)

>NS2B
4110 4120 4130 4140 4150 4160 4170 4180 4150 4200
AACRACCCTCTCAAGAACCAGCAAGAAAAGCAGCTGECCATTARATGAGGCTATCATGGCAGTCGGEATGETGAGCATTTTAGCCAGTTCTCTCCTAAAA
T T L 8 R T 8 K KR 8 W PILNUEBEATIMAUV G MV &I L A S 8L L K

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
AATGATATTCCCATCGACAGGACCATTACTECCTECAGEGCTCCTCACTGTCTGCTACGTGCTCACTGGACGATCGGCCGATTTGGAACTGCGAGAGAGTAG
H D I PN T G B L ¥ 2608 LL TV O Y Y DR Q@R SESE AP E L B E B A

4310 4320 4330 4340 4350 4360 4370 4280 4390 4400
CCCATGTCARATCGEGARGACCAGACACGACATATCACCAACCACTCCANATCCTGTCAATAACAATATCAGAACGATCCTAGCATGTCCGATAAMAANTGANGA
P ¥ K W E b g A BRI B &8 8 8P @IL S I TZI S EDGS MBI KNZEE

4410 4420 4430 4440 4450 4460 4470 4420 4490 4500
GGAAGATCAAACACTGACCATACTCATTAGAACACGATTGCTEGTGATC TCACGGACTTTTTCCTGTATCAATACCAATCACGGCAGCAGCATGGTACCTG
E D GgT L TILIRTESEL VYIS G LY¥ F Y 8IpI T2 A ANETDD

Additional NS2B-92 Glu-to-Asp (nt-4407 A-to-T) mutation (in master and pre-master saed)

>NS3
4510 4520 4530 4540 4550 4560 4570 4580 4590 4600
TGCGAAGTGAAGAAACAACCGCGLCGEAGTATTGTGCCATCTTCCTTCACCCCCACCCATGGCARAGGCTGAACTGEAAGRA TGEGRGCCTATAGAN T TARGC
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W EV X K Q R A GV L WDV P 8 P P P MG KA AETLTETUDTGA ATYRTIIKNOGQ

4610 4620 4630 4640 4650 4660 4670 4680 4690 4700
ARRARGGGATTCTTGGATATTCCCAGATCGGAGCCGCAGTTTACARAGAAGGAACATTCCATACAATGTGGCATGTCACACGTGGCECTGTTCTAATGCA
E @1 L &6 Y 8 g1 ¢ a2V Y¥KEUGTUPFHATHNWEYT®RZ®SB AUV L ME

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
TAARGGAARGAGGATTGAACCATCATGGGCGEGACGTCAAGALAGACCTAATATCATATCGAGGAGECTGEGAAGTTAGAAGGAGAATECAAGGAAGGAGAA
K G KR I EUPS WADY K EKDUELTI S YGGGGWXTULEGTEWIKEBEOGHB

4810 4820 4830 4340 4850 4860 4870 4880 4890 4500
GAAGTCCAGGTATTGGCACTGGAGCCTGGAMN A A A TCCAAGAGCCGETCCARACGAAACCTCCTCTTTTCAARACCAACCGCCCGAACAATAGGTGCTGTAT
E VQ VL A LEVPGI EKHNDP?PRAY QT KU?PGIELEUYFKTNAOGTTIUSG? 21UV S8

4910 4920 4930 4940 4950 4960 4970 4980 4990 5000
CTCTGGACTTTTCTCCTGGAACGTCAGGATCTCCAATTATCCACAAAAAAGGAARAGT TGTGGETCTTTATGGTAATCETGTTGTTACAAGGAGTGGAGT
L D F 8B PG@T 8 6 § P I I DEKZEKJSGEGIEKDZYYVY &L T aea X8 Y YT T RSB & &

5010 5020 5030 5040 5050 5060 5070 5080 5090 5100
ATATGTGAGTGCTATAGCCCAGACTGARAA ARG CATTGARGACAACCCAGAGATCGARGATGACATTTTCCGAAAGAGAAGACTGACCATCATGGACCTC
TV B X T EQ T® X S8 T B DWW F ET EDDTIFEFEREEKERETLOTTIMNDID:IL

5110 5120 5130 5140 5150 5160 5170 5180 5190 5200
CACCCAGCACCCGCAAAGACCAACACATACCTTCCCCCCATACTCAGAGAAGCTATAAAACGGGCTTTGAGAACATTAATCTTGGCCCCCACTAGAGTTG
H P g A0 KT K FY bLbPEAR I N REARI R HRT HI L & B T RYVY VY

5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
TGECAGCTGAAATGGAGGARGCCCTTAGAGGACTTCCAATARGATACCAGACCCCAGCCATCAGAGCTGYGCACACCECECEGGACGATTGTCGACCTAAT
x & E M E E AL ¥ 6 L 2 I RBRY @QTFT P A& I R A HT & RE I ¥ D 5L H

H
D2 PDE-53 NS3-250-FYal attenuation locus {wt D2 1§§8L: Tlw, nt-S370-3)

5310 5320 532320 5240 5250 5360 5370 5330 5390 5400
GTGTCATGCCACATTTACCATGAGGCTGCTATCACCAGTTAGAGTGCCARACTACAACCTGATTATCATGGACGAAGCCCATTTCACAGATCCAGCAAGT
¢C B & T F T HMN R IL. 'L 8 P ¥ R Y 2 8@ ¥Y N L I T B DEAHDPFTDD?P? A &

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500
ATAGCAGCTAGAGGATACATCICAACTCGAGIGGAGATGEETGAGGCAGC TGGEGATTTTTATGACAGCCACTCCCCCEEEARGTAGAGACCCATTTCCTC
I X A P G ¥ I 8 TZPR VEMGSEA2AARSEI P NMN'T AT PPLEBS 2D PR F P G

5510 5520 5530 5540 5550 5560 5570 5580 5590 5600
AGAGCAATGCACCAATCATAGATGAAGARAGAGAAATCCCTEAACGCTCGTCEAATTCCGEGACATGALTGGGTCACGEATTTTARAGGGAAGACTGETTTGE
g W AP 1 I DEEURETIUPER GSMWNGSBGHEWWUYVYTDUFEKGIEKTVW

D2 PDK-53 gilent mutation nt-5547-C (wt D2 16681: T)

5610 5620 5630 5640 5650 5660 5670 5680 5690 5700
GTTCGTTCCAAGTATAAAAGCAGGANATGATATAGCAGCTTGCCTGAGGAARAATGGARAGAAAGTGATACARCTCAGTAGCGARGACCTTTGATTCTGAG
FPY PG IR AEAGSG YN DI KA EDLERE KN E@ERDYIgSL 8 EETUPEPDBSSB

5710 5720 5730 5740 5750 5760 5770 5780 57390 5800
TATGTCAAGACTAGRACCAATCGATTGCGACTTCCTCCTTACAACTGACATTTCAGAAATCCETECCAATTTCARCCCTCAGAGCETTATAGACCCCAGAT
¥V KT ®RT DWW D FYYTT DI 8 E MG ANTFXEXERXEZSEREYTIDBERRER

5810 5820 5830 5840 5850 5860 5870 5880 5890 5900
GCTGCATGARACCAGTCATACTARCAGATGGTGRAAGAGCGGCTGATTCTGGCAGGACCTATGCCAGTGACCCACTCTAGTGCAGCACAAAGAAGAGGGAG
€ M E P VY I HTBH GG EPR2R2 Y 2T L A G P NP VT EHEHSS A& g ERERAQE

5910 5320 59320 5940 5950 5860 5970 5980 5990 6000
AATAGGAAGARATCCAAARAATGAGAATGACCAGTACATATACATGEGGEGARCCTCTGCARAATGATGAAGACTGTGCACACTGEARAGAAGCTARANTG
I GR N P2 KN ENDGUYTI Y MGEPLEW®NDUEDUGCO AMADBWIEKTEBEAI KM

6010 6020 €030 6040 6050 6060 6070 6080 6090 6100
CTCCTAGATARCATCAACACGCCAGAAGCGAATCATTCCTAGCATCTTCGAACCAGAGCCTGAARACGTGEATCCCATTGATCGCCAATACCCCTTGAGAG
L L b N1 T PEUGTITIO:PSMUPFUE P EREIE K YT D S RTIUDUSGEGEZ YZERTLZERSG

6110 6120 6130 6140 6150 6160 6170 6180 6190 6200
GAGAAGCAAGGAAAACCTTTGTAGACTTAARTCGAGAMAGAGGAGACCTACCAGTCTGCTTGEGCCTACAGAGTGECAGCTGARGECATCAACTACGCAGACAG
B A R KT Y DL MK RGG&DEKPRPY L AYERY-AZLXEGIDN Y A DR

6210 6220 6230 6240 6250 6260 6270 6280 6220 6300
AAGGTGGTGTTTTGATGGAGTCARGAACAACCARATCCTAGAAGARARCGTGCGAAGTTCGAAATCTCCACAAAAGAAGGGCARAGGAAGAAATTGARACCT
R W T PF PGB VY KENHN I L B EN VY BEV BEI WT KE®EU RIEZEDLIZIXKXHTE

>NS43
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6310 6320 6330 6340 6350 6360 6370 6380 6390 6400
AGATGETTGCATGCTACGATCTATTCTGACCCACTGGCGC TAAAAGAATTTAAGGAATTTECAGCCGGARGARACTCTCTGACCCTGAACCTAATCACAG
R ¥ DARTIUYSDPIL A L KETFUZEKZ EUVFA-ARBMOSSERIEKESTLTLHNILTITE

6410 6420 6430 6440 6450 6460 6470 6480 6490 6500
AAATCGCTAGGCTCCCAACCTTCATGACTCAGAAGGCARGAGACCCACTEGEACAACTTACCAGTCCTGCACACCGECTGAGCGCAGEGTGGARGGACGTACAR
#® ¢ R L P TF N TQE ARDALD N LEZ S AETYVY L HEZTAERBAGGS R A ¥ N

6510 6520 6530 6540 6550 6560 6570 6580 6530 6600
CCATGCTCTCAGTGAACTGCCGGAGACCCTGGAGACATTGCTTTTACTGACACTTCTGGCTACAGTCACGGEAGGEATCTTTTTATTCTTGATCGAGCGCA
H & L 8 E L P ETL BE?PL % B TL E AT VYT GGG I F L F EN B A

D2 PDK-53 specific NS4A-75-Ala (wt D2 16681l: Gly, nt-6599-G)

6610 6620 6630 6640 6650 6660 6670 6680 6690 €700
AGGGGCATAGGGAAGATGACCCTGGGAATGTGCTGCATAATCACGECTAGCATCCTCCTATGGTACGCACARATACAGCCACACTGGATAGCAGCTTCAL
R & I @ Z B T E &8 M €@ €I I 2T K 8 I L LW T AQQIQODPHNT & & BT

6710 6720 €730 6740 6750 €760 6770 6780 6790 6800
TAATACTGGAGTTTTTTCTCATAGTTTTGCTTATTCCAGAACCTCARAAACAGACGAACACCCCAAGACAACCARCTGACCTACGTTGTCATAGCCATCCT
I = & " ¥ &»* 2 ¥ I L I B R B E KO R T PG BN QLT X VYN I &R I K

>NE4B
6810 6820 6830 6840 6850 6860 6870 6880 6890 6900
CACAGTGGTGGCCGCAACCATGGCAAACGAGATGGETTTCCTAGARAAARCGAAGAAAGATCTCGGATTEGEEAAGCATTGCAACCCAGCAACCCEGAGAGT
T vV VA ATMADNEMMEG?P L BE KT K K DULGULGS I ATOQOGQUPE B8

6910 6920 6930 6940 6950 6960 6370 6980 6990 7000
AACATCCTCGACATAGATCTACGTCCTGCATCAGCATGCRCGCTCTATGCCCTGCGCCACAACATTTGTTACACCARTCTTGAGACATAGCATTGARRATT
¥ I £ DI DL RPEPBAS AWTIL Y XKW ATTUER Y TRMILEHSBTIEIEMDMNRSESE

7010 7020 7030 7040 7050 7060 7070 7080 7090 7100
CCTCAGTGAATGTGTCCCTARCAGC TATAGCCARCCAAGCCACAGTGTTAATGGGTCTCGEGARAGGATCECCATTGTCAAAGATCCACATCGGAGTTCC
8 ¥ N vy 8 4 T A I A N QATY¥YL NGILS EKGG®¥ P L 8 K08 DTIG WV P

7110 7120 7130 7140 7150 7160 7170 7180 7180 7200
CCTTCTCGCCATTGGATGCTACTCACAAGTCAACCCCATAACTCTCACAGCAGCTCTTTTCTTATTGGTAGCACATTATGCCATCATAGGGCCAGGACTC
L h A X & € ¥ 5§ ¥ N P I T L T X A KR F¥F EBL Y & H ¥ aII &P BIL

7210 7220 7230 7240 7250 7260 7270 7280 7220 7300
CRAAGCAAARGCAACCAGAGARAGCTCAGAARAGAGCCAGCGGCGGEUATCATGAARAACCCAACTGTCCATCGCAATAACAGTCATTCGACCTAGAT CCAATAC
B A K 4T R E A @Q KR A A& A OGT R ENF PTWVWVDREEBEITYIRPBL BEERTETE

7310 7320 7330 7340 7350 7360 7370 7380 7390 7400
CTTATGATCCGRAGTTTGARAAGCAGTTGECGACARGTAATGCTCCTAGTCCTCTGCGTGACTCARGTATTGATGATGAGGACTACATCGEECTCTGTGTGR
Y D P K F EEKQTLOGEGV ML LVYL YTV L MNMN®EZETTTW®WAEILCYECE

Additional silent mutation (nt-7311 A-to-G, in master and pre-master seed)

7410 7420 7430 7440 7450 7460 7470 7480 7490 7500
GGCTTTAACCTTAGCTACCGGGCCCATCT CCACATTCTGGGRAGGAARTCCAGGCAGGTT TTGEGAACACTACCATTGCGETETCAATCGCTAACATTTTT
& L ¥ L ORET B FN I 8T E W E 4G N P B EF WETITI ENTENEAMNFEFP

» NS5
7510 7520 7530 7540 7550 7560 7570 1580 7580 7600
AGAGGGAGTTACTTCGCCGEAGCTCCACT TCTCTTTTCTATTATGAAGAACACAACCAACACARGAAGGCGARCTGGCAACATAGGAGAGACGCTTGGAG
R @6 8 YL A € A 8 L L FP &S I M ENTDTT NTRIER®STeEHNISE2ET L 8 R

7610 7620 7630 7640 7650 7660 7670 7680 7690 7700
LGBAATGGAAAAGCCGATTGAACGCATTCCGAAAAAGTGAATTCCAGATCTACAAGARAAGTGGAAT CCAGGAAGTGGATACGAACCTTAGCAARAGARGG
E " K 8 b N &L A K 2 E P QIXIT ¥ KK 8 6 I g E Y DPRTETDHLAKES

7710 7720 7730 7740 7750 7760 7770 7780 7790 7800
CATTAAARGAGGAGARACGEACCATCACCCTCTETOCCGAGECTCAGCAAAACTGAGATGETTCCTTGAGAGAARCATGETCACACCAGRAGCGCGAAACTA
I KR @ ETUDHUEADY®SRUGEGSEAI KTLIRWUPY Y ETERNMVYTPETGKEKYW

7810 7820 7830 7840 7850 7860 7870 7830 7890 7900
GTGGACCTCGGTTGTGGCAGAGCAGGCTCCTCATACTATTCTGGAGGACTARAGAATGTAAGAGAAGTCAAAGGCCTAACAAANGGAGGRACCAGGACACG
¥ DL @ ¢ g R G 6 W 8 Y Y £ d 6L E NV RIEVEKCGCGL T KG® G PSR B

7910 7920 7930 7940 7950 7960 7970 7980 79980 8000
RAAGARCCCATCCCCATGTCARCATATCGCTGCARTCTAGTGUCTCTTCARAGTGGAGTTGACGTTTTCTTCATCCCGCCAGARAAGTCTCGACACATTATT
E B I P M BT Y G WDNEEYERILQSSE Y DY FU F¥IPPEIE KA ECDT®:LELE

8010 8020 803¢C 8040 8050 8060 8070 8080 8080 8100

GTGTGACATAGGGGAGTCATCACCAAATCCCACAGTGEAAGCAGCACGAACACTCAGAGTCCTTAACTTACTACARAATTCCTTGAACARCAACACTCAR
¢ b1l GG E S B P NPTV EAGRTTULRUVILNULUVYVEWNW®WLWNWNNTQ
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8110 8120 8130 8140 8150 8160 8170 8180 8190 8200
TTTTGCATAAAGGTTCTCAACCCATATATGCCCTCAGTCATAGAAAAAATGGAAGCACTACAAAGGAAATATGGAGGAGCCTTAGTGAGEGAATCCACTCT
¥ € I EVL NP ¥ M P B Y I BEKMEATLQgRIKTYGS ALYENUPDLS

8210 8220 8230 8240 8250 8260 8270 8280 8290 8300
CACGAARCTCCACACATGAGATGTACTGCGTATCCARTCCTTCCCGCAACATAGTGTCATCACTGAACATCATTTCARACCATCTTGATCARCAGATTTAC
R N8 TBEMO©YWY 8 N K 86 B I ¥ 8 8§ YN MTIT 8 R ML TIT NRPEPT

8310 8320 8330 8340 8350 8360 8370 8380 8390 8400
AATGAGATACAACGAARCCCACTTACGAGCCGGATGTTGACCTCGGAAGCGGAACCCGTARCATCGEGGATTGAAAGTGACGATACCARACCTAGATATAATT
M BY E XA TITE PBAYDBL & B 6 TR I &€& T B s R I EEXNL DIXZI

8410 8420 8430 8440 8450 8460 8470 8480 8490 8500
GGGARARGRATAGAAARALTAMRGCAAGAGCATGARACATCATGGCACTATCGACCAAGACCACCCATACARAACCTCGGCATACCATGCGTAGCTATGRAR
@ K R T E ¥ IT ® g EH ET &WHR Y DG D HEPFY KTRAYRB S S X B T

8510 8520 8530 8540 8550 8560 8570 8580 8590 8600
CAAMACAGACTGGATCAGCATCATCCATGETCAACGGAG TEGETCAGGCTECTGACAARACCTTCGGGACGTCEGTCCCCATGETGACACAGATECGCAATCGAC
K g " G 8 A 8 &M YNGYVY Y¥Y¥RLLTI KUTPWDUVVY P MY TGN AM T

8610 8620 8630 8640 8650 8660 8670 8680 8650 8700
AGACACGACTCCATTTGGACAACAGCGCGTTTTTAAAGAGARAGTCGACACGAGAACCCAAGAACCGAAAGAAGGCACGARGARRCTARTGAAAATARCE
B T TP PGS Q Q R FE B EYDRDLT? 2T QB2 PF EEBS T EERE L XHEZT

8710 8720 8730 8740 8750 8760 8770 8780 8730 8800
GCAGAGTGGCTTTGGAAAGARATTAGGGAAGARADACACACCCAGCGATGTGCACCAGACGAAGAATTCACARGAANGCTCGAGAAGCAATGCAGCCTTGGGEE
A BE WL WEKEEILGXEKEKTUPRMOCTR®RETEV?F¥FTHRIEKYERKS&NAIALATLISGAR

8810 8820 88320 8840 8850 8860 8870 8880 8890 8300
COATATTCACTCATCAGAACAARGTGOALCTOCCCACCTCAGECTETTEARGATAGTAGETTTTGGGAGCTGCTTCGACAAGGAARGGAATCTCCATCTTGR
1 ¥ T D E N KW X 8 A RPEAVY ED S8 R FP WEIL VDEKTETEW NILUHHILE

8910 8920 8930 8940 8950 B960 8970 8980 8990 8000
AGGAAAGTGCTGAARACATGTCTGTACAACATGATCGCARAAAGAGAGAAGAAGCTAGGCGAATTCGGCAAGGCAARMAGGCAGCAGAGCCATATGETACATE
2 K € ETCV ¥ ¥ M M@ KPP EEX KILT B BRBRPOGEKEAIESGSESERAEIDNDYM

goio 2020 9030 9040 5050 9060 9070 5080 8090 9100
TGGCTTGGAGCACGCTTCTTAGAGT TIGARGCCCTAGGATTCTTARATGAAGATCACTCGTTCTCCAGAGACAACTCCCTCACTCCAGTCCAAGRACGARG
¥ L @ AR F L EF E A L 8 P L N B b H NN F £ R B NN& L 8& V E G B &

9110 9120 9130 9140 2150 9160 9170 8180 9190 9200
GGCTGCACAAGCTAGGTTACATTCTAAGAGACGTGACCAACAAACAGCCACCACCAATGTATGCCGATGACACCGCAGGATGGGATACAAGAATCACACT
L B X & 4 ¥ I L R DV B E ¥ E &6 A M ¥ 280 0DT a8 5% 2T R I 2L

9210 9220 9230 9240 9250 9260 9270 9280 9290 9300
AGARGACCTAARAAATGAAGAAATGGTAACARACCACATGGAAGGAGRAACACAAGAAACTAGCCGAGGCCATTTTCARACTAACGTACCAARACAAGGTG
E DL KN E B M VYT H HEM EG B H KEKE L AEATITJ¥FTKTLTYOQONI KUY

9310 9320 9330 9340 9350 9360 9370 9380 9380 9400
GTGCGTGTGCARAGACCAACACCAAGAGGCACAGTAATGGACATCATATCGAGRAGAGACCAARAGAGGTAGTGCACAAGTTGGCACCTATGGACTCAATA
¥ R V@G R P T PR GET VT BN DI I 8 R RPAOE & B G QY8 T ¥ G L ¥ T

9410 9420 9430 9440 9450 2460 9470 $480 9480 9500
CTTTCACCARTATGEAAGCCCAACTARTCAGAC AGATEGAGGEAGAAGGAGTCTTTARAAGCATTCAGCACCTAACAATCACACGAAGAAATCGCTETGCA
F TN M E A ¢ L I ROQMETGEUGV?FEKSB I QHELTITTZERRZERTIAYVQ

9510 9520 9530 9540 9550 9560 9570 8580 9590 8600
AAACTGGTTAGCAAGAGTGGGGCGCGARRGGTTATCARGAATCGEGCCATCAGTGCAGATGATTGTCTTEGTGAARACCTTTAGATCGACAGETTCGCRAGCGCT
N W L A R V@ R ERIL S RMATISGDDOCVYV EZ?PILDUDURTFHBARSNA

8610 8620 9630 9640 9650 9660 9670 8680 9620 9700
TTAACACCTCTAAATGACATGGCAARGATTAGGAARCGACATACAACARTCCCGARCCTTCAAGAGGATGGAATGATTGGACACAAGTGCCCTTCTGTTCAC
E T AL ¥ DNGETIZSRE?DTICQWEUP S RS T B§DW T GV P F C S8 BH

8710 9720 8730 9740 9750 9760 9770 S780 9790 8800
ACCATTTCCATGAGTTAATCATGAARGACGETCGCETACTCGTTGTTCCATGTAGAAACCAAGATGAACTGATTGGCAGAGCCCGAATCTCCCAAGGAGC
H PHELTIMIUEKDPD®SG®ERWYVYIL VYV P CRBMNOQUDEIULLTIUGGZ EUAURTIWSBU OG®GNA

a8l1o0 9820 9830 2840 9850 9860 9870 8880 9830 9900
AGGGTGOGTCTTTGCCEGAGACGECCTETT TCGGEAAGTCTTACGCCCARATGTGGACGCTTGATGTACTTCCACAGACGCGACCTCAGCGCTGGCCGGCAMAT
€ ¥ B L R BET AR €C L & K 8 Y A Q MW W 8 K M Y F HEREERDITERTE AIEINKNK

9910 9920 9930 2940 9950 9960 9970 $980 9990 10000
GCTATTTCECTCGGECAGTACCATCACATTGEAT T CCARCARGTCGAACRACCTGGTCCATACATGCTAAACATGAATGGATGACAACGEAAGACATGCTGA
A JIT C 8B AV P 8 HX V PTSESRTTNHNK B8 I B AEKEEEWWMTTTEDM LT

10010 10020 100320 10040 10050 10060 10070 10080 10020 10100
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CAGTCTGGAARCAGGGTGTGGATTCARGAAAACCCATGGATGGARGRACAAAACTCCAGTGGAATCATGGGAGGARATCCCATACTTGGGGRARRGAGAAGA
v § N R V W I g B ¥ P W Mm ED K T P V E S % EE T P Y L G K R E D

10110 10120 10130 10140 12150 10160 10170 10180 10190 1020¢C
CCAATGCTGOGGCTCATTGATTGGCTTAACAAGCAGCACCACCTGGECARACAACAT CCAAGCACCAATAAAT CAAGT TAGATCCCT TATAGGCAATGAA
g w ¢ 66 5 L I 6L TS R A TW A KNI @ A A I N Q VvV R S8 L I 6 N E

»3'-Noncoding Region
10210 10220 12230 10240 10250 10260 10270 10280 10290 10300
GCAATACACAGATTACATGCCATCCATCARRRCATTCAGAAGACGAAGACCRAAGAAGCAGCGAGTTCTGTGGTAGARAGCCAADACTAACATGAAACAAGGCTA
E Y T D Y M P S M KR FRIREZEZUEZEA AGCV L W *

10310 10320 10230 10240 10350 10260 10370 10380 102940 10400
GAAGTCAGGTCGGATTAAGCCATAGTACGEAAAAANCTATGCTACCTGTGAGCCCCGTCCARGGACGTTAAAAGAAGTCAGGCCATCATARATGCCATAG

10410 10420 10420 10440 10450 10460 10470 10480 10430 105C0
CTTGAGTAARACTATGCAGCCTGTAGCTCCACCTGAGAAGCGTETRAAAARATCCGGGAGGCCACAAACCATGGAAGCTGTACGCATGGCGTAGTGGACTAGT
10510 10520 10530 10840 10550 10560 10570 10580 10590 10600

GGTTAGAGGAGACCCCTCCCTTACAAATCGCAGCARCRATCCGGGICCARGGCGAGATCGAAGCTGTAGTCTCECTCGAAGCGACTAGACGTTAGAGGAGAT

10610 10620 10630 10640 10650 10660 10670 10630 10690 10700
CCCCCCGAAACAAAAAACAGCATATTGACGCTGEGAAAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGTCAGAALATGGAATG

10710 10720
GTCCTCTIGAATCAACAGGTTCT

DENvax-2 Master Virus Seed (MVS)

[000158] Nucleotide sequence of the recombinant viral genome and deduced amino acid
sequence of the translated protein are provided herein. The engineered virus is based
on D2 PDK-53 virus. All engineered substitutions that arc different from wild-type
DEN-2 16681 virus (also the parental virus for PDK-53), as well as extra mutations
(changes from engineered ¢cDNA clone) detected in the MVS are marked.

Substitutions Included in the Genome and Protein:

[000159] D2 PDK-53 virus backbone (change from wt D2 16681‘)' all in bold
5'-noncoding region (NCR)-57 (nt-57 C-to-T): ruajor atienuation locus {in red)
prM-29 Asp-to-Val (nt-524 A-to-T)
nt-2055 C-to-T (E gene) silent mutation
NS1-53 Gly-to-Asp (mt-2579 G-to-A); msjor agsauation loous (i red)
NS2A-181 Leu-to-Phe (nt-4018 C-to-T)
NS3—250 Glu-to-Val (nt-5270 A-to-T): maior atteraation locns (in red)

t-5547 (NS3 gene) T-to-C silent mutation
N<14A 75 Gly-to-Ala (nt-6599 G-to- C)
¥ nt- 8‘57] C-to-T silent mutation of PDK-53 is not engineered in the vaccine virus

SR 0 a0 o

[000160] Enginccred clone marker (silent mutation):
a. nt-900 T-to-C silent mutation: infectious clonc marker

[000161] Additional substitutions found in vaccine sced (0.02% nt different from
original clone)
a. prM-52 Lys-t0-Glu (nt-592 A-to-G), in bold
b. NS5-412 Ile-to-Val (nt-8803 A-to-G), in bold

L3 MEK-SF tdtenmustion Adus et Dk XeSeli: OF
>51 -NC ! >C
= 2 au qi S 2 3cC ap e 11D 120
AR A L ACE TN SO A AL A AT AGAG M BT T ARG ARIIIA AT AN T AGT O AACAZ L ANTTACACAS CATAT CTCTCAT SAATAAC CRACSCAARAAIC G
MW N ’OK KA
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WO 2014/150939 PCT/US2014/024603

130 140 150 160 170 180 190 200 210 220 230 240
AAAAACACGCCTTTCAATATGCTGAAACGCGAGAGAAACCGCGTGTCGACTGTGCAACAGCTGACAAAGAGATTCTCACTTGGAATGCTGCAGGGACGAGGACCATTAAAACTGTTCATG
K N TP F NMIL K REIRWNIRWVSTVQQQULTIZ X R FSILGMTULOSGIRGU®PTILI KL FM

250 260 270 280 290 300 310 320 330 340 350 360
GCCCTGGTGGCGTTCCTTCGTTTCCTAACAATCCCACCAACAGCAGGGATATTGAAGAGATGGGGAACAATTAARAAATCAAAAGCTATTAATGTTTTGAGAGGGTTCAGGARAGAGATT
AL VA F L RVF LTI PP TAGTIULI KU RMW®WGTTII KI K S KA ATINUVILURGF R KE I

>prM
370 380 390 400 410 420 430 440 450 460 470 480
GGAAGGATGCTGAACATCTTGAATAGGAGACGCAGATCTGCAGGCATGATCATTATGCTGATTCCAACAGTGATGGCGTTCCATTTAACCACACGTAACGGAGAACCACACATGATCGTC
G R MILNTIILNI RI RIRIRSAGMIIMZLTIUPTVMATFHILTTIRNGEPHMMTIUV

490 500 510 520 530 540 550 560 570 580 590 600
AGCAGACAAGAGAAAGGGAAAAGTCTTCTGTTTAAAACAGAGGTTGGCGTGAACATGTGTACCCTCATGGCCATGGACCTTGGTGAATTGTGTGAAGACACAATCACGTACGAGTGTCCC
S R Q E K GG K s L L F K TEV GGVNMTCTILMAMUDTLSGETLTCET DTTIT Y E C P

| |
D2 PDK-53 specific prM-29 Val (wt D2 16681 Asp, nt-524-A) Additional prM-52 Lys-to-Glu mutation (nt-592 A-to-G)

>M
610 620 630 640 650 660 670 680 690 700 710 720
CTTCTCAGGCAGAATGAGCCAGAAGACATAGACTGTTGGTGCAACTCTACGTCCACGTGGGTAACTTATGGGACGTGTACCACCATGGGAGAACATAGAAGAGAAAAARGATCAGTGGCA
L LRQNE?PEDTIDCWTCNSTSTWVTYSGTT CTTMGUEUHIRIRIEIE KRS V A

730 740 750 760 770 780 790 800 810 820 830 840
CTCGTTCCACATGTGGGAATGGGACTGGAGACACGAACTGAAACATGGATGTCATCAGAAGGGGCCTGGAAACATGTCCAGAGAATTGAAACTTGGATCTTGAGACATCCAGGCTTCACC
L vp HVGMSGILET RTETWMMSSEGAWIE KHV QRTIETWTIILRHPGTF T

>E
850 860 870 880 890 900 910 920 930 940 950 960
ATGATGGCAGCAATCCTGGCATACACCATAGGAACGACACATTTCCAAAGAGCCCTGATCTTCATCTTACTGACAGCTGTCACTCCTTCAATGACAATGCGTTGCATAGGAATGTCAAAT
M M A A I LAY T I GTTHY FQRATLTIVF¥F I L L TAV T?PSMTM® RTZCTIGMMSN
|

Engineered silent clone marker: nt-900 T-to-C silent mutation

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
AGAGACTTTGTGGAAGGGGTTTCAGGAGGAAGCTGGGTTGACATAGTCTTAGAACATGGAAGCTGTGTGACGACGATGGCAARAAACAAACCAACATTGGATTTTGAACTGATAAARACA
R DFVEGVSGGS WV DI VL EHSGST CVTTMATZ KNI E KU®PTTULDTFETLTI KT

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
GAAGCCAAACAGCCTGCCACCCTAAGGAAGTACTGTATAGAGGCAAAGCTAACCAACACAACAACAGAATCTCGCTGCCCAACACAAGGGGAACCCAGCCTAAATGAAGAGCAGGACARAA
E A K QP ATIL R KXY CTIEAIEKTLTNTTTESI RTC®PTQGEU?PSTLNETZE Q D K

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AGGTTCGTCTGCAAACACTCCATGGTAGACAGAGGATGGGGAAATGGATGTGGACTATTTGGAAAGGGAGGCATTGTGACCTGTGCTATGTTCAGATGCAAAAAGAACATGGAAGGAARAA
R F V C K HSMVDRGWGNGCGULUFGZ XKGGTIVTCAMT FIRTECIEKI KNME G K

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
GTTGTGCAACCAGAAAACTTGGAATACACCATTGTGATAACACCTCACTCAGGGGAAGAGCATGCAGTCGGAAATGACACAGGAAAACATGGCAAGGARATCARAATAACACCACAGAGT
v v Q&P ENILE Y T I V I T P H S GEZEUHA AV GNDTSGI KUHGI K E I K I TP Q S

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
TCCATCACAGAAGCAGAATTGACAGGTTATGGCACTGTCACAATGGAGTGCTCTCCAAGAACGGGCCTCGACTTCAATGAGATGGTGTTGCTGCAGATGGAARATAAAGCTTGGCTGGTG
s I T EAZEL T G Y G TV TMETCsSs P RTGILDVFNZEMVILIL QMENZ KA ADWTILYV

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
CACAGGCAATGGTTCCTAGACCTGCCGTTACCATGGTTGCCCGGAGCGGACACACAAGGGTCAAATTGGATACAGARAGAGACATTGGTCACTTTCARARATCCCCATGCGAAGARACAG
H R OQW?FL DL P L P WL P GADTQSGSNWTI QXETTILV T FKXKNP HAK K Q

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
GATGTTGTTGTTTTAGGATCCCAAGAAGGGGCCATGCACACAGCACTTACAGGGGCCACAGAARATCCAAATGTCATCAGGAAACTTACTCTTCACAGGACATCTCAAGTGCAGGCTGAGA
b vwvvwVvVvzL5LGSOQEGAMUHETATLTS GATETIOQMS S GNTILLVFTGHTILKCR L R

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
ATGGACAAGCTACAGCTCAAAGGAATGTCATACTCTATGTGCACAGGAAAGTTTAAAGTTGTGAAGGAAATAGCAGARACACAACATGGAACAATAGTTATCAGAGTGCAATATGAAGGG
M D KL Q L K GGM S Y s MM CTGZ K F KV V KETIA AETOQHGTTIUV IRV QY E G

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
GACGGCTCTCCATGCAAGATCCCTTTTGAGATAATGGATTTGGAARAAAGACATGTCTTAGGTCGCCTGATTACAGTCAACCCAATTGTGACAGAAARAGATAGCCCAGTCAACATAGAA
bGsPppCX I PF¥F EI MDILE K RUHV L GRILITVNU®PIVTEIKDS PV NI E

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
GCAGAACCTCCATTTGGAGACAGCTACATCATCATAGGAGTAGAGCCGGGACAACTGAAGCTCAACTGGTTTAAGAAAGGAAGTTCTATCGGCCAAATGTTTGAGACAACAATGAGGGGG
A E P P F G D sy I I I GV E?PGOQULZ KLNW F K KGS S I GOQMU FETTMMTR R G

|
D2 PDK-53 nt-2055-T silent mutation (D2 16681: C)

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
GCGAAGAGAATGGCCATTTTAGGTGACACAGCCTGGGATTTTGGATCCTTGGGAGGAGTGTTTACATCTATAGGAAAGGCTCTCCACCAAGTCTTTGGAGCAATCTATGGAGCTGCCTTC
A K R MAI L GDTAWUDU F G S L GGV F TS I GKATLUHZGQVF GATI Y G A AF

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
AGTGGGGTTTCATGGACTATGAAAATCCTCATAGGAGTCATTATCACATGGATAGGAATGAATTCACGCAGCACCTCACTGTCTGTGACACTAGTATTGGTGGGAATTGTGACACTGTAT
s G vswoTMZ KTIULTIGUVITITWTIGMNSIRS TS UL SV TILV L V G I VTIL Y

>NS1
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
TTGGGAGTCATGGTGCAGGCCGATAGTGGTTGCGTTGTGAGCTGGAAARAACARAGAACTGARATGTGGCAGTGGGATTTTCATCACAGACAACGTGCACACATGGACAGAACAATACAAG
L GvmMVQADSGCVVSWZXNI X ETLI KT CSGSSGTIUFTITIDNVHTWTEQ Y K

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
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PPCCANCCAGAATCCCCTTCAAAACTAGOTT OAGC TATC CAGAAAGCCC ATGA AGA GG CAT TTGTGGAAT CCOCTCAGTAACAAGACTGCAGAATCTGATCTCCAAA CAAATAACACCA
¥ QF R &P YX LAS AT Q KAREB®TRT e TITRSE8¥YTERLEHNTLTHEWNKgTI®RP

D2 PDE-5X N31-S53-Rep attepustlion locus {wo D2 1688x: Sy, nt-z372-8;

2650 2660 25%0 26E0 256510 2900 2'710 2720 27730 2740 2950 2760
CAATTCANDCACADTCTATOAGAAMA "CAUC ICAART IAACT AT A MCACACCACACATC AAACCAA ' CATAOAGGCARBAANACGA L OO ECRECO I CAGUCCATLGAGT TEAAGTAT
E L N ¥ &I L B8 ENE Y E LT I1I®8PTg Dl K& 1 M gax4ak EBS8 R P g B P & L K Y

2770 2780 2790 2300 2810 28290 2830 2840 2859 2¢80 2870 2980
TCATCCAAAACKICGGGUAARCCASAAATCCTCTCTACACACTCTCATAACCACACCTTT CTCATTCALCGUCCCCCARACAGTUACGAA L CCCUCAACACAAS ACACCTTOCAA U ICELLG
8 W K T W o £ A KNLSTESZ SN NQTPLTIDOGCTEETHRESE?P?PDYVN T NRAZATEW®RINSE L

2890 2900 2910 2920 2930 29440 2950 2960 2970 7980 2997 300D

GRAGTTCARGACTATGG CTTTGGAC TAT ICACCACCAR T ATATCEC TAAANT I CAMACAAMA CACGATCT ATTCTGCEACTCARAMC TCATG TC AGCGECCATARMNGACAACAGAGCC
EYEDUY OGP G ¥ g T T NLHNLKLIXZE2EKAO QDUVPFECD B KTILMNSAAILIEKDAMNERA

301 3p20 3030 3040 3050 2060 3070 308C 3084 3100 2113 3120
CTCCATGCCCCATATGEG VNI PGCATACAAACTGCACTCAATGACACATCCAACATACACRAACCOTCL I CALTCAACTTAAMAACTGCCACTGCCCAARAT CACACAC COT CLIGEAGT
¥ EADMNOY W 1 E A& AL ¥NDTPTW¥EIEREIEKASZPEP I EV KMNCECIEMWEP XS IOITTULMNGE

3130 3740 3150 3160 3170 3184a 3190 3200 3210 3220 3230 3240

ARTCEAFTGUTAGANRG TEGAGATEATAA TTCOAAAGAAT CTCRCTREACCAGTATOCTCAA CACARCTATAGACCAGETTACCATACACAAATAACARGA CCATGRCATCT AGRTAMGETT
¥ &# YL TS INIIPFEBRLHAG PY FQHFTREEBYTYT HT QT TG PANRBL &8 KL

3250 3260 3270 3280 329C 3304 3axno 3320 3330 3340 33=0 3380
GAGATCCACT ITGATTTCTRTGATEGAACAACAGTEC T AGTEACTEAGGATTECERAAA TAGAGEACCCTOTTTGAGAALAACCACTECCTOTEGAMACTCA T AACABAATGETGCTEC
9T DFOCDEEEWYFYERIEIEDPOG N REPPE LT ITILTAESEHGE LT T BN L E

>NI2A

3370 3380 3390 3400 3ann 1420 3430 3440 3450 360 3470 3440

CAATCTTROACATTACCACCC CTRACATACAGACC TCACCAT COCTOCTCOTACCOGATCCAAATCACACCATTCAACCAC ARACAACACAA TTTEGTCAACTCOTTCATCACAZCTCTA
R &8 L P P LRI RBEBEEDIDIESRT YSESFETIRDYP I KERKEERENLYB®EFL YT RS

3490 3500 as510 3520 3530 35440 A5K50 3560 3570 3580 359D A6R00
CATCCOCACOTCCACAACITT TCACTACCACTCTTOCCAATOCCATTOTY CCTOUACCAAATC CTTACCACCCOACTACCAACCAAACATCCAATACTACTACTTOCACTITCTTITY
HeeV¥ bN#f 8B LHE YL EMSHS L P L EEMILLR? R V¥ OP KL XxILILVAYVYSPY

3610 3620 3630 3640 3650 3660 3670 I600 3696 3700 3710 3720
ACATTCATCACACCCAACATCTCCTTTACACACCTCCCARCACTCATCCTTATCCTACCCCCCACTATCACCCATCACATACCTATCOOCOTCACTTAT CTTOCCCTACTACCACCCTTC
T LT T E R ME2PFERDLCRYHEYRY CATHND?TDDIOCEMEY¥TYLAT'TL & AT

3730 3740 3780 e 37TC 27840 aven 3800 aBLo 3820 3830 3840
AAAGITAGACCAACTTT TECAGCTGEACTAC I T GAGAAAG CGACCTCCAAGGAN I I GATGATCACTACTATACGGAA TG TACTT COLCIDCCAGAGUACTA TAC CABAGAC CATLCLT
E¥YRPY® P A ALMOGLLLRELTS ¥ 2821L a2 1881 ¥VELS8QEBTTIT®DPE?®RIIMD

3850 3880 3870 EEL-] 3E30 3300 3910 3820 3930 3840 3350 3980
GACTTGACTCATCOLTTAGCCTTAGUCATCATCCT COTC AAAA TCETCACARATATCCAA AAGTAT CAATPCECACT CACTATCATCCCTATCTTCTCCCTC CCAAACCCACGTCATATTA
EETD AL AL AGS EY L ENMNY HNBNER® ERY @ LAY XTI MATILLEY ¥ NLAEYYTIIDG

397 39480 39290 4200 4010 1029 4030 4040 4050 1060 437D 4080
CAARACCCATCCAAACTUACTTCCACAATATTCCCACTCOTCTCCU T T TCCCCACTCTTC I TAACATCCTCACACCARAARACACATTCCATAC CATTACCATTCACCATCAAACCTCTC
a3 &A% EVSsorTInavVyYEYS PP LRT S B G8G ETERE I EDL AN TIERERD

|
D2 PDK-53 specific NSZA-181-Phe (wt D2 16681: Leu, nt-4018-C)

>N82B
4090 4100 4110 41290 4230 41490 4150 4160 4170 4180 4199 4200
AATCOAACAGCTATTT T TCTAACAACCOTOT ARG AACCACC AACARAACCAL CTCCUCATTARATC ACO O TAT CATARCARTORGEATAGTEAGCATT TTAGLCAGTT ITOT COTAARA
NPT AT FIST I2TLESERAT S AN ELY BA&INKTE BT R TE R BB 0%HE
4270 42240 4230 42490 4250 43760 4270 4280 4290 4300 4370 4320
AATCGATATTCCCATGACAGCACCATTASTCG CTGEAGCACTCCTCACTOTOTG CTACOTECTCACTOGACCATCCCCCCAT TICCAACTCCACAC ACCACCCC AT TCAAATCCCAACAL
N DI RUBUWYEY OPFLLERES O LLITY GY ¥ktT R S8 XD LEETLEREZ2ADY ENREBED
4330 4340 4350 43€0 4379 4380 4390 4400 4410 4420 4430 €440

CACCCACACATATCACCAACCAGTCCAATCCTOTCAATARCARTAT CAQAACATCCTACCATC TCCATAAAAAATCAAGAGGARGAACAALCACTGACCATACTCATTAGRACAGGATTIC
g & X T 8 QQ & & FILEITIAEDIFSIMISTLT XEXEEBARBRELGQTSHTTSEIERTHED

>N83
4450 44450 4470 4480 4490 4500 4510 4520 4530 4340 4550 4560
CLOCLGA N LCACSACTIT I COLCIATCAR T ACTAA T CACBEUAB CAGCATCE TACTIGICGCAACLCAAGAAACAACCC CCCCCACTATTCTC CCATC L TCOTT CACCCCCACCOALG
L W E PS8 L FREYERIRPMITAARZAALANY LW RY X KEKQRAEGY ENDYERTPTRDM

4570 4550 4530 44 4510 4620 4630 4640 2650 4660 4670 4640
@AAAGGCNM@GGAMATG@GGCTATAGAATTAAGCAM}MT’ CLUGCATAT ICCCACGATCEGACCCCCACTTTACAAACAACCAACATTCCATACRATCTCCCATOTCACA
G X E L. R D& A Y RT XQ K&ILSIESEDBIGG ARV YIEKERESGT F HTHPHWRVY

ABSD 4740 4710 4720 4731 4740 4750 4760 4770 4780 4790 AHUO

COTGROGCICTICTAATECATAAACGAMCAGGAT TEAACCATOAT BRGIRGACETCARGAANGAICTAATATCATATCCAGUACCU ICOAAC ACGAACUAGAAL GOAACUAAUUACAA
R 8 A V L M H K& X RT®X®PSWADY EZ KD ET S Y &€ 6 M KL BEG E N K £ 4 B

4810 4820 4E30 4440 4850 ABGD 4870 4800 4890 4900 4920 £920
GAAGTCOASE TATI'GRCACTCUEAGCOTRRGAA MM TOCAAGAGCOGTNC MACGARACCTGETOTT TTOAA AACCAACCCCUGAACAATACS ICCTCTATCI CICCACT TTTCTCCI GoA
EVv G YL AL E P ENPDRAYQAEQDTERCSCD PXTXABYT X @AV R L DPE PG

4930 4940 4950 4360 49740 4980 4990 5000 5010 5020 5030 5040
ACGTCAGGATCTCOAATTATCGACAAA AARGAABRA AN T T OTOCC TCTTTATCC TAATOOTO T TOTT ACAACIAGTEEAGCATATE TGAGTRC TATAGC COAGNCTRANAA NG CATTEAN
T8 8 BPTT DX KOG RKVVYCLHLY CYWOSY VT RS G A Y VS &I A QT K E & L1 E

5050 50&80 5070 S0Aa0 5020 sinn 5110 5120 51340 5140 515D 5180

GACACCCAGAGATCEAAGAT GACATTTTCCAAAGAGAAGACTCACCATCAT COACCTCCACTCACCACCAGAAANGACGANGAGA LACCT MCCRECCA LAR CAUAGNAGCIIATAAAA
B N®PRETITEDSRBUEBTIERIEKHZERLRDLYTIHNO-DDLLSE &AL ETETXEXRYEZ?ZAINVERESRTIHE
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5170 5180 5190 5201 5210 5220 5230 5240 5250 R260 [270 5280
CEOEETTTEACAACATTAATCTTCCCCCCCACTACACTTOTCOCAT CTUARATCCACCAACCCOTTACACCACTTCCAATAACATACCACACCCCACCCATCACAL CTC MO CACACCCCT
B AT RITLILARTRYVYARAEENSEBTEARTELERSHD?P?PIRY GTPAIRAYIZG

H
LI FOR-S3 MaEL-250-Val aztenuxtioa loous (DZ 15981: @Glu. ot-5220-A)

5290 5300 5310 =320 L330 L340 5350 5360 5374 G3EC £390 540D
CCCCACAT TG IGEACCTANTETAT CATGOCA CAL MIACCAL GAGGC LG IA PCACCAZI T AGARTC CCAAA CTACAACCTEATTATCATAGACIANSCCCATTTCACABACCCAGCAAGT
R 2T ¥ 0L KUCHATPEPTHNRLL BF YRV ENY¥YNLIINEDEREAMARERE?ZDLDPRPRAR

5410 5420 5430 3440 5450 5460 5470 S480 5490 S500 S510 53520

NOAGCAGCTAGAGGATA CATCTCA AT OGAGTERAGR TRRETRAGE TAG CTRGGATTTTT ATGACAGCCAC TCOCCORAGARGCACGAGRACONATT TOCTCAGAGCAATGUACT ARTCATA
i & & & 8% T 828 2 8 ¥ &8 U FAASB T 288 8T PPGEGEERBBPVPPEPFQGE BT T

5530 5540 5R50 5560 5570 5580 5590 5600 5610 BE20 5630 540
GATGAACAAACACARATCCCTCAACCCT COTCCAATTCCCCACATCAATCCOTCADCCATITTAAACCCAACACTCTTICCTICCTTCCAACTATARAACCACCAAATCATATACCACCT
DR EARET PRREMWNERI NNTE L PFEBIEK T YR PFY P &SI X ALK NDIIAA

|
D2 PDK-53 silent mutation nt-5547-C (D2 16681: T)

5650 5660 5670 5680 5620 5700 S710 5720 57360 5740 3750 5760
TECCTGAGGARARA TCCARAC ARACTOATACARCT CAGTAGRARGA DO TTAATTOTGAGTATE T AACAC TACAACCARTGATTCAOACTTCOTGOTTACAR CTGACAT TTOAGAA AT
2B EXEBEEXEVYI O 8RREZTIFRESBTITY ETST RTHFBYREEYYDE22 RIS BB

ST70 5780 5780 LEOC 5810 820 5830 5840 DESY BEBD DEYQ 5880
CCTCCCAATTTCAACCCTOACAGOCTTATACACCCCACACOOTOCATCAAACCACTCATACTAACACATCO TCAAGACCCOCTCATTCTCC CACCACCTATCC CAC TCACCCACTCTACT
G AR PEKAZEUZERVYIDPRRERCMEKDPVILTDOGCSESERYILAGPM?DPVTH HSESS

5890 5900 591¢ 5920 5830 5949 5950 5960 587¢ 5960 5990 600
GUAGCACAAACARCACOCACAATACCAACAARTCCARAAARTCACAATCACCACTACATATACATCCCOCAACOTCTCCAARATCATCRACACTOTOCACACTCCAAACAACCTARAAATC
&2 9 RREETISRNPEKDNEZXDAQYIYHMOOETPIELEEITZF®NDZEDOUC2-AHNHRWNWNIEKETESEH AT KHM!

6010 6020 €03cC 8040 8050 5060 8070 &0EBO 503C 5100 €110 6120
CLCCLACA L AACAT CAR CACCCOAGAARGAATCAT TC T AGCATG T TOGARCCAGAGTATGAAAACE T GEA TENCATTEAT GRCEAA TACCE U ICAGAGEASAACCAAGCAAAACCTTL
LhHh T A Y KER2 R EEY I PEREEREPFEAREEEVYDAXA I PSBEEELRGSGEAEKT2FPE

6130 6140 8150 LR R 6170 £180 €130 €200 8210 8220 €230 €240
CTACACTTAATCAGCAACALCAGAUCTACCACTC TGO TECCOTACAGAC TCRCACCTCANGCCATCAACTACGUACAC ACAACCTCCTCTTTICATCCACTCAACAACAACCARATCCTA
VD2L MRRODLE2EYV WL AYRVYVYAAZROGIDNVY A ADRRWWCECUPDOSY KUHNDPNOIL

6250 5260 6270 E280 6220 €300 6310 6320 6330 5240 €250 8380
GAAGAAAACEIGOAAGT TRAAATCTRGACAAAABAAGRCGAMAGGA AGA AR T TGAAACCOAGA TEET TEGATEOTAGGATC TAL Y CTEACCCACIGRCOCIAA A AU AN I A AGUEAA L
E X N ¥ E Y R T WT ¥K R O FPREK KnH K P2 R¥YLD ARTIYSD P LAULIKEKEVF¥ KEF

SNE84A
&390 s3g0 /390 E4C0C 6110 £420 &430 6440 6400 2460 €40 5480
GCAGCCGGAAGARACTCTCTOACCCTCAACCTAATCACACAAATCOCTACCCT CCCAACCTTCATCACTCACAACC CARCAGACGCACTGCACRACT TAGCASTGUTGCACACGICTCEAS
AAQ R K S L T2 ELITEMNLCRTLPTPFPIATQ KARDALTDPEL QYL EFTAER

6490 6500 5510 6520 6530 £540 6550 §560 6570 §580 ES90 GR00
GUAGFLECAALGGOGLACAACCALGSCLC IUAGLGAAU G COUEAGA DO EAGA A LGOI MU LA CTCACACTTC U CCOCTACAC TCACGOLAGUAT CU L MPAT T T TCATCAGCOCA
A 04 R A ¥R EAL 8L PEL2LE?TLELLEBETLAHERAEETYTTZ2TA QI FLEFLNSLKR

|
D2 PDK-53 specific NS4A-75-Ala (wt D2 16691: Gly, nt-6599-G)

6610 5620 LR EBAT BELO £6E0 BETD 6680 6690 H700 B710 ©720
ACSCCCCATACCCAACATCACCCTCCCAATOTOCTOCATAATCACCOOTACCAT CCTCCTATCCTACCCACAAATACACCCACACTCCATACCACCTTCAATAATACTCCACTTTTITTCTC
RO I GG K MTILGSEKEOGCSCGCIIZILRESEILLILNWNY AQTITOCPIENWNIOAARSIIILZ2FPFTPFPFHIL

>NES4B
€34 2740 67LC EVEL 870 ETEQ 6790 6800 6810 GE20 0630 6640
AAGTTTIGUITATTCCAGAA CCICGARAAC AGAGAL A CONCAAGATAACOAA CTRAC O TACG T TG TCAT AGUCAYCUTCACACTCO TCUUCCUAACTATCS CAAACCGACATCCCTITC
I Y& XL T PR P EEGRY2PFOZONEQLEEYR I AAWAIDITTIETERD NLHNLNREMNMDET

€850 ael BHEYL EB3C BES0 EQCO 6310 6920 6930 6940C 6959 6960
CTACAARAAACCAACAARCAT CTCCCATTOCGAACCATTCCAACUCACIAACCCEACAGCAACATC CTCCACATACATCTACOTCCTC CATCAC CATCCACCCTOTATOCCOTRACCATA
L B KT X X DL 8L A8 T ATSHLLPTEBTERTLHTDLRDPASAMSNTDTL ¥ AV AT

£978 6230 6290 7000 7010 7020 7030 7040 7050 JUED 070 LBy

ACATUIIPACACCAR TG ITCAGACATABCATTEA AAN T TN TCARTRAATETETRCOTAMCAGC T ATARC CAACCAAQCCACACTOT TAATCOCTCTCOCCARACOATCCCCATTCTCA
*yw R PHELRHSETRREEESY Y FRETRIANQATY BKEGLL EGTNTPL.S

7090 100 M1lD ‘120 1130 Y140 1150 7160 7L70 TLEC 7190 7200
AAGATGEACATCOCAG I MCCCOLLCT CGCCA T GOATRC AT CACARG T CAA CCOCATAAC T CLCACAGUAGC MO T ITCTTATTCOTACCACATTATOCCATCATACCC CCACCACTC
E¥ B T8 ¥YPLLARTIT HRET S QF¥FBEPIDLIAEAEDTFTLLYMEYATIRBESRPEDS.

7214 7220 7230 7240 7250 7260 7270 7280 s290 Y3Aro ¢310 7320
CANGCRARAGCAACTCAGAGAAGCTCAGARAAGRGTAGOCOCOUCCATCATCAAANACCCAACTGTCCGATCCAATRACAGTRATICACCTAGATCCAA PACT I IATGAT COARAG II'T'GAA
QA K AT RTAGEXRAZALGTI H®XENPT Y PRDGQT Y I DLDPTIZD2YDDPIIEKZPE

7330 7344 7350 7360 7370 7380 7330 7400 410 4420 /430 1449
AACCACTTCCCACAACTAATC CTCUTAGTOT UL LG AT T CAAL A BA AT GABGAC I ATA L CGCC T CLCTCTEAGGOT T TAACOTTARC TACCBAGI CCATCTOCACATTATAR
K 8Lk G2 ¥ XA LXD YEESE¥Y IO FLAENRTIZRFATGCER2ADLT®TLNETRGRETI BEP L X
7450 7450 P&t tagn 1454 #1500 1516 7520 7530 7544 7550 7560
CAACCAAATCCACCCACCTTITCCAACACTACCAT TCOCCTOTCAATCCCTAACATTTTTACACOCACTTACTTCCOOBRARCTIGRAC T ICTCTT TIOTATTATEAAGAACACAALC, M(_
B9 ¥ 2O EP HNEBEITI XY S XANILERAGSSE YL ASAOGERFET W ENLT®T®
»>Ng5
Viyh) 75340 1590 7e00 7€110 7620 7630 7640 7550 76640 T670 76E0

)



ACARGAAGGAAACTOGCAACATACCAGAGACCCTTOCACACAAATCCAAAAGCUCATIGAACGOA TTGGGAAARACTGAATTCCACATCTACAACAAA AU TCUAA TCCACUBA A TGGAT
T RRGTGWIOCETLOGCEIXKXNIKSRULNATLGSGT KT SRFPF(QQIVYIKIKSBS3CGCI:IQEUVHD

7690 7700 771¢C 7720 7730 7740 IS0 7760 7770 7780 7790 1800
ACAACCTTACCAAAAGAAGGCATTAARAGRAGAGAAACRGACCATCACG CTCTCTCOCCCACCCTCAGCAAANCTEAGA TRATTOGTTRAGAGARA CATOOTCACACCACAACGGARAGTA
R T LAIKEGCTIIXKXRUGCETDUHEHEAYV S G S A KULRWPVERNDNMYVTLPLEGRGIXKYV

7810 7820 7830 7840 7850 /860 7870 7880 7890 7900 J910 7920
CIGCACCTOGETTRTGACACACCACCCTOCT CATACTATTC TCCACCACTAAAGAATCTAAGAGANGTCAA ACCCCTAACAAARCCACCACCACCACACCAAC AACCCAT CCOCATSTCA
VDLG@GECGR®GSEGWS Y Y COOLKYNUYVYREVYXKGLT K GG GPOHETET PTIZ©P NS

ACATATGGGTOCAATCTACTCOGT CTT CAAACTGUAC T MGACC I T C I ICAT COCGCCAGAAAG TOCTCACACATTATTC TUTCACATAGGCGAG LCAL CACCAAATCC CAL
TY&G&WNLEVER LS GVDY ¥ V¥ I1PPEERIXCDT LELCDTEIGSESSS P2 M7 TTVE

7930 7940 7950 7960 7970 7980 1990 f000 Ra1e0 sozn 8032 3040
TAGTGCAA

2050 8060 g07¢c 23080 EREL 8100 8110 812¢ 8130 14 8153 8150
GUAGGACGA CACTCAGACTCCTTAACTTACTACAAAAT T TICAACAACAACACTCAA T TTTECATAAAGOTTCTCAACCCATATATCCCCTCACTCATAG AAA ARA T GEAAGTACTA
KO RTLWRVLENLYEZNMELDJMNDXYXDNT®TQEFeECI1 K VDLNTEYMPGSEVIZEZEHMMEHBAHL

8170 180 g19e 8200 R210 8220 8230 8240 8240 8260 8273 8230
CARAGGAAATATCCACCAGUC MIAGIGAUGAA LU CACLCICACGANAL T COACACATGATATCTACTCCCTATCCAATGCTTCORUGAACAT AW LG ICA LOAG IGAACATGATTTCARCC
Q RK Y C O ALV RNUVY¥ LSS RNSTHTENMTYWY S8 NAGSBOGNIIV S 8 Y NHKT AR

2290 g300 9310 €320 8330 8340 8350 8360 8370 8189 8390 /400

ATGTTGATCAACAGATT TACAATCACATACAACAAACUCACT ACGAGC CERATGTTGACTOGEAAGCGGAACCCOTAACATCCCCATTCAAAU TUACAL ACUAAACCTI AGATATANTT
BE LT FREFTHKEKRYZ:XREKATYZEP?P DYPLGS&EOTRENIGCIZEESE LY NLDTI]

8410 4420 8430 LEL 8450 8480 8470 B48U 8490 8500 8510 45290
GOOAAAACAATAGAAAAAATAANGCAAGASCATGAAATATCATGGCACTATCACCAACACCACCCATACAAAACGTGEGCATACCATGETAGOCTATGAAACAAANCAGACTGGATCACCA

G X RI EXT X QERHTERT A& N ¥ Y DQDHEPYXKTHWAYHGSY®RTXOTOGS 8 A

8530 8540 8550 A560 8570 6580 8590 8600 8610 8620 630 8640
TCATCCATCCTCAACBGAGCTERTCAGG CTGCTGACAAACCTTRGRANGT R TC U CATCC TCACACACATGGCAATGACAGACACGACTCCA TTTAGACAACAGORORTTT  TARAGAS
8 § MV NCVVRLLTK®PHWWDVV?PNVTOQMANMTODTET?DP ¥ GQGRYFPCIKTE

8650 8650 8670 0680 8690 €700 87na 8720 8730 8740 €750 8760
AAAGTGCACACGAGAACCORAGAACOGAAAC ARCCCACCAACAAACTAATCAAAATAACAGCAGAC IGECTTTEGAAAGAATTAGGGAAGAAAAACACA COCACCATCTCCACCAGAGAA
EVDTRTQE®EPKXKEGTI XTI KTLDMKIZ®TAZSLESLWWL¥ZKRTILGIEKT KX XTZ?PRMCOCTRE

8770 8780 8790 LI 6810 8820 2830 8840 8850 BRGD BR70 geso
GAATTCACAACAAACCTCACAACCAATCCACCOTICOCUUCLGIALICACTGATGAGA CAAGTGEAADTCCC CACCTCACCCT CTTCAACATAC TAC OTTTTCCQAGUL G I'TBACAAG
K P TRKVRGSEUNAALGAY VT DPERYENXKXMNIK SEARTEARAMYVYEDSRPW®WEILWVDEK

|
Additional N85-412 Ile-to-Val (nt-8803 A-to-G) mutation in master and pre-master seed

RAM A900 8910 892y CEED 8240 4950 R960 A970 8980 E990 2a00
GAMAGEANTCTCCATCTTOAACCARACTCTCAARACATOTCTOTACAACATUA CUGAAANAGAGAEAABNAGCTAGBAGAA TTORGCAACC CAAAACC CACCACACCCATATGGTACATS
BRNLILLEBGHXEESR2TECYVY YN HNNZERSBIEIEKILOGEPOGXKH SKHIZ RXOGSERATWYHK

9010 9020 2030 2040 2wse 9060 9070 8080 2090 2100 5110 9120
TGGCTTGGAGCACOCTTCTTACAG MM GAAGUUCTAGGATTOTTAAATGAAAATCACTEGT TCTCCAGACACAACTCC CTCACTCCACTOCAAGCATUAAGUGU L GUATANGCTAGSTTAC
¥ L 6 ARFLEUPULALGT FTNLUL ¥ EDHMNMT FSREUDNSILSCYRGCEGLHEKTELGTY

2130 9140 9150 9150 2170 2180 9190 9200 921¢ 2220 8230 9240
ATTCTAAGAGACGTGAC CAAC AAACACCCAGGAGCAA LG A TGCOGATRACACOGCAGGATGGCATACAAGAAT CACACTACAACACCTAAARAATCAACAAL IGU LAACAAACCATATG
I L RDVY 8§ EKEGGANXYATDTDPDTAGCNWND TR I TLETUDLIEKEDNTETENKDVTDNMHNM

9250 5280 927 9280 9290 9300 9310 9320 9330 9340 9350 9360
CAACCACAACACAAGAAACTAGCCGAGGCCATTTTCAAA CTAACGTACCAAAA CAACCTOC LG LU LG IGCAAACACCAACACCAAGASGCACAGT ANTGRAACATCATATOGAGARMGAGAC
ECEHEKEKLATEKATIPRKTLTVYOQNZXKXYVRYOQRPTPRG TV MDITISERRD

9370 9380 939 94400 Q4ia 9420 9430 9440 9450 8460 970 2430
CAAAGAGG IALTGRACAAGTTGRCACCTATCCACT CAATACT T TCACCAATALGGAAGUCCAA CTAATCAGACAGA TGRAGGGAGAAGGAGTCTT TAAAACCATTCACCACCTAACAATC

QRG s egVveTYGOGLNTTFTHNXSEAHNLIROENKERGEGGYVY PFKSIQILRTTI

9490 o500 9518 9520 9530 9540 9L50 9%60 aL%70 9580 9581 9600
ACACAAGAAA LCOCTUTGCANAACTRGTTAGCAAGAGTC COOCA CCAAR COTTAL CAAGAA I GEUCATCAG TREAGATGA M RIG TIG IGAA N COTTTAGATGACAGG TT COCARGCOCT
T B E L AVQNOYELARYORERTELSZEMNAILSBEDDUDGCYVYEKPTLDDRTPASEHAE

9670 9620 9830 9640 9650 9660 967D 9680 9690 9700 2719 g7ag
TTAACAGCTCTAMTGACATGGGARACATTACCARACACA L ACAACAN FRGAAACCTTCAAGAGAATAEAR TEATTEEACACANG TRCCOTT CTGTTCACACTATT TCCATCACTTAN LT
L T AL MDNGKIRTEDIQQM™®EPERGNWNND BDNTTOQOVY P P CBHRERHTBIPIZEBIL L

9730 2740 9750 2760 290 9780 9790 9800 9810 2820 9830 s6au
ATGAAMGACRETCROGTACTCGTTATTOCATCTACAAACCAALA L GAACLGAT TERCAGAGCCCRA TCTCCCA AGAAGCAGRGTEATC TTTEORARAGAMAACCTOTTTCOCHIAACTUL
M ¥ DGR VTHVVECRDNQDZIL I G2 AR S Qa&aAOGWSHLRRTACTLTCGCTEKS

9850 9860 8870 2380 9890 9900 9910 992¢ 9930 9940 9940 9960
TACCOCCARATCTOCACCTTCATS TACT TCCACABALGUGACOTCARGOTGACCCCAAATCCTATTTCCTCCCCACTACCATCACATTCCO T TCCAACAACTCRAACARCCIQG LCCATA
TAQUWBILETERERRRZDEILERNLAARMIEREAXITIECS8 AT P ERREY PTSERZTR2 RSB

9970 9330 2950 10000 10210 10020 10030 1apan 10050 10060 1ce70 iooe0
CATGCTAMCATEARTGCATCACAACCCARACADA ICCIGACAG T CTRGAA DAGGATOTGCATT CAAGAARA CCCATGEATGGAAGACAAMCTCCASTOUAAT CATCCCACCAAA 2CCTA
HAKREWBNTTEDMNLTVYN XRY NIOQEDSNDPDXNKTEDI KTZPVES SWETZRIS?P

10090 10100 10110 10120 L0130 10140 10150 10160 10170 10180 13190 10200
TACTTCCCCAAAACACAAGACCAATGATAOGACTCATTCATTOOCT TAACAAC CACCCCCACCTICUGCAAAGAATATCCAACCACCAATAAA ICAAG UL AGAT COCTTATAGG CAATGAR
Y LCXRZEDGQWNCECG AT GAELTSRATWANKADMNILIOQARM]LDNOQVYVRSLI1IGNETE

»3'-NC

10210 10220 1023c 10240 10250 10260 10270 10280 10290 10300 10310 10320

GAATACACAGATTACATROCATCCATGAAAACATTCACAACAGAAGAGG AAGAARCAGEAGTTCTRTGETAGAAAGCAAACTAACA TGAANCAA GACT AGMAGTCAGGT CEGATTAACC
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EYTDYMDPENKXRPFRREETRFEAMAMGVTILW

10330 10340 10350 10360 1037a 1c3ieo0 10390 10400 10410 10420 10430 10440
CATAGTACGGAAAAAACTATCCTACCTGTRAGCCCOATCCANGGACGT TAARAGAAGT CAGGCCATCATAAATGCCATACCT ICAGT AAACTATC CACCCTCTACCTCCACCTGAGAAGS
10450 10460 1047¢ 10460 10492 10500 10510 10520 10530 10540 10550 10560

TOTAAAABATCOGCUAGCUCACAAACCATCCAACC TETACGCATEGOCT ABTRGATAGNAG T TAGAGGAGACCCOTCOCTTACAANTCOCAGCAACAA TRGGUGCCCAAGCCCACATCA

10570 10580 1059¢ 1népa o610 10620 10630 10640 10650 10e€0 10670 10680
AGCICTACTCTORCTRGANGGA CTAGAGUT TAGAGCACACCCCCCCCAAACAAAAAACAC CATATTCACCCTCCCAAACACCACACAT COTRCTRTOTCCTCAGIATTAT TCTAGICACA

10830 10700 10710 w720
GAACGCCAGAAANTGGAATGE TGO LG MTOAATCAACACCTTCT

DENvax-3 Master Virus Seed (MVS)

[000162] Nucleotide sequence of the chimeric viral genome and deduced amino acid
sequence of the translated protein are provided herein, Most of the prM-E gene (nt-
457 to -2373, underlined) is wild-type (wt) DEN-3 16562 virus-specific; the
remaining nucleotide scquence is DEN-2 PDK-53 virus-specific. The E protein of
DEN-3 virus has two fewer amino acids than the E protein of DEN-2. Therefore, nt
position starting from NgoMIV is 6 nt less than the original DEN-2 PDK-53 nt
position. All enginecred substitutions differ from wt virus (DEN-3 16562 or DEN-2
16681), as well as cxtra mutations (changes from engineered cDNA clone) are
marked.

Substitutions Included in the Genome and Proein:

[000163] Junction sites:
a. Mlul (nt 451-456): engineered silent mutation, nt-453 A-to-G
b. NgoMIV (nt 2374-2379): engineered mutations, nt-2375/2376 TG-to-CC
(resulted in E-480 Val-to-Ala change)

[000164] D2 PDK-53 virus backbone (change from wt D2 16681): in bold

. 5-noncoding region(NCR)-57 (nt-57 C-to-T): major aticnuation focus {in red}
NS1-53 Gly-to-Asp (nt-2573 G-to-A): major aftenuation locus (in red)
NS2A-181 Leu-to-Phe (nt-4012 C-to-T)

NS3-250 Glu-to-Val (nt-5264 A-to-T): major atienuation focus {in red)
nt-5541 (NS3 gene) T-to-C silent mutation

NS4A-75 Gly-to-Ala (nt-6593 G-to-C)

* nt-8565 C-to-T silent mutation of PDK-53 is not engineered in the vaccine virus

MmO RO TR

[000165] Engineered mutation in DEN-3 prM-E (change from wt D3 16562)
a. Engincered nt-552 C-to-T silent mutation: clone marker
b. Engincered E-345 His-to-Leu (nt-1970 A-to-T) for cfficicnt replication in
cultures

[000166] Additional substitutions found in vaccine seed (0.02% nt different from
original clone)
a. E-223 Thr-to-Scr mutation (nt-1603 A-to-T, in bold)
b. nt-7620 A-to-G silent mutation (in bold)

ROR-37-7, DZ PUK-53 attesuatiosn loows (whk DI L8881: ()
> 5'-Noncoding Region | > C

10 20 30 40 S0 60 70 8a 20 100
AGTTGTTAGTCTACGTGGACCGACAAAGACAGATTCTTTGAGGGAGCTAAGCTCAATGTAGT TCTAACAGTTTTTTAATTAGAGAGCAGATCTCTGATGA
M N
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110 120 130 140 150 160 170 180 190 200
ATAACCARCGGAAAAAGGCGARARRCACGCCTTTCAATATGCTGAAACGCGACGAGANACCGCGTETCGACTGTGCARCAGCTGACAARGAGATTCTCACT
N QR K KA KNTUPF HNMILIXBRRET®RNUDPRVYVY STY 0 OLTXKT RVPF S8 L

210 220 230 240 250 260 270 280 290 300
TGGAATGCTGCAGGCACCGAGGACCAT TARAACTETTCATGGCCCTEG TGGUGTTCCTTCGTTTCCTAACARTCCCACCARCAGCAGGGATATTGAAGAGA
G ML Q0 G R G P L KL FMAILVYAPILRVPFLTTIUPUPTTAGTITULIKR

310 320 330 340 350 360 370 380 390 400
TGGGCAACAATTAARRAATCARAAGCTATTAATCTTTTGAGAGGCTTCAGCAAAGAGATTGGAAGGATCCTCGARAACATCTTCGAATAGGACGACGUAGATCTC
W e TI KEKE S KAI NV LRGGPIRIEKETIGHRMT LU NTIULDNZ RTRIRTERERTSESaAaA

> pr¥ Beginning of D3 16562 sequence
410 420 470 440 450 |450 470 480 490 500
CAGGCATGATCATTATGCTGATTCCAACAGTCGATGGCCTTCCATTTAACC TGCACGAGCCGCGCATCATTCTCCCCAAGAATCGAAACGAGGAAA
&€ M I T ML I BTV NAP HLTTRDGEUDPR RMTIUVYUGI KD ®ETRS®EGHEK

splicing site (nt-453 A-to-G silent mutation)

510 520 5320 540 550 560 570 580 530 600
ATCCCTACTTTTCARGACAGCCTCTGGAATCAACATGTGCACACTCATAGCTATGGATCTGGGAGAGATGTGTGATGACACGGTCACTTACAAATGCCCC
8 L L P E T 8 8 € T ¥ ¥ 7T L I 2 M DL & BEM DD TYT X ELC P

Silent C-to-T nt mutation as clone marker

610 620 630 540 650 660 670 580 690 700
CACATTACCGAACTECAGCCTEGAAGACATTEACTECTGETECAACCTTACATCGACATGGETCGACTTATGGAACATGCAATCARGCTGEGAGAGCATAGAC
H I T™ EY¥Y EPF EDI B X¥CHNILTST®RY T I &TCHRNQQA-AGBG B HER

b2
710 720 730 740 750 760 770 780 720 800
GCGATAAGAGATCAGTEGOGTTAGCTCCCCATEI TGGCATGEEACTCGACACACGCACTCAAACCTGGATCTCEGCTCARGGAGC TTGCAGACAAGTCGA
D K R S vVA L A P H YV 6 MGLDTZRTGQQTWMSATEUG RARWMWRZROQYV E

810 820 830 840 250 850 870 880 890 %00
GAAGGTAGAGACATGGGCCCTTAGGCACCCAGGGTTTACCATACTAGCCCTATTTCTTGCCCATTACATAGCCACTTCCTTGACCCAGAARGTGGTTATT
XE ¥y ET?TRRE L ERE PG PTI LALD FPFDDRHETTIT BT & LT H KI¥TRI

> E
910 820 230 840 950 960 970 880 930 1000
TTTATACTATTAATGCTGGTTACCCCATCCATGACARTGAGATGTGTAGGAGTAGGARACAGAGATTTTGTGGARGGCCTATCGCGGAGCTACGTGGETTG
F I L L M L vV TP S MTMZERTCVVG YV GNURUDTFVESGIL S G ATUWW VD

1010 1020 10320 1040 1050 1060 1070 1080 109¢C 1100
ACGTGGTGCTCGAGCACGGTGGGTGTGTGACTACCATGGCTARGAACAAGCCCACGCTGGACATAGAGCTTCAGAAGACCGAGGCCACCCAACTGGCGAC
vV ¥ L E H & ¢ ¢C VT TMAIKN®NI K ?P? TOIL DI EILQI KTZEREAW ARTUGETLA AT

1110 1120 1130 1140 1150 1160 1170 1180 11920 1200
CCTAAGGAAGCTATGCATTGAGGGAAAAATTACCAACATAACAACCCGACTCAAGATGTCCCACCCARGGGEAMAGCAATTTTACC TGAGGAGCAGGACCAG
L R EL €¢I BR G K I TNTITTDSERE?PTSQ® EAILPETEOQIDSQ

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
AACTACGTGTGTAAGCATACATACGTGGACAGRAGGCTGEGEARACGETTGTGGTTTGTTTGGCARGEGGAAGCTTCCTCGACATGCGCCAMATTTCAATGTT

N YVCEKHTV YV VDU RGHWNOAGNOGOCATLP G K66 8L VTTCAW ATE KT FOQT CTL

1310 1220 1330 1340 1350 1360 1370 1380 1390 1400
TAGAATCAATAGAGGGAAAAGCTGCTGCAACATGAGAACCTCAAATACACCGTCATCATCACAGTGCACACAGGAGACCAACACCAGGTGGGARATGAAAL
E 8 X BE & B V¥ Q B ENDE Y 22V E T TV HT &D0OD R H Qg ¥ ¢ N8 E T

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
GCAGGGAGTCACGGCTGAGATAACACCCCAGGCATCARCCGCTGARGCCATTTTACCTGAATATGGAACCCTCCCCCTAGAATGCTCACCACSGACACGET
g &% ¢ A B I TR g E S TAEEARIT LDPEY @ BFE LKE G RBRE R TG

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
TTGGATTTCAATGAAATGAT CTCATTGACAATGAAGAACAAAGCATGCATGGTACATAGACAATGETTCTTTGACTTACCLCTACCATCGGACATCAGGRAG
L D F N EM I 8L TMEDNIEKAZAWMYYHROGUWTF ¥ LR L P L P W TS G A

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
CTTCAGCAGARACACCAACTTGEARCAGGARAGACCTTCTTCTGACATTTAAAARTGCACATGCAARBAAGCARGARGTAGTTIGTTCTTGCATCACARGA
8 X BET P T R ¥ R EEERLY T F E XN B H A KEKEQEDYYNW VYL G 8 D E

Additional E-233 Thr-to-Ser mutation (wt D3 16562: nt-1603 A) in master and pre-master seed

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
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e A M ET AL TG AT EI QTS S G T B8 I P A GHL X COCRTILEMMD

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
ARATTGGAACTCAAGGGGATGAGCTATGCAATETGCTTGAGTAGCTTTGTEGTTGAAGAAAGAAGTCTCCGAARACCCAGCATGGGACAATACTCATTAAGG
¥ h EL X8 B &Y 2 HCO L s 8 F V EX KB VY 8 BT g B @ TIULIIKTY

1910 1920 1930 1540 1950 1960 1970 1980 1980 2000
TTGACTACAARGGGGAAGATGCACCCTGCAAGATTCCTTTCTCCACGGAGEATGGACAAGGAAAAGCTCTCAATGECAGACTGATCACAGCCAATCCAGT
E ¥ X & B D AP CKTI PP S TEDG Q G KALDMNGRTIELTITA ATNUZPY

Engineered E-345 His-to-Leu (wt D3 16562: nt-1970-A) for afficient growth

2010 2020 2030 2040 2050 2060 2070 2080 2080 2100
GETCGACCAACGAAGGAGCAGCCTETCAACATTGAGGC TCALCCTCCTTT TGGAGAAAGTAACATAGTAATTGGAATTGGAGACARMAGCCCTGAAARTCARC
VvV TEKZEZE P ¥ ¥ I B A EUPP ¥ G B 8 NI VIS I @ DpDEKATZLIETEH®N

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
TCETACAAGAAGGGAAGCTCEATTGGGAAGATETTCGAGGCCACTOCCACACCTEGCAAGCCCCATCEGCCATCTTCCGACACACACCCTCCGACTTTGGAT
W ¥ K K& 8 81 G KMVPE AT ARG ARTRMMAIILTGTDTA AM®YDVFG S

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
CAGTGGATEGTCTTTTGAATTCATTAGGGAAAATGCTCCACCAAATATTTCCGAGTGC TTACACAGCCCTATTTGETGCAGTCTCCTGEATGATGAAALT
vV &6 VL N 8L & K M VHOQOQTIUTFTOGES8 A YT HrRhILTF ga v 8 KF B M KI

End of D3 16562 sequence
2310 2320 2330 2340 2350 2360 2370 | 2380 2390 2400

8 T a4 % L L ¥ I ¥ 8K WDTTanNna s el a0 506

Engineered N

splicing site, E-480 Val-to-Ala (nt-2375/2376 TG-to-CC)

> Nsl
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
GTCATGGTGCAGGCCEATAGTGETTGCG T TGTGAGC TGGARAAACARAGAACTGAAATEGTAGCAGTGGEGATT TTCATCACAGACAACGTEGCACACATGGA
¥y R Y g AR D 8 6 €V ¥ 8 ¥ K B K ERIL K66 8 dI P 1T 7T DNV HTW?T

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600
CAGAACAATACAAGTTCCAACCAGRATCCCCT TCARAACTAGCTICAGCTATCCAGARAGCCCATGAAGAGGACAT T I'GTGGAATCOGCTCAGTARCARG
E QY KF @ P E B8 P B ELR A S8 A IT Q K A HEUZERDDTTIUGECGTT RSY TR

D2 POK-53 NE1-53-2ep abtaeunuation loous fv'ct D22 18§€8%: Qly., nt-2873-G)

2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
ACTGGAGAATCTGATGTGGAAACARATAACACCAGAATTGAATCACATTCTATCAGA AR ATGAGCTGAAGTTAACTATTATGACAGGAGACATCAARGGA
L ENMN BE N W E QI TEPEPERILIN-HITILSENEDYYI KU LTTIMTGEDIIEKSaGG

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800
ATCATGCAGGCAGGAAAACGATCTCTGCGECCTCAGCCCACTGAGCTGAAGTATTCATGCAAARCATGGGCCAARGCARRAATGCTCTCTACAGAGTCTC
I M 0 A @ KRB LRUPOQPTE ETLI KTY S8 W EKTW®WGKAIKMLGSTTE S H

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900
ATAACCAGACCTTTCTCATTGATGCGCCCCCARRCAGCAGAATGCCCCARCACAAATAGRGCTTGGARTTCCTTGGAAGT TGARGACTATGGCTTTGGAGT
¥N @ TFL I DG PEBETAERBICDP?PNTDTNRD-AMAMGEIE®E &L EYVY BE DY P ayvw

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
ATTCACCACCAATATATGGCTAARATTGAARGAAAAACACCGATCTATTCTCCCACTCAARACTCATGTCAGCGGCCATAARAGACAACAGAGOCOTCCAT
P 7T TN I N LIEUDLIKUEIE K GEDUVYZFCD S KL HWHSE A AIKDXRERGSAGUYHE

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
GCCGATATGCGTTATTGGATAGAAAGTGCACTCARTGACACATGGAAGATAGAGRAAGCCTCTTTCATTGAACTTAAARACTGCCACTGGCCAARATCAC
A DMGY WIUEOS ALUNTDTWIEKTIUEI KA AS S FTIEVYVKDNUGCHWU®PIKSH

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
ACACCCTCTGEAGC AATGGAGTGCTAGAAAGTGAGATGATAATTCCARRGAATCTCGCTGGACCAGTGTCTCAACACARCTATAGACCAGGCTACCATAC
T HZ 8 N 88 ¥ B g FEX I T 2 X X Db A G P Y8 g 8B TR Pa ¥ERET

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
ACAAATAACACCACCATCCCATCTAGGTAAGCTTCAGATCCACTTTGATTTCTCTGATGGAACAACACTCCTAGTCGACTCAGCACTGCGCAARTAGAGGA
R I T € P W HLG KJF E NP TF DVPF €D 6 TTVY¥YY¥Y VY TESDOZLEXTGNTR RS

3310 3320 3330 3340 3350 3360 3370 3380 3380 3400
CCCTCTTTGAGRACAACCACTGCCTCTGGARARACTCATAACAGAATGGTGCTEGCCGATCTTGCACATTACCACCGCTAAGATACAGAGGTGAGGATGGET
P8 K E T T T A8 3 KL I ¥ Ew € € B L PP LERET RS BED @ O

» NS2h
3410 3420 34320 2440 2450 3460 3470 3480 3490 3500
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GCTGGTACGGEATGGARAATCRGACCATTGAAGCGAGAARGAAGAGAL TTTGETCARCTCCTTGETCACAGCTGGACATGEGCAGGTCGACARCTTTTCACT
¥ ¥ 6 M ETI R P2 L K B2 K E 8 R L VN 8 L5 ¥ T & G 8¢ Q VD HP? S L

3510 3520 3520 3540 3550 3560 3570 3580 3550 3600
AGGAGTCTTCGGAATGCCATTCTTCCTCCACCARATGCTTAGAACCCGAGTACCAACGAAACATGCAATACTACTACTTGCACTTTCTTTTGTGACATTC
e v hE 66 M 2L P L E E MLRETZRY BT KHAMI LIL Y AV S F Y T L

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700
ATCACAGGGAACATCTCCTTTAGAGACCTCCGAAGAGTCATGETTATCGTAGCGCGCCACTATGACGCGATGACATAGCTATGGGCGTGACTTATCTTGCCC
I T 8 8 M 828 P R DK G RRY MY NMVY S AT HRET BRI IS NMNEYTE X K A K

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800
TACTAGCAGCCTTCARAAGTCAGACCAACTTTTGCAGCTGRACTACTCT TGAGAAAGCTGACCTCCARGGAATTGATGATGACTACTATAGGAATTGTACT
L A A P X V R P T V¥?" A & 6 L ILxr L R XK L T 8 XK E L & M T T I GG TI VL

3sio 3820 3830 3840 3850 3860 3870 3880 2890 3900
CCTCTCCCAGAGCACCATACCAGAGACCATTCTTGAGTTGACTGATGCGTTAGCCTTAGGCATGATGGTCCTCARRATCGGTGAGAAATATGGARAAAAGTAT
L 8 @8 T I P ET I &L B LT DAL &L 6HM MY L KB YERE X HWERER KT

3910 3920 3930 3840 3950 3960 3870 33580 3820 4000
CAATTGGCAGTGACTATCATGGCTATCTTGTGCGTCCCAAACGCAGTGATATTACAAAACGCATGGARRGTGAGT TGCACRATATTGGCAGTGGTGTCCG
g L A VT I M AI LCY PNAYVYT I L QOQNAWIEKUYSCTITLATVYSYVY

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
TTTCCCCACTGTTCTTAACATCCTCACAGCRARAMACAGATTGGATACCATTAGCATTGACGATCARAGGTCTCAATCCARCAGCTATTTTTCTAACAAC
8 P F LT 8 84g g K 7T D W ITPL AR EBET I XSEBEL N P T AIF LHT?IZT

D2 PDK-53 specific N32A-181-Phe (wt D2 16681: Leu, nt-4012-C)

> NS2B
4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
CCTCTCAAGAACCAGCAAGAARAGGCAGCTGGCCATTARATGAGGCTATCATCGCAGTCGGGATGCTGAGCATTTTAGCCACTTCTCTCCTAARAAAATGAT
L 8 R T 8 K K R 8 ¥ P L N E 242 I M 2 Vv Ga M ¥ 5 I £ A S 5 L L KN D

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
ATTCCCATGACAGGACCATTACTGECTGGAGCECTCCTCACTETETGCTACGTGCTCACTEGGACGATCGGCCCATTTGGAACTGGAGAGAGCAGCCGATG
I PMTGPLVAGGILULTUVCCY V L TGRS ADIULEULETRA AZMNZMDUVY

4210 4320 4330 4340 4350 4360 4370 4380 4390 4400
TCARATGGGARGACCAGGCAGAGATATCAGEARGCAGTCCAATCCTGTCAATAACAATATCAGAAGATCCTAGCATCTCCATARMABATCAAGCAGGAAGA
K W ED Q@ X ETIT 8 @8 8 P I L 8 I TTI & EDSGS M 8T KNEEEEBE

4410 4420 4430 4440 44590 4460 4470 4480 4490 4500
ACARACACTCACCATACTCATTAGAACAGGATTCCTCCTGATCTCAGGACTTTTTCCTGTATCAATACCAATCACGGCAGCAGCATGATACCTGTGGGEAR
g T 5LH T XT & T R T & WY I OH 8 B F R FAR I ORI T AAENENRNYE LR R

> N83
4510 4520 4530 4540 4550 4560 4570 4580 4590 4600
GTGRAGAAACAACGGGCCGCAGTATTCTCGCGATGTTCCTTCACCCCCACCCATGCGAAAGCCTGAACTGGAACGATCCGAGCCTATAGRATTAAGCAAAAAG
YV E XK gRAGY L X D¥ P B F PPN G K A EL BED G A Y RI EKGQZEKG

4610 4620 4630 4640 4650 4660 4670 4680 4690 4700
GGATTCTTGGATATTCCCAGATCGGACGCCCGAGTTTACAAACGARGGARAACATTCCATACAATGTGECATGTCACACATGECGCTGTTCTAATGCATARAAGG
I & @ ¥ 8 Q 1T ¢ A8 Y% KB T F E T MM EBE VT ER& ANV L NEEX A

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
ARAGAGGATTGAACCATCATCCGCCCACGTCARGRARAGRACCTARTATCATATCGGAGGAGGCTGCAAGTTACGAAGCACGARTCGAAGGARGGAGAAGARGTC
K RIEZPS WaADVY X KDIL I 8 Y 6 6 6 W K EF B @G EWIKUEBEUGEUEY

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900
CACGTATTGGCACTGGAGCCTCEAAAAAATCCAAGAGCCOTCCARACCARACCTCGOTCTTTTCARARCCARCGCCGGAACAATAGEGTGCTGTATCTCTGG
g VL AL EUPOGEKXKNUPEOSAVYQTIEKU?POGUL®PFEKTD N AU GTTIOGU ADUWVSTILD

4910 4920 4930 4940 4950 4960 4970 4980 4990 5000
ACTTTTCTCCTGGAACGTCAGCATCTCCAATTATCGACRAAARRGGAARAGTTGTGCGTCTTTATGEGTAATGGTGTTGTTACAAGGAGTGGAGCATATET
F 8 P @ T 8 @ 8 P I 1 DEKIEKGE VY Y 28 L Y 6 8 &GV VvV TZRAaGHGaaArixw

5010 5020 5030 5040 5050 5060 5070 5080 5090 5100
GRGTGCTATAGCCCAGACTCGARAAAAAGCATTGAAGACANCCCAGAGATCGAAGATCGACATTTTCCCAAAGACAACGACTGACCATCATGGACCTCCACCCA
B A I A 0 T B ¥ 8 I ER NP 2 B b ¥ x P R KRR ETIMND L HP

5110 5120 5130 5140 5150 5160 5170 5180 51%0 5200

GGAGCCCCAAMCACCAACACATACCTTCCCGCCATAGTCAGAGAAGCTATAAAACGCCGTTTGAGAACATTAATCTTGGCCCCCACTAGAGTTEGTGGCAG
€ A G KT KRYILPATI VEREATIZ K RUGCGILIRTULTIIULAMDW®RTIRWVYNWVANAR-A
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5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
CTGARAATGGAGGAMGCCCTTAGAGGACTTCCRATAAGATACCACGACCCCAGCCATCAGAGCTGTGCACACCGEGCECCAGATTGTGEACCTAATGTGTCA
EMEEBALB RRGEGL P IEYODT?®?» AT R ANY ETGREUIYD LJYWOCAA

|
N2 POK-$2 NE3-250-Val attenuatiom locus (DX L6&88L: Gilu, ni-B270.4)

5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
TGCCACATTTACCATGAGGCTGCTATCACCAGTTAGACTGCCARRCTACAACCTGATTATCATGGACGAAGCCCATTTCACAGACCCAGCAAGTATAGCA
AT FTMRLL & R Y R VY PR Y N LTI I HMNDEASRBRPTDRPRLRZSTEIA

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500
GCTAGAGGATACATCTCARC TCGAGTGGAGATGEETGAGCCAGCTGGGATTTTTATGACAGCCACTCCCCCGECAAGCAGAGACCCATTTCCTCAGAGCA
A R G ¥ I 8 TR YV E MG EREAAMGTIPMD®T AT?®PUPG S8 RDUPPEPEP~Q SN

5510 5520 5530 5540 5550 5560 5570 5580 5590 5600
ATGCACCAATCATAGATGARGAARGAGARARTCCCTCAACGCTCCTGGARTTCCCGACATGRAATGGGTCACGGATTTTARAGGCGARGACTGTTTGETTCET
A P I I DEEZRUETIUPUEUWRUGSWDNGSGHTEW®WVYVYTDUPFI KGE KTUVWFV

D2 PDK-53 gilent mutation nt-5541-C (D2 16681: T)

5610 5620 5630 5640 5650 5660 5670 5680 5690 5700
TCCAAGTATAAAAGCAGGARATGATATAGCAGCTTGCCTCAGGARAAATGGAAAGAAACTGATACAACTCACTAGGAAGACCTTTGATTCTGAGTATGTC
P 8 I KA @ ND I A AC L R ERNRG EIEXKWVI gL 8REKTUEFEDSGSBSBEYY

5710 5720 5730 5740 5750 5760 5770 5780 5780 5800
AMGACTAGAACCAATGATTGGGACTTCGTGGTTACAACTGACATTTCAGARATGEGETGCCAATTTCARGGCTCGAGACCGTTATACGACCCCAGACGCTGCA
E T R TR PN DPPY¥FT T PRI A F R E AT FE2EARERYIDPERETELSHR

5810 5820 5830 5840 5850 5860 5870 5880 53980 5800
TGAAACCAGTCATACTAACAGATGCTGAAGAGCCCGTGATTCTGCCACCACCTATCCCAGTCACCCACTCTAGTGCAGCACARAGARGAGGGAGAATACG
K P VI L TDGETE®?:2¥YTI1ITILAGCZ ZMUPVTHS B A XAgERRGRTIO®G

5910 5920 5330 5840 5950 5960 5970 5280 5990 6000
AAGAAATCCAARARATGAGAATGACCAGTACATATACATGGCGCCAACCTCTGGAAAATGATGAAGACTGTGCACACTGGAAAGAAGCTAARATGCTCCTA
R ¥ PKHNE NDOQ Y IT ¥YMM GG EPLEMNDTEUDTSC A HUWIEKTES ZIED? TELDL

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100
GATAACATCAACACGCCAGAAGGAATCATTCCTAGCATGTTCGARCCAGAGCCTGARAAGCTEEATECCATTGATGECGAATACTGUTTGAGAGGAGAAG
D I RNT P REGSE I I P B M F¥F E P EPRFR B XKV D AIDGEYRILRGTES:?]:

6110 6120 6130 €140 6150 6160 6170 6180 6190 6200
CAAGGAARAACCTTTGTAGACTTRAATGAGRAGAGGAGACCTACCAGTCTGGTTGGCCTACAGAGTGCCAGCTGAAGGCATCAACTACGCAGACAGAAGGTG
R K TF VDILMZPERRGDT LU PV W LAY RVYVYAAETGTIWNYZZDUZRTRBRW

6210 6220 6230 6240 6250 6260 6270 6280 6290 6300
GICTTTTGATCGAGTCAACAACAACCAAATCCTAGARGARRACGTGAARGTTGAAATCTGGACARARAGAAGCECGARAGGARGARRTTGARACCCAGATGG
cC FDG@GY E RN I I E 2N EWY E I NT XKERBGETRERIEEUDLED?PR2RDN

> NS4A
6310 6320 6330 6340 6350 6360 6370 6380 6390 6400
TTGCATGCTAGGATCTATTCTGACCCACTGGCGCTARRAGAATTTAAGGAATTTGCAGCCGEGARGARAGTCTCTGACCCTGAACCTAATCACAGAAATGG
L B X R T Y E D P2 L L KEFEKERDP¥HRGEASS FEEK & 5HBT L ¥ L I T EBEM G

6410 6420 6430 6440 6450 6460 6470 6480 6490 6500
GTAGGCTCCCAACCTTCATGACTCAGAAGCCARCGACACGCACTGEACARCTTAGCAGTECTGCACACGGCTGAGGCAGCTCCAAGGGTGTACAACCATGC
E L FTPZPRT QX A RDIAILIKDN YL &V L BET & E A G &R AT N B A

€510 6520 6530 6540 6550 6560 6570 6580 6590 6600
TCTCAGTGAACTECOGEAGACCCTEEAGACATTECTTTTACTGACACTTCTGGCTACAGTCACGGGAGCCGATCTTTTTATTCTTGATGAGCGCAAGGGGET
L 38 2R L P ETLEOTILILLILTILLATOYTTGSG I F L P LM 2 AR G

|
D2 PDK-53 specific NS4A-75-Ala (wt D2 16681l: Gly, nt-6599-G)

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700
ATAGGGAAGATGACCCTEEEAATGTCCTGCATAATCACGECTAGCATC CTCCTATGGTACGCACAARATACRCCCACACTCGATAGCAGCTTCAATAATAC
I & X M ® LG M ¢c ¢ £ 2 7T A& 82T L EBWW Y AQGI Q P B W X ARS8 I T DL

6710 6720 6730 6740 6750 6760 6770 6780 6790 6800
TGGAGTTTTTTCTCATAGTTTTGCTTATTCCAGAACCTGARARRCAGAGAACACCCCARGACAACCAACTGACCTACGTTGTCATAGCCATCCTCACAGT
BE ¥ PL I VY LFIL XT BPREREEEEGSERTPQgQDDBDERERGLEDT T ¥ ¥ I K 1L L'T Y

> NS4B
6810 6820 6830 6840 6850 6860 6870 6880 6890 6900
GOTGCCCGCAACCATECCAAACGAGATGGGTTTCCTAGAAARAACGAAGAAAGATC TCGGATTGGGAAGCATTGCAACCCAGCAACCCGAGAGCARCATC
V A A TMADNEMOGT FUL E K TI KK DL GL GG 8 I ATOGQOQU®PRESZSHNTI

6910 6320 6930 6940 6950 6960 6970 6980 6990 7000
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CTGGACATAGATCTACGTCCTGCATCAGCATGCACGCTETATCCCGTGEGCCACAACAT TTGTTACACCAATCTTGAGACATAGCATTCGAARATTCCTCAG
¥ D I DL R PAS A UTLY AV ATT PFPY T PEMNMEKRERHBSIEDNT SBST¥

7010 7020 7030 7040 7050 7060 7070 7080 70580 7100
TGAATGTGTCCCTAACAGCTATAGCCAACCARAGCCACAGTGTTAATGGEGTCTCCGGRARGGATGGCCATTGTCARMAGATGGACATCCGGAGTTCCCCTTCT
N VvV s L TAIAUNGQA ATV VL MOGILGKGWP L S8 KMDI1IGV PLIL

7110 7120 7130 7140 7150 7160 7170 7180 7190 7200
CGCCATTGGATGCTACTCACAAGTCAACCCCATAACTCTCACAGCAGCTCTTTTCTTATTGGTAGCACATTATGCCATCATAGGECCACCGACTCCARGCA
& IT 8 CY%¥Y 8 g ¥V ¥ P I TILT A 2A2ADDPL L VAOEEY AITITI G PF & L O A

7210 7220 7230 7240 7250 7260 7270 7280 7250 7300
AAAGCAACCAGAGAAGCTCACAARAGAGCAGCGGCAGGCATCATGAMAAACCCAACTGTCGATGCGAATRACACTGATTGACCTAGATCCAATACCTTATG
E A T ESRAGQEKERDI?AZ-ZML2AGI NPT Y HGSGITTIDILDDDPIUPEXD

7310 7320 7330 7340 7350 7360 7370 7380 7390 7400
ATCCARAGTTTGAAAAGCACTTCCCACAAGTAATGCTCCTAGTCCTCTEGCETGACTCAAGTATTGATGATCAGCACTACATEGGCTCTETEGTGAGECTTT
P EF E K @ L ¢ gV MM L LV L CV T Q VVLNMZPERTT®ATLCTE AL

7410 7420 7430 7440 7450 7460 74770 7480 7480 7500
AACCTTAGCTACCGGGCCCATCTCCACATTGTGEGGAAGGARATCCAGGGAGGTTTTGGAACACTACCATTGCGGTGTCAATEGCTAACATTTTTAGAGGG
T L AT E& P I BT L WEOGSGNUDPGRVPFWHERTTTIAMAMYVYSENMIAMNTIEIOZERAG

> NS5
7510 7520 7530 7540 7550 7560 7570 7580 75%0 7600
AGTTACTTGECCGEACGCTGGACTTCTCTTTTCTATTATGARCGARCACAACCARCRCAAGARGGGCARCTGGCAACATACGCACACGACCCTTCGGAGACGAAAT
8 ¥ L A 8 A3 L L F &8 T M EETT N T RESGT GG I SETL G E KX

7610 7620 7630 7640 7650 7660 7670 7680 7690 7700
GGAAMAGCCGATTEAACCCGTTGGGARARAGTGAATTCCAGATCTACAAGAAAAGTCGAATCCAGGAACTGGATAGAACCTTACCAARACAACCCATTAA
K 8 R L R &2 5L @ XK 8 B P QI ¥ KK B8 € I QB YV IDERETULAMIKEKE GTHKEK

Additional nt-7260 A-to-G silent mutation in master and pre-master seeds

7710 7720 7730 7740 7750 7760 7770 7780 7780 7800
AAGAGGAGAAACGCACCATCACGCTETETCGCGAGGCTCAGCARAACTGAGATGCT TCCGTTGAGAGAAACATGCTCACACCAGAAGGGAAAGTAGTEGAC
R 6 ETDMHEAKVYS R 8 A KL RWP YV ERNKNKMYTUEPETIGEWV¥YDVDNR

7810 7820 7820 7840 7850 7860 7870 7880 7890 7900
CTCGGTTGTGGCAGAGGRAGGCTGETCATACTATTGTGCAGCACTAAAGAATGTARGAGAAGTCAAAGGCCTARCAARAGGAGEACCAGGACACGAAGAAC
L G CGRGGW S8 Y ¥ €C & G L KNTVR REVYE KU GILTUEXKSGOUGGPUGHTETETP

7810 7820 7930 7940 7850 7960 7970 7980 7990 8000
CCATCCCCATGTCAACATATCEETEEAATCTAGTECETCTTCARAGTEGAGTTGACGTTTTCTTCATCCCGCCAGAARACTCTGACACATTATTGTCTGA
I P M 8 % Y &8 ¥ ¥ & R L 0 8 66 VDBV F P I PPEIKTCGCEDRDTTTLLLSD

8010 8020 8030 8040 8050 8060 8070 8080 8090 8100
CATAGGGGAGTCATCACCAAATCCCACAGTGGAAGCAGCACGAACACTCAGAGTCCTTAACT TAGTAGAARATTAGTTGARCAACAACACTCAATTTTGC
I B E &8 8 P R P T ¥ BE X GGRTHRYL AL ¥ E NT LN XN NTOGQOQZFE

8110 8120 8130 8140 8150 8160 8170 8180 8190 8200
ATARAGGTTCTCAACCCATATATGCCCTCAGTCATAGARAAANTGGAAGCACTACARAGCGAAATATCGCAGCACGCCTTAGTGAGGRATCCACTCTCACGRR
I KV L N P Y M P8 VI BE K MZEBEAULGQ®RIEKYGGARLVYVY RNZPILSRH-N

8210 8220 8230 B240 8250 8260 8270 8280 8290 8300
ACTCCACACATCGACATGTACTCCGTATCCARTCCTTCCOCCAACATACTCTCATCAGTGRAACATGATTTCAAGCGATGTTGATCAACAGATTTACAATGAG
8 T H E M ¥ W ¥V 8 ¥ A B 8 3 1 ¥ 8 8 V¥ MI &8 R HMLETIZNUEV FTMR®R

8310 8320 8230 8340 8350 8360 8370 8380 8390 8400
ATACARGAAAGCCACTTACGAGCCGGATGTTGACCTCGEAAGCGGAACCCCTAACATCGGGATTGAAAGTGAGATACCAAACCTAGATATAATTGGGARR
T X K A& TYT R PFDY DL &8 68T R NI €T 8 & BT PY¥Y L DPI I EK

8410 8420 8430 8440 8450 8460 8470 8480 8490 B50DO
AGRAATAGARRRAATARAGCARGAGCATGAAACAT CATGGCACTATGACCAAGACCACCCATACARAACGTGEGECATACCATCGETAGCTATGAAACAAAAC
X 1 B E 1T K Q B HE T B8 " B ¥ DQ DEHE P Y KT R A YT B G YT BT K Q

8510 8520 8530 8540 8550 8560 8570 8580 85590 8600
AGACTGGATCAGCATCAT CCATGGTCAACGGACGTEGTCAGGCTECTGACAAAACCTTGGEACGTCGTCCCCATCGCTGACACACATGGCAATCACAGACAC
T G 8 A 8 S M VNGV VRILILTI KU PWDUVYV PMNMVTQgM-AEMNMTUDT

8610 8620 8630 8640 8650 8660 8670 B6BO 8690 8700
GACTCCATTTGGACARCAGCGOGTTTTTARAGAGARAGTGGACACGAGAACCCARGAACCGAAAGARGGCACGRAAGARACTAATGAAAATAACAGCAGARAG
T P P d g Qg R YV F XK BEREYDTRT QEBP K EBEQ@TEKEEZEIMETITAHR

8710 8720 8720 2740 8750 8760 8770 8780 8790 8800

TGGCTTTGGAAAGAATTAGGCAAGAAMNAGACACCCAGCATGTCCACCAGAGAAGAATTCACAAGAANGCTGAGAACCAATGCAGCCTTGGECECCATAT
W L ¥ K E L @ K K ETPZRMNMGETRTUEU EU?PT® E VRSB XN M A L @ A I F
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8810 8820 8830 8840 8850 8860 8870 8880 8asa 8300
TCACTGATGAGAACAAGTGGAAGTCCGCACGTGAGGC TGTTCRAAGATACTAGCGT TTTGGGAGCTGCTTGACAAGGAAAGGAATCTCCATCTTGARGGARA
T D ENKM®W K S AR BEAVYVY EDS RVP W EUL VDI KEUZRUNILIHBTILE G K

8910 8920 8330 8940 8950 8960 8970 8980 8990 2000
GTETGAAACATCTCTCTACAACATGATEGGARARAGAGAGAAGARGCTAGGGGARTTCGGCAAGGCAMRRGECAGCAGAGCCATATGETACATCTGECTT
€ B TECV Y ¥ M MG KR EKEKEI LGS B F GG K AKGCSTEATIUEWYMNMWNL

%010 5020 8030 9040 2050 5060 9070 sas0 2090 9100
GGAGCACGCTTCTTAGAGTTTGAAGCCCTAGGATTCTTAAATGAACATCACTCCTTCTCCACACAGAACTCCCTCAGTGGAGTGGARGGAGAAGCCCTCC
G AR R P L R P EALGPLNUEDU HW®WT F S8 RENSILSOGVY EGEUGTLH

9110 8120 8130 9140 9150 9160 9170 9180 9190 9200
ACAAGCTAGCTTACATTCTAAGAGACGTGAGCARGARAGAGGGAGCAGCAATGTATGCCGATCGACACCGCAGGATGGGATACAAGAATCACACTAGAAGR
E L 8 ¥ I L R PV S8 X EERBGSEAKDY A DDITASGME¥DTRTETDLED

9210 8220 9220 9240 8250 9260 9270 52840 9290 9300
CCTAAAAAATGAAGARATGGTARCRARCCACATGCAACCAGARCACAAGARACTAGCCCACGCCATTTTCARRCTAACGTACCARAACAAGETGETGCGT
E KN B EMNW v T H HBH M E G B B EE b X 8 A ¥ BRLLT X QO N EYXER

8310 9320 9330 9340 9350 9360 9370 8380 4390 9400
GTGCAAAGACCAACACCAAGAGGCACAGTAATEGACATCATATCGAGARGAGACCAAACGAGGTAGTGGACAACTTGGCACCTATGGACTCAATACTTTCA
Y0 R 27T 2 3 ETYTVY HIDII Z2ERDPGgREBEE QYA ® ¥ &L BT ET

2410 9420 9430 9440 9450 8460 9470 9480 9430 9500
CCAATATCGAAGCCCRAACTAATCAGACACATCCAGCRAGAAGGAGTCTTTARAAGCATTCAGCACCTAACAATCACAGAAGRRATCCCTGTGCARARACTG
N M E A 5L T R gMNMBEE@BEZ Y FXEI B LTITEZETIZIZIROSEW

5510 9520 9530 9540 9550 9560 8570 9580 9590 9600
GTTAGCAAGAGTGGGGCGCGARAGGTTATCAAGAATGCGCCATCAGTGCAGATGATTCTCTTCTCAAACCTTTAGATGACAGGTTCGCARGCGCTTTAACA
L A R ¥V &R ERE S E N A I 8 P DY VY £ P LDDEFTF 4&B8 ALT

9610 9620 9630 5640 9650 9660 8670 9680 9690 9700
GCTCTAAATGACATGCGAAACGATTAGCAAAGACATACAACAATGEGAACCTTCAAGAGGATGGAATGATTGGACACAAGTGCCCTTCTGTTCACACCATT
AL N BPM 8 EIT 8 BEBRBI @ @ " E ¥ 838 B g ¥ 2 0 7T QoY P F S B8 HHEHF

9710 4720 9730 8740 9750 3760 9770 5780 9780 9800
TCCATGAGTTAATCATGARAGACGGTCGCGTACTCGTTCTTCCATGTAGAAACCAAGATGAACTGATTGECAGACGCCCGAATCTCCCAAGCGAGCAGGGTG
H EL I M KDOGRVYLV VY PCRWNOQDETLTIGRARTIU ®SGOQOGDHEGHW

2810 9820 9830 9840 93850 9860 2870 2880 9850 9900
GTCTTTGCGEGAGACGECCTGTTTGGEGAAGT CT TACGCCCAAATCTGCAGCTTGATGTACTTCCACAGACGCEACCTCAGGCTGGCGGCARATGCTATT
8 FL R ET A ¢ L @ K 8 ¥ A Q M w 8 L M ¥ P HRRUDILUZRILZARaDADN ATI

9910 9920 29130 9940 3950 9960 2970 9980 8aso 10000
TGCTCGGCAGTACCATCACATTGEETTCCARCAARGT CGRAACAACCTGGTCCATACATGCTAAACATGAATGGATGACAACGCAAGACATGCTGACAGTCT
¢ 8 AV P S HWV PTS RTTMWS5 I HAKHEWMTTETDMTLTWVMW

10010 10020 10030 10040 10050 10060 10070 10080 10080 10100
GGAACAGGGTGTGGATTCARGAARACCCATGGATGGAAGACARNAACTCCAGTGGAATCATGCGAGGAAATCCCATACTTGAGGAAARGAGAAGACCAATG
N RV W I QENUP®WMEUDIE KTU®PVE S WEETIUPJUYULOGEKZRETDTGQgHW

10110 10120 10130 10140 10150 10160 10170 10180 10180 10200
GTGCGECTCATTCATTCGCTTAACAAGCAGGCCCACCTCCCGCARRCAACATCCARGCAGCAATAMMTCAAGTTAGATCCCTTATAGCCARTGARGARTAC
€C 6 S L I 6 L TS RATWAIKUNTIOGQA A ATINOGQVR RSILINETZE Y

> 3'-Noncoding Region
10210 10220 10230 10240 10250 10260 10270 10280 10280 10200
ACAGATTACATGCCATCCATGAAARAGATTCAGAACAGAACAGCARCARGCAGGAGTTCTCTGGTAGARAGCAAARCTAACATGAAACARCGCTAGRAGTC
T D Y M P S M X R FRREEEETEAG GV L R *

10310 10320 10330 10340 10350 10360 10370 10380 10390 10400
AGGTCCGATTAAGCCATAGTACGGRAMARACTATGC TACCTGTGAGCCCCETCCAAGGACGTTARARAGAAGTCAGGCCATCATAMATGCCATAGCTTGAG

10410 10420 10430 10440 10450 10460 10470 10480 10490 10500
TAAACTATGCAGCCTGTAGCTCCACCTGAGRAGGTGTARAARATCCCGGGAGGCCACARACCATGCARGCTCTACGCATCECETACTCCACTAGCGGTTAC

10510 10520 105320 10540 10550 10560 10570 10580 10590 10600
AGGAGACCCCTCCCTTACAAATCGCAGCAACARATGGGGGCCCARGGCGAGATGAACCTCTAGTCTCGCTGEAAGGACTAGAGGTTAGAGGAGACTCCCCC

10610 10620 10630 10640 10650 10660 10670 10680 10690 10700
GAAACARARRACAGCATATTCACGCTCGCARACACCAGAGATCOTACTETCTCCTCAGCATCATTCCAGGCACACARCECCAGARAATGGAATGGTGCTG

10710
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TTCGAATCAACAGGTTCT

DENvax-4 Master Virus Seed (MVS)

[000167] Nucleotide sequence of the chimeric viral genome and deduced amino acid
sequence of the translated protein. Most of the prM-E gene (nt-457 to -2379,
underlined) is wild-type (wt) DEN-4 1036 virus-spccific; the remaining nucleotide
sequence is DEN-2 PDK-53 virus-specific. All engineered substitutions differ from
wt virus (DEN-3 16562 or DEN-2 16681), as well as extra mutations (changes from
engineered cDNA clone) are marked.

Substitutions Included in the Genome and Protein:
[000168] Junctlon sites:

a.

b. B

IV (nt 23 80—23 85): engmeered mutatlons nt- 2381/2382 TG-to-CC

(rcsultcd in E-482 Val-to-Ala change)

[000169] D2 PDK-53 virus backbone (change from wt D2 16681)

5'-noncoding region(NCR)-57 (nt-57 C-to-T): major aticnuation logus {in red)
NS1-53 Gly-to-Asp (nt-2579 G-to-A): major attenuation Joces (in ved)
NS2A-181 Leu-to-Phe (nt-4018 C-to-T, in bold)

NS3-250 Glu-to-Val (nt-5270 A-to-T): major attepuation tocus (in red)
nt-5547 (NS3 gene) T-to-C silent mutation (in bold)

NS4A-75 Gly-to-Ala (nt-6599 G-to-C, in bold)

* nt- 8571 C-to-T silent mutation of PDK-53 is not cngincered in the vaceine virus

e a0 o

[000170] Engineered substitutions in cDNA clone

a. Engineered C-100 Arg-to-Scr (nt-396 A-to-C): may improve viral replication
in culture

b. Engineered nt-1401 A-to-G silent mutation

c. Engineered E-364 Ala-to-Val (nt-2027 C-to-T): may improve viral replication
in culture

d. Engineered E-447 Mct-to-Leu (nt-2275 A-to-C): may improve viral
replication in culture

[000171] Additional substitutions found in vaccine seed (0.06% nt diffcrent from
original clone)

a. nt-225 (C genc) A-to-T silent mutation (in bold)
b. NS2A-66 Asp-to-Gly (nt-3674 A-to-G) mutation (in bold)
¢. NS2A-99 Lys-to-Lys/Arg mix (nt-3773 A-to-A/G mix, in bold)
d. nt-5391 C-to-T (NS3 gene) silent mutation (in bold)
e. NS4A-21 Ala-to-Val (nt-6437 C-to-T, in bold)
f. nt-7026 T-to-C/T mix silent mutation (in bold)
g. nt-9750 A-to-C silent mutation (in bold)
BOR-S7-T, D2 FOK-33 attenuation losus {wt DR 18€81: <)
> §'-Nonceding Region >C
10 20 30 40 50 60 70 80 S0 100
AGTTETTAGTCTACGTEEACCCACAAACGACACGAT TCTITCGAGGEAGC T AAGCTCANTGTAGTTCTARCAGTTTTTTAAT TAGAGAGCAGATCTCTGATGA
M N
110 120 130 140 150 160 170 180 190 200
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ATAACCAACGEAAAAMGGECGAAAAACACCGCCTTTCAATATGCTEARACGCGAGAGARACCGCATETCGACTGTGCAACAGCTGACARRGAGATTCTCACT
H QO R K Ka KNTUVPTFW NMTILIEKREIRIDNIRYSTUVQQEQILTIEXZRTF FS L

210 220 230 240 250 260 270 230 290 3060
TGEAARTGCTGCAGCGACCAGGACCTTTARRACTGTTCATGGCCCTGGTGECGTTCCTTORTTTCCTAACARTCCCACCAACAGCAGGGATATTGAAGAGE
g M L G R G P L XK L F M AL VAPILRPILTTIUPRPT-AOGTILKR

additional nt-225 A-to-T silent mutation in master and pre-master seeds

310 320 330 340 350 360 370 380 390 400
TGGGGAACAATTARAAAAT CARARAGCTATTAATGTTTTGACAGCCTTCACCAAACAGATTGGAAGCATGCTGAACATCTTGAATAGGAGACGCAGCTCTG
W @G T I K K 8 K A I NV LRGP FRIEKETIUGRMTILUNTITULDNU®RUZRIRIGES A

Fngineered C-100 Arg-to-Ser (nt 396 A-to-C)

> prM Beginning of D4 1036 seguence
410 420 430 440 450 |460 470 480 4390 500
CAGGCA’I‘GATCA‘ITANCI‘GATTCC’AACAGTGATGGCGTTCCAmMCCKCﬁéGTGATGGCGMCCQCI‘CATGATAGTGGCAAAACATGAAAGGGGGAG
¢ M I T M & I P T ¥y M AP RL?T T RDGG EP LhMEIEWY AKEEXERBTBEBERGH?SE

Engineered M1

splicing site (nt-453 A-to-G silent)

510 520 530 540 550 560 570 580 590 600
ACCTCTCTTGTTTAAGACAACNKGAGGGCATCAACAAATCCACTCTCATTCCCATCCACTTCECTCAAATETC TCACCACACTCTCACCTATAAATGCCCC
f L L KT TERGEGI N EKECTLI A MDILUGECTESZTCEDTTVTYEK®RCTP

610 620 630 640 650 660 670 680 6390 700
TTACTGGTCAATACCEAACCTEAAGACAT TGATTGC TGETCCAATCTCACGTCTACCTCGETCATGTATGGGACATGCACCCAGRAGCGGAGARCGGAGAC
% KB Y ¥ TE P EREILD I BECRZRFLT BT WY MY BT CTGE &8 @ R EZIR2ER

> M
710 720 730 740 750 760 770 780 790 800
CGAGAGAAGCGCTCAGTAGCTTTAACACCACATTCAGCAATCCGATTGEARACARGAGCTCGAGACATGGATCTCATCGCAACCCCCTTCCAAGCATCCTCA
E K R 8 Va2 L T PHS GMGLET RATETMWMSSUEGA AUWWI KHAOQ

810 820 830 840 850 860 870 880 8s0 900
CACAGTAGAGAGCTEEATACTCAGARACCCAGGATTCGCGCTCTTGGCAGGATTTATGGCTTATATCGATTCGGGCAARCAGEGAATCCAGCCGARCTGTCTTC
R VE S WIILIRNDNUPOGY P ¥ AL LAGY FMATYMTIG GO QTUG®GTIOQQZRTUVFEF

> B
910 920 830 940 850 960 970 980 550 1000
TTTGTCCTAATCGATGCTEGETCGCCCCATCCTACCGAATCCCATCCGTAGGACTAGGAAACAGAGACTTTGTGGAAGCACTCTCACGCTGCAGCATGEETCG
F VL MML YV A PS8 Y @ MPRCVYVY G V G NRUDUPVEGYVYS GG A WUWVD

1010 1020 1030 1040 1050 1060 1070 1080 1080 1100
ATCTGETGCTAGAACATGEGAGGATGCGTCACAACCATGGCCCAGGGRAARACCRARCCTTGGATTTTGAACTGACTAAGACAACAGCCAAGGAAGTGGCTCT
L VL EHG G CVTTMO®Z2OQOGIKPTULDT FETLTI KTTOAI KEYV AL

1110 1120 1130 1140 1150 1160 1170 1180 1180 1200
GTTAAGAACCTATTGCATTGAAGCCTCAATATCAAACATAACCACGACAACAAGATGTCCANCGCAAGGAGAGCCTTATCTARAAGAGGALCAAGACCAR
H R T Y @ BE A 8 I 8N ITTART RCEC PR D EGEEREY LKEKEEZEGGDTEDOQgQ

1210 1220 1230 1240 1250 1260 1270 1280 1280 1300
CAGTACATTTGCCGGAGAGATGTGGTAGACAGAGGGTGEGGCAATCECTCTEGCTTGTTTGGAARAGCAGCGAGTTCTCACATCTCCGAAGTTTTCATGTT
0 Y I € R EDVY ¥TDERLEY G NG GECEIL PG EGS® a@aVYVT CAREZPESBCS

1210 1320 1320 1340 1350 1360 1370 1380 1380 1400
CGGGGARGATARCAGGCAATTTGEGTCCARATTGAGARCCTTGAATACACACTGGTTGTAACAGTCCACAATGGAGACACCCATGCAGTAGGARATCACAC
¢ K I T 6GN L VOQIEBXNILEYTV V VTV HNOGDTHBAUYVG G HNWNDT

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
GTCCAATCATGGAGTTACAGCCACGATAACTCCCACCTCACCATCGEGTGGAAGTCARATTGCCGGACTATCCACAACTAACACTCGATTGTGAACCCAGGE
E N HGVTATTITU®PRS?PS YV EV EKILPDTYGG6ETLTTULD®ZEPR

Silent nt-1401 A-to-G mutation in engineared clone

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
TCTGGAATTGACTTTARTGAGATGATTCTGATGAARATGARRAAGARAACATGGCTTGTGCATAAGCARTGCTTTTTGCGATCTACCTCTACCATGGACAG

85 G I DF N EMTITELTMTEKMEKTE KT KT WTELVHTE KT G QWTPTDLDTULTZPTELTPTUWT A

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
CRGGAGCAGACACATCAGAGETTCACTGGAATTACRAAGAGAGAATGGCTGACATTTARGETTCCTCATGCCARGAGACAGGATGTGACAGTGCTGGGATC
6 A DT S E V HWNDNZYEKEU RMNMYTU P KV Y PHAKT RGOQDYTWVTLGS

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
TCAGGAAGCACGCCATCCATTCTCCCCTCCCTOCACCCACAGAAGTGGACTCCGGTGATCCARATCACATGTTTGCAGCACATCTCANG TGCAAAGTCCGET
Q EG A M H S AR L AGATEVDS G6GDOGNUBSBMTFAGU HTULI KU GCIEKVR
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WO 2014/150939 PCT/US2014/024603

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
ATGGAGAAATTGAGAATCAAGGGAATGTCATACACGATGTGTTCAGGAAAGTTCTCAATTGACAAAGAGATGGCAGAAACACAGCATGGGACAACAGTGG
M E XK L R I K G M s Yy T MC S G K F S I DK EMAZETQH G T T V V

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
TGAAAGTCAAGTATGAAGGTGCTGGAGCTCCGTGTAAAGTCCCCATAGAGATAAGAGATGTGAACAAGGAAAAAGTGGTTGGGCGTATCATCTCATCCAC
K v K Y £E G A G A P CIXK VP I E I R DV NI KEI KV V G R I I s S T

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
CCCTTTGGCTGAGAATACCAACAGTGTAACCAACATAGAGTTAGAACCCCCCTTTGGGGACAGCTACATAGTGATAGGTGTTGGAAACAGTGCATTAACA
P L A EN TN sV TNTIE L E P P F G D s Yy I Vv I GV G N s A L T

|
Engineered E-364 Ala-to-Val (nt-2027 C-to-T) to improve viral growth in culture

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
CTCCATTGGTTCAGGAAAGGGAGTTCCATTGGCAAGATGTTTGAGTCCACATACAGAGGTGCAAAACGAATGGCCATTCTAGGTGAAACAGCTTGGGATT
L H W F R K G S S I G K M F E S T YR G A KU RMATILGETA AW D F

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
TTGGTTCCGTTGGTGGACTGTTCACATCATTGGGAAAGGCTGTGCACCAGGTTTTTGGAAGTGTGTATACAACCCTGTTTGGAGGAGTCTCATGGATGAT
G s v 6 GG L F T SsS L G KAV HQV F G S VY T T L F G G V S W M I

|
Engineered E-447 Met-to-Leu (nt-2275 A-to-C) mutation

End of D4 1036 sequence
2310 2320 2330 2340 2350 2360 2370 | 2390 2400
TAGAATCCTAATTGGGTTCCTAGTGTTGTGGATTGGCACGAACTCAAGGAACACTTCAATGGCTATGACGTGCATAGCTGCCGGCATTGTGACACTGTAT
R I L. I 6 F L VLW I G TN S RNT S MAMTT CTIAASGTI V T L Y

|
Engineered NgoMIV splicing site, E-482 Val-to-Ala (nt-2381/2382 TG-to-CC)

> NSl
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
TTGGGAGTCATGGTGCAGGCCGATAGTGGTTGCGTTGTGAGCTGGAAAAACAAAGAACTGAAATGTGGCAGTGGGATTTTCATCACAGACAACGTGCACA
L G v™M V. Q A DS GG CVV S W KNI K EL K CSGS G I F I T DNV H T

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600
CATGGACAGAACAATACAAGTTCCAACCAGAATCCCCTTCAAAACTAGCTTCAGCTATCCAGAAAGCCCATGAAGAGGACATTTGTGGAATCCGCTCAGT
w T E Q Y K F 9 P E S P S K L A S A I Q K A H E E D I C G I R S V

|
D2 PDK-53 NS1-53-Asp attenuation locus (wt D2 16681: Gly, nt-2579-G)

2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
AACAAGACTGGAGAATCTGATGTGGAAACAAATAACACCAGAATTGAATCACATTCTATCAGAAAATGAGGTGAAGTTAACTATTATGACAGGAGACATC
T R L E N L M W K (©Q I TP E L NH I L S E NE V K L T I M T G D I

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800
AAAGGAATCATGCAGGCAGGAAAACGATCTCTGCGGCCTCAGCCCACTGAGCTGAAGTATTCATGGAAAACATGGGGCAAAGCAAAAATGCTCTCTACAG
K 6 I M Q A G KR S L R P QP T EIL K Y S WK TWG KAI KMMTL S T E

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900
AGTCTCATAACCAGACCTTTCTCATTGATGGCCCCGAAACAGCAGAATGCCCCAACACAAATAGAGCTTGGAATTCGTTGGAAGTTGAAGACTATGGCTT
S H NOQT ¥ L I D GPETA AUET CU®PNTNIRAWNSLE V E DY G F

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
TGGAGTATTCACCACCAATATATGGCTAAAATTGAAAGAAAAACAGGATGTATTCTGCGACTCAAAACTCATGTCAGCGGCCATAAAAGACAACAGAGCC
G v F T TNTI W L K L K E K QD V F C D S K L M S A A I K D N R A

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
GTCCATGCCGATATGGGTTATTGGATAGAAAGTGCACTCAATGACACATGGAAGATAGAGAAAGCCTCTTTCATTGAAGTTAAAAACTGCCACTGGCCAA
vV H A DMGYWIEE S AILNDTMWXK I EKASF I E V KNCH W P K

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
AATCACACACCCTCTGGAGCAATGGAGTGCTAGAAAGTGAGATGATAATTCCAAAGAATCTCGCTGGACCAGTGTCTCAACACAACTATAGACCAGGCTA
s H T L W S N G V L E S EM I I P KNL A G P V S Q HN Y R P G Y

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
CCATACACAAATAACAGGACCATGGCATCTAGGTAAGCTTGAGATGGACTTTGATTTCTGTGATGGAACAACAGTGGTAGTGACTGAGGACTGCGGAAAT
H T o I T G P WH L G K L EMDVF D F¥F CD G T TV V V T E D C G N

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
AGAGGACCCTCTTTGAGAACAACCACTGCCTCTGGAAAACTCATAACAGAATGGTGCTGCCGATCTTGCACATTACCACCGCTAAGATACAGAGGTGAGG
R 6 Pp s L R TTTAS G K L I T EWTCTCIR S CT L P P L R Y R G E D

> NS2A
3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
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ATGOCTCCTEETACGGGATGGAAATCAGACCATTGAAGGAGANGARAGAGAATTTGETCAACTCCTTGEGTCACAGCTGGACATCCGCAGGTCGACRACTT
G C WY GG M EIRZPLIKEIKTETENTLUVNSTILVTA AGHSG QVYVID2-NT?T

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
TTCACTAGGAGTCTTGGGARTGCCATTGTTCCTGCAGGARATGCTTAGGACCCGAGTAGGAACGAAACATCGCAATACTACTAGTTGCAGTTTCTTTTETG
&8 Lh 6 v L @M &L F L EEMILRTZRWVYVGSET EKHATIT L LYV ANVYS PV

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700
ACATTGATCACAGEGAACATGTCCTTTACGAGACCTGGGAAGAGTGATGETTATGETAGGCGCCACTATGACCGETCACATAGETATGCGCGTGACTTATC
T L I T & N M s FRDLGRUVYVY MV MV 6 A TMTUGGDTIGGMSOGVTYL

Additional NS2A-66 Asp-to-Gly (nt-3674 A-to-G mutation) in master and pre-master seeds

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800
TTGCCCTACTACCAGCCTT CABAGTCAGACCAACT TTTGCAGCTEGACTACT CTTGAGAAAGCTGACCTCCAGGGAATTCATGATCGACTACTATAGGAAT
A L Lk A A F EKEV EPTP AL AGLI L LT REKLTOSEELMMMNMTTTIGGTI1I

Additional NS2A-99 K to R/K {(mix) (nt-3773 A-to-G/A) mutation in master seed

3810 3820 3830 3840 3850 3860 3870 3880 2890 3500
TGTACTCCTCTCCCAGACGCACCATACCAGRGACCATTCTTGAGTTGACTGATGCGTTAGCCTTAGGCATGATGGTCCTCAARATGGTGAGARATATGGAR
vV L L 8 g 8T X P B TPTI L ELTDAILL ARLRILIGNDMTYVYVIL KMWHNDYTYRDINMZE

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000
AAGTATCAATTGGCAGTGACTATCATGGCTATCTTGTCCGTCCCAAACGCAGTCATAT TACAAAACGCATGGARARGTGAGTTGCACAATATTGGCAGTGG
£ ¥ @ % ¥ TI XM aiih vy Py & v I bhbognx»amwkw¥y s g2 X L k%Y

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
TGTCCGTTTCCCCACTGTTCTTAACATCCTCACACGCAAARAACAGATTGGATACCATTAGCATTGACCGATCARRGCTCTCAATCCAACAGCTATTTTTCT
8 ¥ 8 25 5 T8 B QR ETDII PSR TEESGSDNETAIIEIL

D2 PDK-53 specific NS2A-181-Phe (wt D2 16681: Leu, nt-4018-C)

> NS2B
4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
AACAACCCTCTCAAGAACCAGCAAGAARAGGAGCTEGCCATTAAATCAGGCTATCATGECAGTCGEGATGEGTGAGCATTTTAGCCAGTTCTCTCCTAARA
T TL 8 R T 8 K KR 8 WPLNUEBEATIMABAYVY GGM VY S8 ILAS SUL LK

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
AATGATATTCCCATGACAGGACCATTAGTEECTAGAGGECTCCTCACTGTGTGCTACGTGCTCACTGGACGATCGECCCATTTGCGARCTGCACAGAGCAG
N DI P M TG P LV AGGEL LTV CY VL TGRS ADILTETLETRAAGA-A

4310 4320 4330 4340 4350 4360 4370 4380 4390 4400
CCGATGTCAAATGGGARGACCAGGCAGAGATATCAGCAAGCAGTCCAATCCTGTCARATAACAATATCAGAAGATGEGTAGCATGTCCATAMAANATGARGA
D VEW¥ BE D Q A ETIT &8 @ 88 P 3 6L 81T T I 8 E DG B M 8 1I KNE E

4410 4420 4430 4440 4450 4460 4470 4480 4490 4500
GGAAGAACAARACACTGACCATACTCATTACARCAGGATTGCTGGTCATCTCAGGACTTTTTCCTGTATCAATACCAATCACCGCACCAGCATCCTACCTG
E R8T LT X LHLIITRTRLL Y IS &L P B ¥ B2 T B J 2T A& AMLMLAW YD

> NS3
4510 4520 4530 4540 4550 4560 4570 4580 4590 4600
TGGGAAGTGRAGARACAACGGECCEEAGTATTGTGGGATGTTCCTTCACCCCCACCCATGGGAARGGCTGAACTECAAGATGGAGCCTATAGAATTARAGC
W BV KK QRAGVY L WDV P S8 P P P MAaGQI K BATZEILEUDSG AT YRTIIKG®GQ

4610 4620 4630 4840 4650 4660 4670 4680 4690 4700
AAARAGGGATTCTTEGATATTCCCAGATCGGAGCCGGAGTTTACARAGAAGGAACATTCCATACAATGTGGCATATCACACGTGGCGCTGTTCTARTGCA
¥E G I F G ¥ 8B 0 I &8 A 688Y Y KEUGTUPHTM®MWUGHEY T HRGI RWYVYILHNE

4710 4720 4730 4740 4750 4760 4770 4780 479G 4800
TAMGCGAAAGAGGATTGAACCATCATGCCCGGACGTCAAGARAAGACCTAATATCATATGGAGCGAGGCTCGCAAGT TAGAAGGAGAATCCAARGGAAGGAGAA
K ¢ K R I E P 8 WA DV KKXKDILTI S8 Y GG G W KUILEGTEWIKE G E

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900
GAAGTCCAGGTATTGGCACTGEGAGCCTCCAARARAT CCAAGAGCCGTCCAAACCARACCTGEGTCTTTTCARAACCAACGCCGGAACAATAGGTGCTGTAT
E ¥ 0 YL ALEUPOGECIXD-NEPRAVYQQTI K PO I:L?FT ETNILRZIGTTIGEZRZWVSE

4910 4920 4520 4940 4950 4960 4970 4980 4330 5000
CTCTGGACTTTTCTCCTEGAACGTCAGEATC TCCAATTATCGACARAN A AGGAARAGTTGCTGGGTCTTTATGETAATGGTGTTGTTACAAGGAGTGGAGC
L D F B P 6 TS 6 8 P 1 I DKIEKS®GETEYVVY EGL Y 6 NNG VY TRSG A

5010 5020 5030 5040 5050 5060 5070 5080 509¢ 5100

ATATGTGAGTGCTATAGCCCAGACTGAAAAAACGCATTGAAGACAACCCAGAGATCGAAGATAACATTTTCCGARAGAGARGACTGACCATCATGGACCTC
Y V8 A I XA T EKSTIUEDUSNDPETIEDDTID®RHSR®RZEZRRTELTIMH®NDIL
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5110 5120 5130 5140 5150 5160 5170 5180 5120 5200
CACCCAGGAGCGGGAAAGACGAAGAGATACCTTCCGGRCCATAGTCAGAGAAGCTATAAAACGGGGTTTGAGAACATTAATCTTGEGCCCCCACTAGAGTTG
g P 68 &8 £ Y E Y L ¥ RBRIT Y K EXTIT X R @@ L RT LI LA DTRYY

5210 5220 5230 5240 5250 5260 5270 5280 5280 5300
TGGECAGCTGAAATGGAGGAAGCCCTTAGAGGACTTCCAATAAGATACCAGACCCCAGCCATCAGAGCTETGCACACCGGGUGGGAGATTGTGGACCTAAT
X A B M EBEE K L R G L F I BRYQ TP A JIT R AV ETGEGREILIVYIDDL N

T2 PDR-53 RE3-250-VPal attenuation loovus (N2 1668L: Glu, m&-$E70-A)

5310 5320 5330 5340 5350 5360 5370 5380 5330 5400
GTGTCATGCCACATTTACCATGAGGCTGCTATCACCACTTAGAGTGCCAAACTACAACCTGATTATCATGGACGAAGCCCATTTCACAGATCCAGCAAGT
C HA TP TMRILIL S8 P VRV PNYNILTITIMNMDTEA AHD©P??TDU®PWMLRAKS

Additional nt-5391 C-to-T silent mutation in mater and pre-master seeds

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500
ATAGCAGCTAGAGGATACATCTCAACTCGAGTGCAGATGCCTCACCCACGCTCEGGATTTTTATGACAGCCACTCCCCCCECAAGCAGAGACCCATTTCCTC
I A ARG Y I 8 TRV B MG EAAGTIV F MNTATZPPG S RDPUVF P Q

5510 5520 5530 5540 5550 5560 5570 5580 5580 5600
AGAGCAATGCACCAATCATAGATCAAGARAGAGAAATCCCTGARCGCTCATGGAATTCCGGACATGAATGCGTCACGGATTTTAARGGEAAGACTGTTTG
8 R A P I I DEERUGBIUPSERSVY¥Y N S GHUEWNVYTDUPFIKGEGETUVYW

D2 PDK-53 specific silent mutation nt-5547-C (D2 16681: T)

5610 5620 5630 5640 5650 5660 5670 5680 56390 5700
GTTCGTTCCAAGTATARAAGCAGCAAATGATATAGCAGCTTGCCTGAGGAAAAATGGAAAGAAAGTGATACAACTCAGTAGCGAAGACCTTTGATTCTGAG
F VP 8 I KA GUNDTIAACLTZ RIEKDNSGI K KUV VIO QLSRI KTV FDSE

5710 5720 5730 5740 5750 5760 5770 5780 5790 5800
TATCTCAAGACTAGAACCAATCGATTIGGGACT TCGTGGTTACAARCTGACATTTCAGARATGGGTGCCAATTTCAAGGCTCAGAGGETTATAGACCCCAGAC
¥ VK TR TDNDWYD ¥ VVTTDIS8EMNMNSGCH MzNDTZI KA ZAZTERVYTIUDU?®?PHUZRHR

5810 5820 5830 5840 5850 5860 5870 5880 5830 5900
GOTGCATGARACCAGTCATACTAACAGATGGTGAAGAGCGEGETGATTCTGGCAGGACCTATGCCAGTGACCCACTCTAGTGCAGCACARAGARGAGGGAG
C M K P VI LTDGTETER RUVYVTITLAGT PMZPVTHS SBS8A2ZANZzTZGQTRTZRTGHR

5910 5920 5930 5940 5950 5960 5970 5980 5990 6000
AATAGGAAGAAATCCAAAARATGAGAATGACCAGTACATATACATCEGGCGAACCTCTGGARAATGATGARGACTGTGCACACTCGGARAGAAGCTARAATG
I G R NP KNUEUDNDAOGQY I Y M G E P L ENDEUDTCA AHRUW®WI KEAIKNM

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100
CTCCTAGATAACATCAACACGCCAGAAGGAATCATTCCTAGCATGTTCGAACCAGAGCCTGAAAACCTGCGATGCCATTGATGGCGARTACCGCTTCAGAG
L L DNTINTUZPESUGTITIUPSMTPFEUZPETRREUIKYV YDA ATIDSGETYRIUILTROG

6110 6120 6130 6140 6150 6160 6170 6180 6190 6200
GAGAAGCAAGGAAAACCTTTGTAGACTTAATGAGAAGAGGAGACCTACCAGTCTGGTTGGCCTACAGAGTGGCAGCTGAAGGCATCAACTACGCAGACAG
E A RKTTUVP VDLNURRGDDILPVWILAYRVYAAEUGTIUDNYARADR

6210 6220 6230 6240 6250 6260 6270 6280 6290 6300
R W CPF DGV KNNOGQTITILU ETENUVYVYEVYVETI®NTIKTETUGTERIEKIEKITELIK?P
> NS4A
6310 6320 6330 6340 6350 6360 6370 6380 6390 6400
AGATGEGTTGGATGCTAGGATCTATTCTGACCCACTGCCGCTAAAAGAATTTAAGGAATTTGCAGCCCCARGAAAGTCTCTGACCCTGAACCTAATCACAG
R ¥ L DA BRI ¥ 8D PL AT KETF EE?¥ A ALGR KSR LT L XN L I T B
6410 6420 6430 6440 6450 6460 6470 6480 6490 6500
AAATGGGTAGGCTCCCARCCTTCATCGACTCAGAAGCT AAGAGACGCACTGGACAACTTAGCAGTGCTGCACACGGCTEAGGCAGETECCAAGCGCCTACAA
M @ RL P TP M TOQXKTVYVYZERDALDI NILAVYVLHBRTM AEA AGTGT R ATYN
Additional NS4A-21 Ala-to-Val (nt-6437 C-to-T) mutation in mater and pre-master seeds
6510 6520 6530 6540 6550 6560 6570 6580 6590 6600
CCATGCTCTCAGTGARCTGCCGGAGACCCTGGAGACATIGCTTTTACTGACACTTCTGGCTACAGTCACGEGAGGGATCTTTTTATTCTTGATGAGCGCA
HAL S EL PETULETULLZLLTULULATUVTO G GGTIV FULTVFTILMSA
I
D2 PDK-53 specific NS4A-75-Ala (wt D2 16681: Gly, nt-6599-G)
6610 6620 6630 6640 6650 6660 6670 6680 6690 6700
AGGGGCATAGGGAAGATCGACCCTGECAATCTGCTGCATAATCACGECTAGCATCCTCCTATGGTACGCACAAATACAGCCACACTGCGATAGCAGCTTCAA
R 61 @ K ¥ TL GMGCCIITASDZT2TLL ¥ Y AOSIX QPEPHD¥YTIAMADMNSZSBSTI

6710 6720 6730 6740 6750 6760 6770 6780 6780 6800
TAATACTGGAGTTTTITCTCATAGTTTTGCTTATTCCAGAACCTGAARRACAGAGAACACCCCAACGACAACCAACTGACC TACGTTGTCATAGCCATCCT
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T 5 B P L IV ELRI PEPRPBREEREORT QD EQ LT Y VYNNI AT L

» N84B
6810 6820 6830 6840 6850 6860 6870 6880 6890 6900
CACAGTGGTCGCCGCAACCATGGCAAACCACGATCGGTTTCCTAGAAAARACCGAACAAACGATCTCGGATTGCGAAGCATTACAACCCAGCARCCCGAGACT
T V VA ATMANUEMG FL E KTKKDILGIL G S8 I AaTOQQOQ P E 8

6910 6920 6930 6940 6950 6960 6970 6980 6990 7000
AACATCCTGGACATAGATCTACGTCCTGCATCAGCATGEGACGCTGTATGCCGTGGCCACAACATTTGTTACACCAATGTTGAGACATAGCATTGAAAATT
¥ I L DI B L R P ANSB B WT LY AY ATTPVY TP MNLRMBEEESBTIUEDNS S

7010 7020 7030 7040 7050 7060 7070 7080 7090 7100
CCTCAGTGAATGTGTCCCTAACAGCCATAGCCARCCAAGCCACAGTGTTAATCCGTCTCGGGAARGGATGGCCATTGTCAAAGATGAACATCGGAGTTCC
8 VNV S L TATIA AUNOQATUVIL MGL G KGWPL S KMDTIGUVEP

Additional nt-7026 T-to-C/T mix silent mutation in master and pre-master seeds

7110 7120 7130 7140 7150 7160 7170 7180 7190 7200
COTTCTCGCCATTGGATGCTACTCACAAGTCAACCCCATARCTCTCACAGCAGCTCTTTTCTTATTGGTAGCACATTATGCCATCATAGGGCCAGGACTC
L' AT @ €9 888 ¥ " P 3T T A TAK A EPFP LY ZEBYX A I I &GP GG

7210 7220 7230 7240 7250 7260 7270 7280 7280 7300
CAAGCAARAGCAACCAGRAGAAGCTCAGAAAAGAGCAGCGGCGGGCATCATGARAAACCCAACTGTCGATCGGAATARCAGTGATTGACCTAGATCCAATAC
Q A KATREA AQEKRAAAMAGTI M KDENUPTVDOGI TVIDILUDU®PTIS®?®P

7310 7320 7330 7340 7350 7360 7370 7380 7390 7400
CTTATGATCCAAAGTTTGAARRGCAGTTGGGACAAGTAATGCTCCTAGTCCTCTCCGTGACTCAAGTATTGATGATGAGGACTACATGGGCTCTCTGTGA
Y D P K FE KQILGOGQUVMULLVLCYVYV TQVIL M MRPRTT®WATLTCE

7410 7420 7430 7440 7450 7460 7470 7480 7430 7500
GGCTTTAACCTTAGCTACCGGECCCATCTCCACATTGTECGAAGCARATCCACGGAGCTTTTGGAACACTACCATTCCCCTGTCAATGECTAACATTTTT
A L TLATG P I STLWZRGSGNDPGRUPFUWXTTIAYVY S S ALANTIY

> NS5
7510 7520 7530 7540 7550 7560 7570 7580 7590 7600
AGAGGGAGTTACTTGGCCGGAGCTGGACTTCTCTTTTCTATTATGAAGAACACAACCAACACAAGAAGGGGAACTGGCAACATAGGAGAGACGCTTGGAG
R € 8 YL A @@ 2 @ L n'F 81T BNEKEXNTTNTRROGEGTa4QDHNRIOGETDTLGHE

7610 7620 7630 7640 7650 7660 7670 7680 76380 7700
AGAAATGGARAMGCCGATTGAACGCATTEGGARARAGTGAATTCCAGATC TACAAGAAARAGTGGAATCCAGGARGTGGATAGAACCTTAGCARAAGAAGG
K W K 8 RL NALGEKSEUTPFPAOQTI YK K S GGI QEBE VD RTTULATIKESG

7710 7720 7730 7740 7750 7760 7770 7780 7790 7800
CATTAAAAGAGGAGARACGGACCATCACGCTCTGTCGCGAGGCTCAGCAAAACTGAGATGGTTCGTTCAGAGAAACATGGTCACACCAGAAGGGAAAGTA
I X R GEBETDHUBERAVYVS RGBS AKULRWNWUPVERNMLLYTUPHZEAGIKY

7810 7820 7830 7840 7850 7860 7870 7880 7890 7900
GTGGACCTCCGTTETGECAGAGGAGGCTGGTCATACTATTGTGGAGGACTAAAGAATCTAAGAGAAGTCAAAGGCCTAACAARRGGAGGACCAGGACACG
VDL 6 CGRGGW S8 Y Y CGGL KNUVR REVYV KOGILTZEKTGTGUZPGHE

7910 7820 7930 7940 7950 7960 7970 7980 7980 8000
AAGAACCCATCCCCATGTCAACATATGGG TGGAATCTAGTGCCTCTTCAAAGTGGAGTTGACCTTTTCTTCATCCCGCCAGAAARGTGTGACACATTATT
E P I P M 8T Y S ¥R LY RL QS35 ¢ Y DY P¥F¥ ¥ I P P EBEKCDTOILL

8010 8020 8030 8040 8050 8060 8070 8080 8090 8100
GTGTGACATAGGGCAGTCATCACCAAATCCCACAGTCEAAGCAGGACCAACACTCAGAGTCCTTAACTTACTAGAARATTGGTTGAACAACAACACTCAA
¢ DI GE S S PNUPTVVYEA AGRTTULAQRUYVILDNILVYVYZENWWILNDNNTAQ

8110 8120 8130 8140 8150 8160 8170 8180 8190 8200
TTTTGCATAAAGGTTCTCAACCCATATATGCCCTCACTCATAGAAAAAATGGAAGCACTACARAGCAAATATCGAGGAGCCTTAGTGAGGAATCCACTCT
F CI K VL NUPYMHM PS8 VIEKMZBEREALOQRIEKTYGO G ATLVRERNUZPLS,

8210 8220 8220 8240 8250 8260 8270 8280 8290 8300
CACGAAACTCCACACATGAGATGTACTGGGTATCCAATGCTTCCGGGAACATAGTGTCATCAGTGAACATGATTTCAAGGATGTTGATCAACAGATTTAC
R N 8T HREM YWV S N A 8GUHNTIUV S8 S V N NI S RMILIDNTZERDZPT

8310 8320 8330 8340 8350 8360 8370 8380 8390 8400
AATGACGATACAAGAAAGCCACTTACGAGCCGGATGTTGACCTCGGARGCGGAACCCATAACATCCGGATTCGAAAGTGAGATACCAAACCTAGATATAATT
¥ R Y X E 2 T ¥ B PD VDL @G &G TRNTEIGIEZESE?IT?P?2HEILDTIZ?ZIZ

8410 8420 8430 8440 8450 8460 8470 8480 8450 8500
GGGAAAAGAATAGAARAAATAAAGCAAGAGCATGAAACATCATGGCACTATGACCAAGACCACCCATACAAAACGTCGGCATACCATGGTAGCTATGAAA
& ER I B EIT X QR EBBYTSWEY DO DXEH®PYEYT WA Y 883X E T

8510 8520 8530 8540 8550 8560 8570 8580 8590 8600

CRARACAGACTGGATCAGCATCATCCATGGTCARCGGAGTGG TCAGECTGCTGACAAAACCTTGEEACGTCCTCCCCATGGTCGACACAGATCGCAATGAC
K Q TG S A 858 8 MV NGV VRL L TIKU®PWD VYV PNV T QgQMAaAMT
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8610 8620 8630 8640 8650 8660 B670 8680 8690 8700
AGACACGACTCCATTTGGACAACAGCGCGTTTTTAAAGAGAAAGTGGACACGAGAACCCAAGAACCGAAAGAAGGCACGAAGAAACTAATGAAAATAACA
D TP %P 6 CQO0OFRVYFEBSEY DT BT OQF PXERGTEKEELMEKID®

8710 8720 8730 8740 8750 8760 8770 8780 8790 8800
GCAGAGTGGCTTTGGAAAGAATTAGGGAAGAARRAAGACACCCAGGATCTGCACCAGAGAAGAATTCACAAGAAAGGTGAGRAGCAATGCAGCCTTGGGGG
A E WL W KU ETIL G K KKTTUPRMOCTR®RETEVFPT RI KU VZESHN- AA ATLGA

8810 8820 8830 8840 8850 8860 8870 8880 2890 8900
CCATATTCACTGATCAGAACAAGTGGARGTCGECACCTCACCCTCTTGAAGATAGTAGATTTTGGGAGCTCETTCACAACCARAGCGAATCTCCATCTTGA
I FTDENI KWK S AREA AVYVYEDS RV FWETLUVDI KEIZRNDNTILUHEHTILE

8910 8920 89130 8940 8950 8960 8970 8980 8980 000
AGGAAAGTGTGAAACATGTGTGTACRACATCATGGGARAAAGAGAGAAGAAGCTAGGGGAATTCGGCAAGGCARAAGGCAGCAGAGCCATATGGTACATG
G KCB T CVY N M MG KRZEBIEKIE KT LG EPGIXKAE KT GSRA AITWTYN

9010 2020 9030 S040 9050 %060 9070 %080 9090 9100
TGGCTTGGAGCACGCTTCTTAGAGTTTGAAGCCCTAGGATTCTTARATGAAGATCACTGGTTCTCCAGAGAGAACTCCCTGAGTGGAGTGGAAGGAGAAG
W L 6 ARPF LEVFFE EALGTPFULNUEDHBHBWU PS5 RENUSTULSGVY EGTEG

9110 9120 9130 9140 9150 8160 9170 8180 9190 9200
GGCTGCACAAGCTAGG T TACATTCTAAGAGACCTGAGCAAGAAAGAGGGAGGAGCAATGTATGCCGATGACACCGCAGGATCCCATACAAGAATCACACT
L H X L 6 Y I L R DV 8 REKEGGA AMYADUDTA AGWDTT®RTITHIL

9210 9220 9230 9240 9250 9260 9270 $280 92590 8300
AGAAGACCTAAAAAATGAAGAARATGETAACARACCACATGGAAGGAGAACACAAGAANCTAGCCGAGGCCATTTTCAAACTARCGTACCARAACAAGGTG
E DL KNU EZBRMUVTNU HMMETG GTEHI K KT LA ATEATIUPIKTILTYOGQNI KUV

9310 9320 9330 9340 9350 9360 9370 9380 9390 9400
GTGCGTGTGCARAGACCAACACCARGAGGCACAGTAATGGACATCATATCGAGAAGAGACCAMAGAGGTACTGCACAAGTTGECACCTATGGACTCAATA
VRV QRUPTU PZ RGTUVMDTITISERTZ RUDAGQRGSGGQVGTYSGUILNT

9410 9420 9430 9440 9450 9460 9470 9480 9490 9500
CTTTCACCAATATGGAAGCCCAACTARTCAGACAGATCAAGGGAGAAGGAGTCTTTAAAAGCATTCAGCACCTARCAATCACAGAAGARATCGCTGTGCA
P TNMZBAOQTLIRQMEUGEGVY PF K B8 I QHL TTITUEIETIWATVDOaQ

9510 9520 9530 9540 9550 9560 8570 9580 8590 9600
AAACTGGTTAGCAAGAGTGGGECGCEAAAGETTATCAAGAATCGCCATCAGTGGAGATGATTGTCTTGTGAAACCTTTAGATGACAGGETTCGCAAGCGCT
N WL ARVGREU RU LS RMATILISGDDO CVYVKZPILTZDTUDUZRUFASA

9610 9620 9630 9640 9650 9660 9670 9680 9590 9700
TTAACAGCTCTAAATGACATGGGAAAGATTAGGAAAGACATACAACAATGGGAACCTTCAAGAGGATGGAATGATTCGACACAAGTGCCCTTCTGTTCAC
D T A LN DNLEGETIDREDIOQOOQW®WERDP S RGWEDWTTODYPUrFroecasanhn

9710 8720 9730 9740 9750 9760 9770 9780 9790 9800
ACCATTTCCATGAGTTAATCATGAARGACGGTCGCGTACTCGTTGTTCCCTGTAGAAACCAAGATGAACTGATTGGCAGAGCCCGAATCTCCCAAGGAGT
H F HEULTIMMIKD DG GRUVYVILVY P CRNAOQODETLTIUGRU ARTIUSEOQGA

Additional nt-9750 A-to-C silent mutation in master and pre-master seeds

9810 9820 9830 9840 $850 9860 9870 9880 9890 9500
AGGGTGGTCTTTGCGGEAGACGECCTETTTCGEGAAGTCTTACGCCCARATETGGAGCTTGATGTACTTCCACAGACGCCACCTCAGECTGGLGGCAAAT
G W 8L RETA ACTLGI K S Y AQMWS L M Y PFPFHRRUDILRTILAAN

9910 9920 9930 9940 9950 9560 9970 9980 9980 10000
GCTATTTGCTOGGCAGTACCATCACATTGGGTTCCAACAAGTOGAACARCCTGGTCCATACATGCTAAACATGAATGGATGACARCGGAAGACATGCTGA
A I C 8 AV P S8 HNWN UV PTS8S RTTWS8S8 I BEAKHSHEWMTTET DMMASNTLT

10010 10020 10030 10040 10050 10060 10070 10080 10090 10100
CAGTCTGGAACAGGCTCTGGATTCARGAARACCCATGGATGGANGACAAAACTCCACTCCGAATCATGGGAGGAAATCCCATACTTGGGGAMAGAGAAGA
V W NIRUV W IOQENUPUWMEUDIKT®PV E S WETETIU®PYULGI KT RETD

10110 10120 10130 10140 10150 10160 10170 10180 10190 10200
CCAATGGTGCGECTCATTGATTGGGTTAACAAGCAGGGCCACCTGGGCAARGAACATCCAAGCAGCAATAAATCAAGTTAGATCCCTTATAGGCAATGAR
Q W G 8L I G L T B8 RATMWAIZKDNTIOG QA AAI N QVRGBULTIGNEB

> 3'-Noncoding Region
10210 10220 102130 10240 10250 10260 10270 10280 10280 10300
GAATACACAGATTACATGCCATCCATGAAAAGATTCAGAAGAGAAGAGGAAGAAGCAGGAGTTCTCTCGTAGAAAGCARAACTARCATGAAACAAGGCTA
E ¥YTDY M P8 N K X P RREERTETEANLGTY LW ?®*

10310 10320 10330 10340 10350 10360 10370 10380 103380 10400
GAAGTCAGGTCGGATTAAGCCATAGTACGGARAAAAACTATGCTACCTGTGAGCCCCGTCCAAGGACGTTARAAGAAGTCAGCCCATCATAAATGCCATAG
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10410 10420 10430 10440 10450 10460 10470 10480 10490 10500
CTTGAGTAAACTATGCAGCCTGTAGCTCCACCTGAGAAGGTGTAAAAAATCCGGGAGGCCACAAACCATGGAAGCTGTACGCATGGCGTAGTGGACTAGC

10510 10520 10530 10540 10550 10560 10570 10580 10590 10600
GGTTAGAGGAGACCCCTCCCTTACAAATCGCAGCAACAATGGGGGCCCAAGGCGAGATGAAGCTGTAGTCTCGCTGGAAGGACTAGAGGTTAGAGGAGAC

10610 10620 10630 10640 10650 10660 10670 10680 10690 10700
CCCCCCGAAACAAAAAACAGCATATTGACGCTGGGAAAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGCCAGAAAATGGAATG

10710 10720
GTGCTGTTGAATCAACAGGTTCT
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What is claimed:

1. A polynucleotide molecule encoding a modified live, attenuated dengue-2 virus strain
PDK-53-V polypeptide molecule, wherein the polynucleotide molecule comprises:
an adenine to guanine mutation at position 592 encoding a glutamic acid instead of a
lysine in the polypeptide molecule at amino acid position 166 corresponding to prM-52; and
an adenine to guanine mutation at position 8803 encoding a valine instead of an
isoleucine in the polypeptide molecule at amino acid position 2903 corresponding to NS5-412.

2. The polynucleotide molecule according to claim 1 comprising the polynucleotide
represented by SEQ ID NO: 14.

3. The polynucleotide molecule according to claim 1 or 2 encoding a modified, live
attenuated dengue-2 virus strain PDK-53-V polypeptide molecule, wherein the polypeptide
molecule is represented by SEQ ID NO: 6.

4, A polypeptide molecule encoded by a polynucleotide molecule according to any one of
claims 1-3.
5. A modified live, attenuated dengue-2 strain PDK-53-V virus,

comprising the polypeptide molecule according to claim 4, or

represented by a polynucleotide molecule according to any one of claims 1-3.
6. A pharmaceutical composition comprising a polynucleotide molecule according to any
one of claims 1-3, a polypeptide molecule according to claim 4, or a dengue-2 virus according to
claim 5, and a pharmaceutically acceptable excipient.

7. The pharmaceutical composition according to claim 6 for use as a medicament.

8. Use of the pharmaceutical composition according to claim 6 in the manufacture of a

medicament for inducing an immune response in a subject.

9. A vector encoding a polynucleotide molecule according to any one of claims 1-3.

10. A cell comprising the polynucleotide molecule according to any one of claims 1-3 or the

vector according to claim 9.

11. An immunogenic composition comprising a modified live, attenuated dengue-2 strain
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PDK-53-V virus represented by a polynucleotide molecule according to any of claims 1-3 and a

pharmaceutically acceptable carrier.

12. The immunogenic composition according to claim 11, further comprising a dengue-
1/dengue-2 chimera represented by a polynucleotide molecule encoding a dengue-1/dengue-2
polypeptide chimera, the polynucleotide molecule comprising a first nucleotide sequence
encoding nonstructural proteins from a modified live, attenuated dengue-2 virus strain PDK 53-V,
and a second nucleotide sequence encoding at least one structural protein from dengue-1,
wherein the polynucleotide molecule comprises:

an adenine to a cytosine mutation at position 3823 encoding a leucine instead of an
isoleucine in the dengue-1/dengue-2 polypeptide chimera at amino acid position 1243
corresponding to NS2A-116;

an adenine to thymine mutation at position 4407 encoding an aspartic acid instead of a
glutamic acid in the dengue-1/dengue-2 polypeptide chimera at amino acid position 1437
corresponding to NS2B-92; and

an adenine to guanine mutation at position 7311.

13. The immunogenic composition according to claim 12, wherein the polynucleotide
molecule encoding the dengue-1/dengue-2 polypeptide chimera further comprises:

a cytosine to thymine mutation at position 7148 encoding an isoleucine instead of a
threonine in the dengue-1/dengue-2 polypeptide chimera at amino acid position 2351
corresponding to NS4B-108; and

a guanine to cytosine mutation at position 2384 encoding an alanine instead of glycine in

the dengue-1/dengue-2 polypeptide chimera at amino acid position 763 corresponding to E-483.

14. The immunogenic composition according to claim 12, wherein the polynucleotide
molecule encoding the dengue-1/dengue-2 polypeptide chimera comprises the polynucleotide
represented by SEQ ID NO: 13.

15. The immunogenic composition according to claim 12 or 14, wherein the polynucleotide

molecule encodes the dengue-1/dengue-2 polypeptide chimera represented by SEQ ID NO: 3.

16. The immunogenic composition according to claim 11, further comprising a dengue-
3/dengue-2 chimera represented by a polynucleotide molecule encoding a dengue-3/dengue-2
polypeptide chimera, the polynucleotide molecule comprising a first nucleotide sequence
encoding nonstructural proteins from a modified live, attenuated dengue-2 virus strain PDK-53-V,
and a second nucleotide sequence encoding at least one structural protein from dengue-3,

wherein the polynucleotide molecule comprises:
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an adenine to thymine mutation at position 1603 encoding a serine instead of a threonine
in the dengue-3/dengue-2 polypeptide chimera at amino acid position 503 corresponding to E-
223; and

an adenine to guanine mutation at position 7620.

17. The immunogenic composition according to claim 16, wherein the polynucleotide
molecule encoding the dengue-3/dengue-2 polypeptide chimera further comprises a guanine to
adenine mutation at position 6436 encoding an asparagine instead of an aspartic acid in the
dengue-3/dengue-2 polypeptide chimera at amino acid position 2114 corresponding to NS4A-23.

18. The immunogenic composition according to claim 16, wherein the polynucleotide
molecule encoding the dengue-3/dengue-2 polypeptide chimera comprises the polynucleotide
represented by SEQ ID NO: 15.

19. The immunogenic composition according to claim 16 or 18, wherein the polynucleotide

molecule encodes the dengue-3/dengue-2 polypeptide chimera represented by SEQ ID NO: 9.

20. The immunogenic composition according to claim 11, further comprising a dengue-
4/dengue-2 chimera represented by a polynucleotide molecule encoding a dengue-4/dengue-2
polypeptide chimera, the polynucleotide molecule comprising a first nucleotide sequence
encoding nonstructural proteins from a modified live, attenuated dengue-2 virus strain PDK-53-V,
and a second nucleotide sequence encoding at least one structural protein from dengue-4,
wherein the polynucleotide molecule comprises:

an adenine to thymine mutation at position 225;

an adenine to guanine mutation at position 3674 encoding a glycine instead of an
aspartic acid in the dengue-4/dengue-2 polypeptide chimera at amino acid position 1193
corresponding to NS2A-66;

a cytosine to thymine mutation at position 5391;

a cytosine to thymine mutation at position 6437 encoding a valine instead of an alanine in
the dengue-4/dengue-2 polypeptide chimera at amino acid position 2114 corresponding to
NS4A-21,

an adenine to cytosine mutation at position 9750, and
optionally a thymine to cytosine mutation at position 7026, and optionally an adenine to guanine
mutation at position 3773 encoding an arginine instead of a lysine in the dengue-4/dengue-2

polypeptide chimera at amino acid position 1226 corresponding to NS2A-99.

21. The immunogenic composition according to claim 20, wherein the polynucleotide

molecule encoding the dengue-4/dengue-2 polypeptide chimera further comprises a cytosine to
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thymine mutation at position 7538 encoding a phenylalanine instead of a serine in the dengue-
4/dengue-2 polypeptide chimera at amino acid position 2481 corresponding to NS4B-238.

22. The immunogenic composition according to claim 20, wherein the polynucleotide
molecule encoding the dengue-4/dengue-2 polypeptide chimera comprises the polynucleotide
represented by SEQ ID NO: 16.

23. The immunogenic composition according to any one of claims 20 or 22, wherein the
polynucleotide molecule encodes the dengue-4/dengue-2 polypeptide chimera represented by

SEQ ID NO: 12.

24. The immunogenic composition according to any of claims 11 to 23, wherein the

composition contains all four dengue virus serotypes, which is a tetravalent composition.
25. The immunogenic composition according to any of claims 11 to 24, further comprising an
immunogenic composition against other Flaviviruses such as West Nile virus, Japanese

encephalitis.

26. A composition comprising one or more live attenuated viruses according to claim 5 and a

pharmaceutically acceptable carrier.

27. The composition according to claim 26, wherein the composition comprises a tetravalent
dengue virus composition capable of inducing an immune response in a subject against all four
dengue virus serotypes.

28. The vector according to claim 9, wherein the vector is a plasmid vector.

29. The vector according to claim 9, wherein the vector is a cDNA infectious clone.
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