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VACCINES AGAINST INFECTIOUS DISEASES CAUSED BY POSITIVE STRANDED RNA VIRUSES

RELATED APPLICATION
[0001] This application claims the benefit of US Provisional Application 62/426,708, filed
November 28, 2016, which is hereby incorporated by reference in its entirety.
FIELD
[0002] Compositions for protecting subjects against diseases caused by positive sense single
stranded RNA viruses are described.
BACKGROUND
[0003] A virus is a small non-cellular organism composed of genetic material and protein. There
are different types of viruses. For example, a virus can be a DNA virus which replicates in the nucleus
of a host, or a RNA virus which replicates in the cytoplasm of a cell. A virus can be double stranded
or single stranded. Moreover, a single stranded RNA virus can be positive (+, sense) stranded or
negative (-) stranded. These different types of viruses cause various viral infections.
[0004] A viral infection occurs when a pathogenic virus invades an organism’s body. Once inside,
the virus reproduces by attaching itself to a cell and reprogamming the cell to replicate new viruses
until the cell burst and die enabling viruses to spread rapidly causing various infectious diseases in
human and animals. Infectious diseases caused by viruses include the common cold, flu, and
warts. However, viruses also cause severe diseases such as AIDS, small pox, herpes,
hemorrhagic fever, polio, measles, mumps, and rubella.
[0005] Vaccines have been developed and have successfully reduced the incidence of as polio,
measles, mumps and rubella. Conventional vaccines contain live viruses that have been
attenuated. However, because these viruses have the potential to revert to more pathogenic
phenotypes and may be under-attenuated in immunocompromised hosts, there is the need to
develop a safe, immunogenic vaccine, which induces lasting immunity in a wide variety of viral
systems.
[0006] Inrecentyears, IDNA® (Medigen, Inc.) vaccines, which generate live attenuated viruses
in vivo, have been developed. Full-length cDNA of many RNA viruses has been cloned into E.coli
plasmids to produce iDNA® vaccines. However, in many cases, it has been difficult to prepare
such plasmids, because full-length virus cDNA is often toxic in E.coli and cannot be prepared in
large quantities.
SUMMARY
[0007] Vectors comprising @ DNA encoding a RNA molecule of an infectious (+)SS RNA virus

operably linked to a suitable promoter for expression in a cell, especially a eukaryotic cell, are
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described herein. The infectious (+)SS RNA virus can be a chimeric virus encoded by the RNA
sequence of at least two different (+)SS RNA viruses.
[0008] A homogeneous population of clonally purified (+)SS RNA viruses obtained by
transfecting the vectors described above into eukaryotic cells is also described herein.
[0009] Compositions including the vectors or the homogeneous population of clonally purified
(+)SS RNA viruses and a carrier are described herein. Also described are pharmaceutical
compositions comprising the vectors and a pharmaceutically acceptable carrier.
[0010] The present disclosure also describes vaccines including the vectors and vaccines
including a homogeneous population of clonally purified (+)SS RNA viruses. The vectors of the
vaccine include DNA encoding the RNA molecule of a nonpathogenic and/or attenuated (+)SS
RNA virus. The homogeneous population of clonally purified (+)SS RNA viruses of a vaccine are
nonpathogenic and/or attenuated (+)SS RNA viruses. Moreover, the present disclosure describes
methods of using the vaccines to immunize and to protect subjects against diseases caused by
infectious (+)SS RNA viruses are also described herein.
[0011] Further, the present disclosure describes methods of using the vector described herein
to make vaccines and to obtain a homogenous populations of clonally purified (+)SS RNA viruses.
Furthermore the present disclosure describes methods of using the vector to obtain host cells
transfected with a vector described herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Figs. 1A and 1B show preparation of pMG8009 JEV DNA vaccine containing synthetic
cDNA of SA-14-14-2 JEV strain. (A) DNA construct is schematically depicted including CMV
promoter, full-length JEV SA14-14-2 synthetic cDNA and three synthetic introns. Locations of
CMV promoter, JEV genes and introns 1-3 (asterisks) are shown schematically not to scale. (B)
Result of 1% gel electrophoresis of plasmid DNA isolated from ten independent E. coli colonies.
The pMG8009 was transformed into chemically competent E. coli Stbi3 cells and grown on LB
agar plate containing 50 ng/ml kanamycin. Ten independent colonies from the plate were grown
in 2 ml LB cultures and DNA was isolated and resuspended in 50 pl of sterile water. 1 pl of the
resulting plasmid DNA was loaded on 1% TAE agarose gel.
[0013] Figs. 2A-2C show expression of JEV virus in Vero cells transfected with pMG8009
iDNA® plasmid. (a) Infectious center assay (ICA) in Vero cells transfected by electroporation with
1 pg of pMG8009 iDNA® plasmid. (b) Western blot using mouse anti-JEV (ATCC VR-1259AF)
antibody. Lane M shows SeeBlue Plus 2 protein molecular weight marker (Thermo). Lane 1
shows JEV antigens in pMG8009-transfected Vero cell. Lane 2, untransfected Vero cells. (c)
Indirect IFA using anti-JEV mouse ATCC VR-1259AF. Panels 1, 2, 3 show pMG8009-transfected

2



WO 2018/098133 PCT/US2017/062733

Vero cells at 170x magnification, untransfected Vero cells (170x magnification), and transfected
Vero cells at 400x magnification, respectively.
[0014] Figs. 3A and 3B show detection of JEV virus in the medium from Vero cells transfected
with pMG8009 iDNA® plasmid. (A) Plaque assay in BHK cells. Upper panel, plaque assay of
growth medium from virus-infected Vero cells (no electroporation), sample taken on day 7 post
infection with 1000 PFU (sample #6 on Fig. 3B). Lower panel, plague assay of growth medium
from pMG8009-transfected Vero cells (after electroporation), sample taken on day 7 post
transfection with 10 ng of DNA (sample #2 on Fig. 3B). (B) Growth curves of JEV virus in the
medium of Vero cells transfected with pMG8009 iDNA® (samples 2, 3, 4) or infected with
pMG8009-derived virus (samples 5 and 6). Samples 5 and 6 show infection with 1000 PFU of
pM(G8009-derived vaccine virus of electroporated and non-electroporated Vero cells,
respectively, to detect if electroporation procedure affects growth of the virus in Vero cells.
[0015] Fig. 4 show Immunogenicity of pMG8009 JEV vaccine in BALB/c mice, by IFA. Mice
were vaccinated on day 0 with 5 ug pf pMG8009 plasmid intramuscularly using electroporation.
To detect antibodies mice were bled on day 21. Serum from vaccinated mice was used to probe
JEV-infected Vero cells in IFA in chamber slides at 1:10 dilution. After incubation with mouse sera,
Vero cells were treated with fluorescein-labeled antibodies to mouse IgG (H+L) to visualize cells
expressing JEV antigens. Slides were covered with mounting medium containing propidium iodide
nuclear counterstain and observed under microscope.
[0016] Figs. 5A-5G show the nucleotide sequence (SEQ ID NO: 1) of the pMG8009 plasmid
which includes the cDNA encoding the full length genomic RNA of JEV (strain SA14-14-2)
operably linked to the CMV immediate-early promoter and inserted into pUC backbone plasmid.
The nucleotides of the pUC plasmid and introns are in upper case letters. The CMV promoter is
in italics. The cDNA encoding the genomic RNA of JEV is in bold. The introns are underlined.
DETAILED DESCRIPTION
[0017] The present disclosure provides vaccines to protect against diseases caused by RNA
viruses, particularly, (+)SS RNA viruses. The families of (+)SS RNA viruses include Astroviridae,
Caliciviridae and Picornaviridae, Coronoviridae, Retroviridae, Togaviridae, and Flaviviridae. As
examples, the Astroviridae family includes the human astrovirus; the Caliciviridae family includes
the Norwalk virus; the Picornaviridae family includes the coxsackievirus, the Hepatitis A virus, the
poliovirus, and the rhinovirus; the Coronoviridae family includes the coronavirus and the SAR
virus; the Retroviridae family includes the alpharetrovirus, the betaretrovirus, the deltaretrovirus,
the lentivirus, and the spumavirus; the Togaviridae family includes the Rubella virus and the alpha

virus; and the flaviviridae family includes the Hepatitis C virus and the flavivirus.
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[0018] In embodiments, the vaccines described herein protect against diseases caused by
alphaviruses. Alphaviruses include the Barmah Forest virus, the Eastern equine encephalitis
virus, the Chikungunya virus, the O’Nyong Nyong virus, the Ross River virus, the Semliki Forest
virus, the Panama virus, the Venezuelan equine encephalitis virus, the Western equine
encephalitis virus, and the Sindbis virus.

[0019] In embodiments, the vaccines described herein protect against diseases caused by
flaviviruses. Flaviviruses include the Yellow fever virus, the Dengue virus, the West Nile virus, the
Zika virus, the tick borne encephalitis virus, and the Japanese encephalitis virus.

[0020] As is well-known, (+)SS RNA viruses cause various diseases including viral
gastroenteritis, hepatitis A, hepatitis C, Dengue fever, Yellow fever, West Nile fever, polio, severe
acute respiratory syndrome virus (SARS), encephalitis, measles, mumps, rubella, and foot and
mouse disease. As used herein, the term “disease caused by (+)SS RNA viruses” includes
infections caused by (+)SS RNA viruses.

[0021] In embodiments, the vaccines described herein protect against encephalitis, for
example, encephalitis caused by JEV.

[0022] The vaccines described herein include a therapeutically effective amount of (i) a vector
including DNA encoding a RNA of an infectious (+)SS RNA virus, such as a plasmid DNA
encoding a RNA of an infectious (+)SS RNA virus; or (ii) a homogeneous population of clonally
purified infectious (+)SS RNA viruses obtained from cells transfected with the vector of (i).
Moreover, the DNA contained in the vector encodes a nonpathogenic and/or attenuated (+)SS
RNA virus and the DNA includes a suitable promoter for expression in eukaryotic cells.

[0023] As used herein, the term “infectious” virus refers to a virus that can invade a cell,
reproduce (replicate), and multiply. An infectious virus can cause a disease or multiply unnoticed.
Therefore, an infectious (replicating) virus can be pathogenic or nonpathogenic. In embodiments,
the infectious virus is nonpathogenic and/or attenuated when used in a vaccine. An infectious
(+)SS RNA virus includes a virus encoded by its full-length RNA genomic sequence. In particular
embodiments, the present disclosure provides infectious DNA (iDNA®) vaccines which generate
live viruses for protecting a subject against diseases caused by (+)SS RNA viruses.

[0024] In contrast to conventional DNA vaccines, iDNA® vaccines generate DNA-launched live
attenuated viruses in vivo. Conventional DNA vaccines only contain a sequence of DNA encoding
a specific gene of interest, whereas iDNA® vaccines include DNA encoding the entire functional
genomic RNA of the (+)SS RNA virus. Moreover, unlike (+)SS RNA viruses which replicate in the
cytoplasm of a host cell and do not enter the nucleus of a host cell, the DNA of a iDNA® vaccine

enters the nucleus of a host cell for initiation of replication. When the DNA of a iDNA® vaccine is
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injected into a host cell, the DNA enters the nucleus which transcribes the entire genomic RNA of
the infectious (+)SS RNA virus for replication. The transcribed functional genomic RNA of the
infectious (+)SS RNA virus is subsequently transported into the cytoplasm of the host cell for
replication and muiltiplication to obtain a virus progeny. This process reduces the possibly of
mutations and reversions, commonly found with vaccine production.

[0025] Similar to conventional DNA vaccines, iDNA® vaccines are inexpensive and simple to
manufacture. Moreover, iDNA® vaccines induce immunity rapidly because live attenuated viruses
can be produced at the site of administration of the vaccine in a subject. Also, only a single small
dose is required to induce immunity because live attenuated viruses are produced. Additionally,
the iDNA® vaccines generate a genetically stable and homogeneous population of clonally
purified attenuated (+)SS RNA viruses in vivo, which improves vaccine safety.

[0026] Further, the iIDNA® technology can be used to a generate genetically stable and
homogeneous population of clonally purified attenuated (+)SS RNA viruses for use as vaccines.
Because (+) SS RNA virus is launched from genetically stable iDNA®, the iDNA® technology can
reduce the possibility of genetic mutagenesis of the RNA of a (+)SS RNA virus by at least about
50%, 70%, 80%, 90%, or 99%. In embodiments, the present disclosure describes vaccines
including a homogeneous population of attenuated (+)SS RNA viruses.

[0027] IDNA® technology is based on the use of a DNA vector to generate vaccines in vitro or
in vivo. The term “vector” and “plasmid” are used interchangeably throughout. In embodiments,
the present disclosure provides a vector including a DNA encoding a RNA molecule operably
linked to a suitable promoter for expression in a cell, such as a eukaryotic cell. In embodiments,
the DNA is a cDNA molecule encoding the full-length (genomic) RNA of (+)SS RNA virus. In
embodiments, the RNA molecule encodes an infectious (+)SS RNA virus. The DNA molecule
includes at least three introns. At least one of the introns is located in a gene (or a region of the
DNA) encoding a non-structural protein of the (+)SS RNA virus and one intron is located in a gene
(or a region of the DNA) encoding a structural protein of the (+)SS RNA virus.

[0028] The vector described herein include regulatory elements in addition to the DNA encoding
the RNA molecule. Regulatory elements include for example, one or more promoters, poly A tail,
terminators, enhancers, ribozymes, internal ribosomal entry site, or nuclear transport element.
The promoters include those suitable for expression in host cells. In embodiments, the promoter
is suitable for expression in eukaryotic cells, for example mammalian cells. An example of such
a promoter is a eukaryotic RNA polymerase promoter. Other examples of promoters for
expression of the vector in eukaryotic cells include CMV, RSV, SV40, HSV, Human Pol |, Human
Pol Il, and Human Pol Ill. In particular embodiments, the promoter is a CMV promoter.

5



WO 2018/098133 PCT/US2017/062733

[0029] The location of the promoter relative to the transcription start site in the vector is
important. As an example, the promoter can be placed from about 5 to about 100, about 10 to
about 50, or about 10 to about 20 nucleotides upstream of the 5 end of the DNA encoding the
RNA molecule. In embodiments, the vector described herein includes a CMV promoter which is
located at about 12 to about 18 nucleotides upstream of the 5’ end of the DNA encoding the RNA
molecule. In particular embodiments, the optimal position of the CMV promoter is about 15
nucleotides upstream of the 5’ end of the DNA encoding the RNA molecule.

[0030] In embodiments, the poly A tail is located from about 0 to 500 nucleotides downstream
from the 3’ end of the DNA encoding the RNA molecule.

[0031] In embodiments, the vector also includes elements that ensure synthesis and transport
of the transcribed RNA molecule from the nucleus to the cytoplasm of the cell.

[0032] In embodiments, the DNA contained in the vector encodes a RNA molecule, which
encodes an infectious (+)SS RNA virus. In particular embodiments, the infectious (+)SS RNA
virus is a nonpathogenic and/or attenuated virus.

[0033] In embodiments, the infectious (+)SS RNA virus is a flavivirus. Examples of flavivirus
includes JEV, Dengue virus, Yellow fever virus, West Nile virus, and Zika virus. In embodiments,
the flavivirus is JEV. The JEV is a nonpathogenic virus. In particular embodiments, the JEV is a
nonpathogenic and/or attenuated virus. An example of an attenuated JEV is the SA14-14-2 strain,
GenBank Acc No. AF315119.

[0034] Modifications can be made to the DNA encoding the RNA of an infectious (+)SS RNA
virus to attenuate a strain or further improve the attenuation of a strain. The DNA can be modified
to ensure sufficient attenuation and/or {o introduce other characteristics, while still maintaining
infectivity and the desired therapeutic effect. Optimization of attenuation can improve the vaccine
and reduce adverse effects associated with vaccination. in embodiments, the DNA encoding the
RNA of an infectious (+)SS RNA virus ¢an be modified by insertion, deletion, and/or substitution
of one or more of the nucleic acids. As an example, the modified DNA can have al least about
50%, 80%, 70%, 80%, 90%, 95%, or 97% or 89% sequence identity with the wild type sequence
encoding the infectious (+)SS RNA virus.

[0035] Morsover, the use of iDNA technology generates naturally attenuated viruses. These
viruses generated by IDNA technology are attenuated as compared o the original wild-type or
naturaily occurring virus. Moreover, these viruses are altenuated at least 20% more than
attenuated viruses prepared by conventional methods (Foirier et al. 2017), as determined based
on the number of subjects after injection with such virus population. The present disclosure
describes (+)SS RNA virus generated by iDNA technology described herein that are attenuated
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by at least about §%, 10%, 158%, 20%, 25%, or 30% more than attenuated viruses prepared by
the conventional method.

[0036] The DNA contained in the vector encodes a RNA molecule of an infectious (+)SS RNA
virus that is nonpathogenic and/or attenuated. In embodiments, the DNA contained in the vector
encodes an infectious JEV, Dengue fever virus, Yellow fever virus, West Nile virus, or Zika virus
that is nonpathogenic and/or attenuated.

[0037] The DNA contained in the vector can also encode a chimeric RNA molecule that includes
the RNA of at least two different (+)SS RNA viruses. The RNA of the second (+)SS RNA virus
replaces a portion of the full length RNA encoding the first (+)SS RNA virus. Thus, the chimeric
RNA molecule encodes an infectious chimeric (+)SS RNA virus and can be nonpathogenic and/or
attenuated. In embodiments, the DNA contained in the vector encodes a chimeric (+)SS RNA
virus including RNA from at least two different (+)SS RNA viruses of the same genus. As an
example, the first (+)SS RNA virus is a flavivirus and the second (+)SS RNA virus is another
flavivirus. As another example, the first (+)SS RNA virus is JEV, while the second (+)SS RNA
virus is the Dengue virus, the Yellow Fever virus, the West Nile virus, or the Zika virus. In
embodiments, the DNA encodes a chimeric RNA molecule which includes the RNA of the JEV
and Zika virus. Other examples include DNA encoding chimeric RNA molecule of Yellow fever
virus and Dengue fever virus, or Yellow fever virus and Zika virus, or Yellow fever virus and Zika
virus, or Yellow fever virus and West Nile virus. Such DNA vectors encoding chimeric viruses
would induce immune response and protect from infection with either one flavivirus, or from two
or more flaviviruses.

[0038] The chimeric RNA molecule can contain at least about 50%, 55%, 60%, 65%, 70%,
75%, 80%, or 85% of the nucleic acid sequence from a first (+)SS RNA virus.

[0039] The present disclosure describes insertion of introns into the DNA encoding the (+)SS
RNA molecule to improve the stability of the DNA in host cells and to improve yields of the DNA
in the host cells, particularly E.coli that is used for propagation of iDNA plasmid encoding the
(+)SS RNA virus described herein. In embodiments, the DNA encoding the RNA molecule
includes three introns. The term “intron” refers to a fragment of DNA encoding intron RNA that
does not code for a protein and interrupts the sequence of the gene and can be subsequently
removed by a splicing mechanism to restore the gene sequence. An intron can contain a stop
codon or several stop codons. Examples of stop codons in a DNA include TAA, TAG, and TGA.
Other known introns can also be used. In particular embodiments, the intron sequences in the
DNA described herein are derived from mouse immunoglobulin H chain V-region precursor gene
(Genbank accession M12880).
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[0040] In embodiments, the DNA contains at least three introns, at least four introns, at least
five introns, at least six introns, at least seven introns, at least eight introns, at least nine introns,
or at least ten introns. The placement of the introns can be determined empirically or by predicting
promoters using methods known in the art (Shahmuradov 2017). At least one of the introns is
inserted in the gene encoding a non-structural (NS) protein of a (+)SS RNA virus, and at least
one of the introns is inserted in the gene encoding a structural protein.

[0041] (+)SS RNA viruses include structural and non-structural genes. As an example, the non-
structural proteins of a flavivirus include the NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B, and NS5
proteins. The structural proteins of a flavivirus include the capsid (Cap), the membrane (prM/M),
and the envelope (Env) proteins. In embodiments, at least one of the introns is inserted in a gene
encoding the NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B, or NS5 protein of a flavivirus, and at
least one of the introns is inserted in a gene encoding the Cap, the Env, or the prM/M protein of
a flavivirus. These structural and non-structural proteins of the flavivirus are part of a polyprotein
that is encoded by the structural and non-structural genes of the flavivirus.

[0042] Inembodiments, the flavivirus is the attenuated JEV SA14-14-2 strain and the nucleotide
sequence of the JEV SA14-14-2 strain is provided at GenBank Acc No. (GB Acc.) AF315119.1.
As shown in Table 1 below, nucleotides 96 to 2477 (of GB Acc. AF315119.1) encode the structural
proteins (Cap, prM/M, and Env), and nucleotides 2478 to 10391 encode the non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). In other embodiments, at least one
of the introns is inserted between nucleotides 96-2477, and at least one intron is inserted between
nucleotides 2478 to 10391 of GB Acc. AF315119.1. In particular embodiments, the introns are
inserted at nucleotide 414 (capsid), 2213 (envelope) and 3134 of the nucleotide sequence of the
JEV strain SA14-14-2 provided at GenBank Acc No. AF315119.

[0043] In embodiments, the flavivirus is the Yellow Fever YF17D strain and the nucleotide
sequence of the YF17D strain is provided at GB Acc. X03700.1. As shown in Table 1 below,
nucleotides 122 to 2452 (of GB Acc. X03700.1 encode the structural proteins (Cap, prM/M, and
Env), and nucleotides 2453 to 10354 encode the non-structural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5). In particular embodiments, at least one of the introns is inserted between
nucleotides 122 to 2452, and at least one intron is inserted between nucleotides 2453 to 10354
of GB Acc. X03700.1.

[0044] In embodiments, the flavivirus is a strain of West Nile Virus (WNV) and the nucleotide
sequence of the WNYV strain is provided at GB Acc. KM&858878.1. As shown in Table 1 below,
nucleotides 97 to 2469 (of GB Acc. KM358878.1) encode the structural proteins (Cap, prv/M,
and Env), and nucleotides 2470 to 10398 encode the non-structural proteins (NS1, NS2A, NS2B,

8



WO 2018/098133 PCT/US2017/062733

NS3, NS4A, 2K, NS4B, and NS5). In particular embodiments, at least one of the introns is inserted
between nucleotides 97 to 2469, and at least one intron is inserted between nucleotides 2470 to
10398 of GB Acc. KMESSRTE 1.

[0045] In embodiments, the flavivirus is the Dengue 2 PDK-53 strain and the nucleotide
sequence of the Dengue 2 PDK-53 strain is provided at GB Acc. M34728.1. As shown in Table 1
below, nucleotides 100 to 2421 (of GB Acc. M&4728.1.) encode the structural proteins (Cap,
prM/M, and Env), and nuclectides 2422 to 10269 encode the non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, 2K, NS4B, and NS5). In particular embodiments, at least one of the introns is
inserted between nucleotides 100 to 2421, and at least one intron is inserted between nucleotides
2422 to 10269 of GB Acc. #M84728.1.

[0046] In embodiments, the flavivirus is a strain of Zika virus and the nucleotide sequence of
the Zika strain is provided at GB Acc. NC_012532. As shown in Table 1 below, nucleotides 107
to 2476 (of GB Acc. NC_012532.) encode the structural proteins (Cap, prM/M, and Env), and
nucleotides 2477 to 10363 encode the non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
2K, NS4B, and NS5). In particular embodiments, at least one of the introns is inserted between
nucleotides 107 to 2476, and at least one intron is inserted between nucleotides 2477 to 10363
of GB Acc. NC_012532.

[0047] As another example, the non-structural proteins of an alphavirus include the nsP1, nsP2,
nsP3, and nsP4 proteins. The structural proteins of an alphavirus include the capsid (Cap), E3,
E2, 6K and E1 proteins. In embodiments, at least one of the introns is inserted in a gene encoding
the nsP1, nsP2, nsP3, or nsP4 protein of an alphavirus, and at least one of the introns is inserted
in a gene encoding the Cap, E3, E2, 6K, or E1 protein of an alphavirus. For the alphavirus, the
non-structural proteins and the structural proteins are each part of a separate polyprotein, such
that the non-structural genes together encode a polyprotein and the structural genes together
encode a second polyprotein.

[0048] In embodiments, the alphavirus is the VEEV TC-83 strain and the nucleotide sequence
of the VEEV strain is provided at GB Acc. L01443. As shown in Table 2 below, nucleotides 45 to
7523 (of GB Acc. L01443) encode the non-structural proteins (nsP1, nsP2, nsP3, and nsP4), and
nucleotides 7562 to 11326 encode the structural proteins (Cap, E3, E2, 6K, and E1). In other
embodiments, at least one of the introns is inserted between nucleotides 45-7523, and at least
one intron is inserted between nucleotides 7562 to 11326 of GB Acc. L01443.

[0049] Inembodiments, the alphavirus is the CHIKV 181/25 strain and the nucleotide sequence
of the CHIKV strain is provided at GB Acc. L37661.3. As shown in Table 2 below, nucleotides 50
to 7471 (of GB Acc. L37661.3) encode the non-structural proteins (nsP1, nsP2, nsP3, and nsP4),
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and nucleotides 7450 to 11283 encode the structural proteins (CAP, E3, E2, 6K, and E1). In other
embodiments, at least one of the introns is inserted between nucleotides 50-7471, and at least
one intron is inserted between nucleotides 7540 to 11283 of GB Acc. L37661.3.

[0050] As a further example, non-structural proteins of a picornavirus include the P2-A, P2-B,
P2-C, P3-A, P3-B, P3-C, and P3-D proteins. The structural proteins of a picornavirus include the
P1-A, P1-B, P1-C, and P1-D proteins. In embodiments, at least one of the introns is inserted in a
gene encoding the P2-A, P2-B, P2-C, P3-A, P3-B, P3-C, or P3-D protein of a picornavirus, and
at least one of the introns is inserted in a gene encoding the P1-A, P1-B, P1-C, or P1-D protein
of a picornavirus. These structural and non-structural proteins of the picornavirus are part of a
polyprotein that is encoded by the structural and non-structural genes of the picornavirus.

[0051] In embodiments, the picornavirus is an attenuated human poliovirus 2 strain and the
nucleotide sequence of the human poliovirus 2 strain is provided at GB Acc. D00625.1. As shown
in Table 3 below, nucleotides 748 to 3384 (of GB Acc. D00625.1) encode the structural proteins
(P1-A, P1-B, P1-C, and P1-D), and nucleotides 3385 to 7362 encode the non-structural proteins
(P2-A, P2-B, P2-C, P3-A, P3-B, P3-C, and P3-D). In other embodiments, at least one of the
introns is inserted between nucleotides 748 to 3384, and at least one intron is inserted between
nucleotides 3385 to 7362 of GB Acc. D00625.1.

[0052] In embodiments, the (+)SS RNA virus is an attenuated virus or is attenuated (or has
enhanced attenuation) through its production via the iDNA technology process. Tables 1, 2,

and 3 provide exemplary (+)SS RNA viruses. There exist other examples of (+) SS RNA

viruses and also various strains of each type of (+)SS RNA viruses.
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[0053] In embodiments, the DNA contained in the vector described herein includes a DNA
encoding a (+)SS RNA virus. In other embodiments, the DNA encoding the (+)SS RNA virus is
as set forth in GB Acc. AF31511%.1, X03700.1, KME50878.1, Ma4728.1, NC_012532, L01443,
L37861.3, or DO0GZ5.1 and has bhaan moedifisd to includs at least three infrons. At least one of
the infrons iz in the DNA region encoding the structural proteins of the (#3858 RNA virus, and at
loast one of the introns is in the DNA region sncoding the norestructural protains.

[0054] In particular embodiments, the DNA contained in the vector described herein is set forth
in SEQ ID NO: 1.

[0055] In embodiments, the DNA encoding a (+)SS RNA virus contained in the vector
hybridizes under very low stringency conditions, low stringency conditions, medium stringency
conditions, medium-high stringency conditions, high stringency conditions, or very high stringency
conditions with SEQ ID NO: 1 or its complementary strand. In embodiments, the DNA encoding
the (+)SS RNA hybridizes at various stringency conditions described herein to the nucleotides at
about 1011 to 12320 of SEQ ID NO: 1 or a complementary strand thereof. The stringency
conditions are provided in Sambrook et al. (J. Sambrook, E. F. Fritsch, and T. Maniatis, 1989,
Molecular Cloning, A Laboratory Manual, 2d edition, Cold Spring Harbor, N.Y.), which is
incorporated by reference in its entirety.

[0056] In embodiments, the DNA encoding a (+)SS RNA virus contained in the vector
hybridizes under very low stringency conditions, low stringency conditions, medium stringency
conditions, medium-high stringency conditions, high stringency conditions, or very high stringency
conditions with the DNA set forth in in GB Acc. AF315118.1, X03700.1, KMB58878.1, MB4728.1,
NC_012532, L01443, L37881.3, or DO0B25.1 or a complementary strand thereof and the DNA
encoding the (+)SS RNA virus includes at least three introns, one of which is in the DNA region
encoding the structural proteins and one of which is in the DNA region encoding the non-structural
proteins.

[0057] In embodiments, the DNA encoding a (+)SS RNA virus contained in the vector has at
least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity with SEQ ID NO: 1. For
purposes of the present disclosure, the degree of identity between two deoxyribonucleotide
sequences is determined using the Needleman-Wunsch algorithm as implemented in the Needle
program of the EMBOSS package, preferably version 3.0.0 or later.

[0058] In embodiments, the DNA encoding a (+)SS RNA virus contained in the vector has at
least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity with the DNA set forth in
in GB Acc. AF318118.1, X03700.1, KMGS9a76.1, M84728 1, NC_012532, L01443, L37681.3, or
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D0G825.1 and the DNA encoding the (+)SS RNA virus includes at least three introns, one of which
is in the DNA region encoding the structural proteins and one of which is in the DNA region
encoding the non-structural proteins.

[0059] In embodiments, the amino acid sequence of the (+)SS RNA virus encoded by the DNA
contained in the vector has at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence
identity with the amino acid sequence set forth in in GB Acc. AF318112.1, X03700.1,
KMESORTS 1, M84728.1, NC_012532, L01443, L37881.3, or DOGB25 1. The DNA encoding the
amino acid sequence of the (+)SS RNA virus includes at least three introns, one of which is in the
DNA region encoding the structural proteins and one of which is in the DNA region encoding the
non-structural proteins.

[0060] The present disclosure also provides methods of preparing large quantities of the DNA
described herein. The DNA encoding the RNA molecule can be synthesized chemically and
cloned into a desired vector for replication. The methods for preparing large quantities of the DNA
include transforming the vector containing the DNA into a host cell and culturing the host cell
under conditions to enable replication of large quantities of the vector containing the DNA. The
host cells for preparing the DNA include bacterial cells. In embodiments, the bacterial cells include
E. coli. Other suitable host cells or chemical means for preparing the DNA can also be used.
[0061] Additionally, the present disclosure provides a method of improving stability and yield of
DNA encoding the genomic RNA of an infectious (+)SS RNA virus in a bacterial host cell, for
example E. coli. The DNA, specifically the cDNA, of some (+)SS RNA viruses, such as flaviviruses
including Yellow fever virus or JEV, are very difficult to propagate as plasmids in E.coli because
of instability and/or toxicity of plasmids containing cDNA of interest. In the past, to improve yields
of plasmid, low-copy plasmids that reduce the toxicity as well as the yield of flavivirus DNA have
been used. Moreover, introns have been inserted to improve stability of the plasmid. Two introns
have been inserted into a low-copy JEV cDNA plasmid to improve stability of the full length clone
(Yamashchikov et al. 2001). However, it is desirable to generate high yields of the plasmid,
expecially for preparing vaccines.

[0062] The present disclosure provides a method which utilizes standard, high copy plasmid to
propagate the cDNA encoding a (+)SS RNA virus in bacterial host cells, such as E.coli. The
method comprises incorporating three or more introns in the cDNA of a (+)SS RNA virus. At least
one of the introns is located in a region encoding a structural protein of the (+)SS RNA virus, and
at least one of the introns is located in a region encoding a NS protein of the (+)SS RNA virus.
[0063] The effectiveness of multiple introns in enhancing stability and enabling high yield is

surprising because each intron is supposed to be spliced out individually from the RNA during
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transcription in order to restore the original sequence encoding the infectious (+)SS RNA virus.
Moreover, when there are several introns, for example three or more, the possibility of alternative
splicing is increased, in that one intron will splice out with the second or third intron resulting in
the deletion of the genes (or nucleotides) between the introns. This process of alternative splicing
leads to deletions and results in a non-functional virus.The present disclosure provides a method
of producing stable plasmid in bacterial host cells, such as E. Coli. Any plasmid or viral vector can
be used for inserting the cDNA, for example, pcDNA3.1, pBR322, pCl, pUC, pCR, pCR-TOPO,
vaccinia vector, AAV vector, adenovirus vector, and other plasmids or vectors known in the art
for propagation in bacterial host cells. Software programs and known methods can be employed
to predict the optimal promoters for the bacterial host. The plasmid including the cDNA containing
at least three introns is characterized by enhanced stability in the bacterial host cell as compared
to a control. The yield of the plasmid is also increased as compared to a control plasmid. A control
plasmid is a plasmid including a cDNA with less than three introns and encoding a genomic RNA
of a (+)SS RNA virus.

[0064] The cDNA can also include regulatory elements, for example, a promoter suitable for
expression in a eukaryotic host cell, operably linked to the DNA encoding the (+)SS RNA virus.
[0065] The present disclosure describes compositions including the vectors described herein
and a carrier. The compositions can be pharmaceutical compositions including the vectors and a
pharmaceutically acceptable carrier. The compositions can include effective amounts of the
vector. The compositions can include therapeutically effective amounts of the vector for
preventing and treating diseases. For therapeutic purposes, the DNA contained in the vector
encodes the RNA molecule of a nonpathogenic and/or an attenuated virus or chimeric virus. In
particular embodiments, the compositions are used as vaccines to protect against diseases
caused by (+)SS RNA virus.

[0066] The present disclosure describes host cells transfected with the vectors described
herein. The host cells can be prokaryotic cells or eukaryotic cells, such as mammalian cells.
Prokaryotic cells include E. coli. Eukaryotic cells include baby hamster kidney cells (BHK), Vero
cell, a CHO cell, or a MDCK.

[0067] The present disclosure also describes compositions including viruses obtained from the
vectors described herein and a carrier. The compositions described herein include a
homogeneous population of clonally purified viruses produced using iDNA® technology. iDNA®
technology generates a homogeneous population of viruses. As an example, the population of
viruses produced by iDNA® technology contains a higher percentage of viruses having identical

nucleotide sequences. In embodiments, the homogeneous population of (+)SS RNA viruses
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described herein contains at least about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or
50% more viruses encoded by identical nucleotide sequences than the population of (+)SS RNA
viruses produced by conventional methods. As an example, the homogeneous population of JEV
viruses described herein contains at least about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, or 50% more JEV encoded by SEQ ID NO: 1 than a population of JEV produced by
conventional method.

[0068] Moreover, the homogeneous population of (+)SS RNA viruses can contain greater than
about 50%, 60%, 70%, 80%, 90%, 95%, 99% of a quasispecies of virus.

[0069] The compositions can include effective amounts of the virus and a carrier. The
compositions can be a pharmaceutical composition and include therapeutically effective amounts
of the virus and a pharmaceutically acceptable carrier for treating and preventing diseases. For
therapeutic purposes, the homogeneous virus population of the composition includes
nonpathogenic, attenuated, or nonpathogenic and attenuated viruses, and can also include live
nonpathogenic, live attenuated, or live nonpathogenic and attenuated viruses. In particular
embodiments, the compositions including a homogeneous population of clonally purified viruses
are used as vaccines to protect against diseases caused by (+)SS RNA virus.

[0070] Carriers include a diluent, adjuvant, excipient, or vehicle with which the vector described
herein is administered. The composition, if desired, can alsc contain minor amounts of wetling or
emulsifying agents, or pH buffering agents. These compaositions can take the form of solutions,
suspensions, emulsion, tablels, pills, capsules, powders, sustained-release formulations,
combinations thereof and the like.

[0071] Pharmacsutically acceptable carrier refers to a vehicle for containing the vector
described herein that can be injected into a subject without adverse effects. Pharmaceutically
acceptable carriers include sterile liguids, such as water and oils, including those of petroleum,
animal, vegetable or synthetic origin, such as peanut oil, soybean o, mineral cil, sesame oil,
combinations thereof and the like. Suitable pharmaceutically acceptable carriers include starch,
glucose, lactose, sucrose, gelatin, malt, rice, fiour, chalk, silica gel, sodium stearate, glycerol
monostearate, talc, sodium chloride, dried skim milk, glycerol, propylene, ghycol, water, ethanol,
combinations thereof and the like. Other examples of suitable pharmaceutical carriers are
described in "Remington's Pharmaceutical Sciences” by E. W. Martin.

[0072] The present disclosure also provides methods for preparing a homogeneous population
of clonally purified live (+)SS RNA viruses. The method includes transfecting the vector described
herein into a eukaryotic host cell, culturing the host cell under conditions to allow production of

live (+)SS RNA viruses, and isolating the live (+)SS RNA viruses from the culture medium for
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growing the host cell to obtain a homogeneous population of clonally purified live (+)SS RNA
viruses. Examples of eukaryotic host cells for preparing a homogeneous population of clonally
purified live (+)SS RNA viruses include Vero cells, CHO cells, and MDCK cells and other
mammalian cells.

[0073] In embodiments, the method described immediately above can be used to prepare a
pharmaceutical composition including a therapeutically effective amount of a homogeneous
population of clonally purified live (+)SS RNA viruses for use as a vaccine for immunizing a
subject.

[0074] The pharmaceutical compositions described herein can be formulated info vaccines.
The vaccines described herein include a properly formulated vector described herein including a
DNA encoding a full-length genomic RNA molecule of an infectious nonpathogenic and/or
attenuated (+)SS RNA virus operably linked to a promoter suitable for expression in a eukaryotic
cell. Such DNA when injected into a subject, will initiate limited replication of attenuated virus and
will induce a protective immune response.

[0075] The present disclosure describes methods for using the vaccines and compositions
described herein to protect subjects from diseases caused by (+)SS RNA viruses. Subjects
include humans and veterinary animals (dogs, cats, reptiles, birds, etc.) including livestock
(horses, cattle, goats, pigs, chickens, etc.) and research animals (monkeys, rats, mice, fish, etc.).
Subjects in need of (in need thereof) are subjects in need of vaccination or immunization from
diseases caused by (+)SS RNA viruses. The vaccines described herein can be specifically
formulated to protect mammalian subjects, particularly humans, from diseases.

[0076] As used herein, the term “protects against a disease” includes prevention and treatment
of the disease. The term “treating,” “treatment” and the like are used to refer to obiaining a desired
pharmacological and/or physioclogical effect, and refer {o a process by which the symptoms of a
disease causad by & (+)SS RNA virus is complstely sliminated or ameliorated to any dinically
and/or quantifatively measurable degree. The term “preventing” refers {o a process by which a
disease caused by a (+)SS RNA viruses is obstructed and/or delayed. In embodiments, the
vaceings described herein protecis against a disease caused by a (+)SS RNA virus by inducing
an “immune response” which includes a T cell response, increased serum levels of antibedies to
an antigen, the presence of neutralizing antibodies to an antigen (such as a (+)SS RNA virus
polypeptide), or combinations thereof. The term “protection” or "protective immunity” includes the
ability of the serum antibodies or T cell response induced during immunization to protect (partially

or totally) against disease or death caused by (+)SS RNA viruses.
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[0077] The vaccines described hersin can be ulilized in various ways to protect against
diseases caused by (+)SS RNA viruses. The vaccines containing the vecior described herein can
be administered directly 1o subjects by various means including electroporation, lipofection, gene
gun, microinjection, microparticles, microcapsules, cell fusion, DEAE dextran, calcium phosphate
precipitation, or other genetic transfer methods. In the tissues of the subject, the full-length
infectious (+)SS RNA is generated by transcription, which initiates production of live attenuated
(+)SS RNA viruses in vivo. The (+)SS RNA viruses are released from the cells in vivo in the
tissues of the subject, which initiates induction of effective immune response to the vaccine.
[0078] Moreover, using the IDNA® technology, the vector can be introduced by slectroporation
or any other acceptable means known in the art into eukaryotic cells. The live altenuated viruses
produced by the introduction of the genetically stable, sequenced DNA vector is a homogenous
virus popuiation and contains a lower number of quasispecies thus presenting an advaniage over
conventional live atienuated vaccines. Accordingly, the homogenous population of live attenuated
viruses generated from the vector described herein can be configured inte a pharmaceutically
acceptable formulation suitable for vaccine administration o subjects.

[0079] Administration of the vaccine can be by any route typically used for vaccination, including
topical, subcutaneous, intravenous, intramuscular, intradermal, intraperitoneal, oral, inhalation, or
combinations thereof.

[0080] The vaccines described herein include a therapeutically effective amount of the vector
described herein or the homogeneous population of clonally purified (+)SS RNA viruses described
herein. A “therapeutically effective amount” is that amount necessary so that the vaccine performs
its immunoclogical role without causing overly negative effects in the subject to which the
composition is administered. The exact amount 1o be administered will vary according to factors
such as the sirength of the transcriptional and translational promoters used, the type of condition
being treated, the mode of administration, as well as the other ingredients in the composition. in
embodiments, the vaccine includes from about 1 ng to about 1 mg of the vactor.

[0081] Uniike conventional DNA vaccines, the vaccines describad herein can induce effective
immunity with a single vaccination, without multiple boosts. Moreover, only a low dose of the
vector or of the homogeneocus population of clonally purified (+)SS RNA viruses is neaded. In
embodiments, a low dose of about 1 ng to about 1 ug, about 10 ng o about 1 pyg, or about 100
ng to about 1 ug of the vector or of the homogeneous population of viruses could be used. Further,
when compared with a conventional DNA vaccing, oneg could use about 5 fold fo about 100 fold

fess of the vector, about 10 fold to about 100 fold iess of the vector, about 25 fold to about 100
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fold less of the vecior, or about 50 fold {0 about 100 fold less of the vector or the population of
viruses.

[0082] In embodiments, the immunogenicity of DNA vaccines can be meodified by formulating
with one or more pharmaceutically acceptable adjuvants or immunostimulants, such as alpha-
interferon, beta-interferon, gamma-interferon, granulocyte macrophags colony stimulator factor
(“GM-CSF”), macrophage colony stimulator factor ("M-CSF"), interleukin 2 ("IL-2"), interleukin 12
("IL-127, and CpG oligonuciectides. For preparing such compositions, methods well known in the
art can be used. In certain embodiments, the DNA is generated in £. coli cells as a vector,
containing unmethylated CpG motifs and itself constitutes an immunostimulating molecule that
activates the immune system via toll-like receptors.

[0083] As will be understood by one of ordinary skill in the art, each embodiment disclosed
herein can comprise, consist essentially of or consist of its particular stated element, step,
ingredient or component. Thus, the terms “include” or “including” should be interpreted to recite:
“comprise, consist of, or consist essentially of.” The transition term “comprise” or “comprises”
means includes, but is not limited to, and allows for the inclusion of unspecified elements, steps,
ingredients, or components, even in major amounts. The transitional phrase “consisting of”
excludes any element, step, ingredient or component not specified. The transition phrase
“consisting essentially of’ limits the scope of the embodiment to the specified elements, steps,
ingredients or components and to those that do not materially affect the embodiment. As an
example, lack of a material effect is evidenced by lack of a statistically-significant protection
against a viral infection by the vaccines described herein.

[0084] Unless otherwise indicated, all numbers expressing quantities of ingredients, properties
such as molecular weight, reaction conditions, and so forth used in the specification and claims
are to be understood as being modified in all instances by the term “about.” Accordingly, unless
indicated to the contrary, the numerical parameters set forth in the specification and attached
claims are approximations that may vary depending upon the desired properties sought to be
obtained by the present invention. At the very least, and not as an attempt to limit the application
of the doctrine of equivalents to the scope of the claims, each numerical parameter should at least
be construed in light of the number of reported significant digits and by applying ordinary rounding
techniques. When further clarity is required, the term “about” has the meaning reasonably
ascribed to it by a person skilled in the art when used in conjunction with a stated numerical value
or range, i.e. denoting somewhat more or somewhat less than the stated value or range, to within
a range of +20% of the stated value; +19% of the stated value; £18% of the stated value; £17%

of the stated value; £16% of the stated value; £15% of the stated value; +14% of the stated value;
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+13% of the stated value; £12% of the stated value; +11% of the stated value; £+10% of the stated
value; £9% of the stated value; 8% of the stated value; 7% of the stated value; 6% of the
stated value; £5% of the stated value; +4% of the stated value; +3% of the stated value; +2% of
the stated value; or 1% of the stated value.

[0085] Notwithstanding that the numerical ranges and parameters setting forth the broad scope
of the invention are approximations, the numerical values set forth in the specific examples are
reported as precisely as possible. Any numerical value, however, inherently contains certain
errors necessarily resulting from the standard deviation found in their respective testing
measurements.

[0086] The terms “a,” “an,” “the” and similar referents used in the context of describing the
invention (especially in the context of the following claims) are to be construed to cover both the
singular and the plural, unless otherwise indicated herein or clearly contradicted by context.
Recitation of ranges of values herein is merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range. Unless otherwise indicated
herein, each individual value is incorporated into the specification as if it were individually recited
herein. All methods described herein can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) described herein is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention otherwise claimed. No
language in the specification should be construed as indicating any non-claimed element
essential to the practice of the invention.

[0087] The following examples illustrate exemplary embodiments and methods. They are not
intended, nor are they to be construed, as limiting the scope of the disclosure. It will be clear that
the methods can be practiced otherwise than as particularly described herein. Numerous
modifications and variations are possible in view of the teachings herein and, therefore, are within
the scope of the disclosure.

[0088] Exemplary Embodiments

1. A vector comprising a DNA encoding a RNA molecule operably linked to a promoter suitable
for expression of the vector or DNA in a eukaryotic cell, wherein the RNA molecule encodes an
infectious positive single stranded ((+)SS) RNA virus, and wherein the DNA comprises at least
three introns.

2. The vector of embodiment 1, wherein the (+)SS RNA virus is a flavivirus, alphavirus,
picornavirus, rubivirus, coronavirus, Norwalk virus, Hepatitis A virus, Hepatitis C virus, severe
acute respiratory (SAR) virus, and lentivirus.
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3. The vector of embodiment 1 or 2, wherein the flavivirus is a Japanese encephalitis virus
(JEV), Dengue virus, Yellow Fever virus, West Nile virus, tick borne encephalitis virus, Hepatitis
C virus, and Zika virus.

4. The vector of any one of embodiments 1-3, wherein the flavivirus is JEV.

5. Avector comprising a DNA encoding a chimeric RNA molecule operably linked to a promoter
suitable for expression of the vector or DNA in a eukaryotic cell, wherein the chimeric RNA
molecule encodes an infectious (+)SS RNA virus, and wherein the DNA comprises at least three
introns.

6. The vector of embodiment 5, wherein the (+)SS RNA virus is encoded by a chimeric RNA
molecule comprising the RNA of at least two different (+)SS RNA viruses.

7. The vector of embodiments 5 or 6, wherein the at least two different (+)SS RNA viruses
comprises JEV and at least one other virus, Yellow fever virus and at least one other virus, and
Dengue virus and at least one other virus.

8. The vector of any one of embodiments 4-7, wherein the at least one other virus is a Zika
virus, a West Nile virus, a Yellow fever virus, or a Dengue virus.

9. The vector of any one of embodiments 4-8, wherein the at least two (+)SS RNA viruses are
a JEV and a Zika virus.

10. The vector of any one of embodiments 1-9, wherein at least one intron is in a region encoding
a non-structural protein and one intron is in a region encoding a structural protein.

11. The vector of any one of embodiments 1-10, wherein the intron contains a stop codon or
several stop codons.

12. The vector of any one of embodiments 1-11, wherein the DNA comprises three introns.

13. The vector of any one of embodiments 1-12, wherein the DNA comprises at least four introns,
at least five introns, or at least six introns.

14. The vector of claim any one of embodiments 1-13, wherein the infectious (+) SS RNA virus
is @ nonpathogenic virus.

15. The vector of any one of embodiments 1-14, wherein the nonpathogenic virus is an
attenuated virus.

16. The vector of any one of embodiments 1-15, wherein the promoter is a CMV promoter, a
RSV promoter, a SV40 promoter, a HSV promoter, a human Pol | promoter, a human Pol Il
promoter, or a human Pol Il promoter.

17. The vector of any one of embodiments 1-16, wherein the promoter is located at about 12 to

18 nucleotides upstream of a transcription start site.
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18. The vector of any one of embodiments 1-17, wherein the promoter is located at about 15
nucleotides upstream of a transcription start site.

19. A composition comprising the vector of any one of embodiments 1-18 and a carrier.

20. A pharmaceutical composition comprising the vector of any one of embodiments 1-20 and a
pharmaceutically acceptable carrier.

21. A vaccine comprising a therapeutically effective amount of a vector described in any one of
embodiments 1-20.

22. A vaccine comprising a therapeutically effective amount of a pharmaceutical composition
including a vector described in any one of the embodiments 1-21.

23. A homogenous population of clonally purified (+)SS RNA virus obtained from eukaryotic cells
transfected with the vector described in any one of embodiments 1-23.

24. A composition comprising the homogeneous population of clonally purified (+)SS RNA virus
of embodiment 23 and a carrier.

25. A pharmaceutical composition comprising the homogenous population of clonally purified (+)
SS RNA virus of embodiments 23 or 24 and a pharmaceutically acceptable carrier.

26. A vaccine comprising a therapeutically effective amount of a homogeneous clonally purified
live (+)SS RNA virus population obtained from cells transfected with the vector described in any
one of embodiments 1-25.

27. A method of preparing a homogeneous clonally purified live (+)SS RNA virus population,
wherein the method comprises transfecting the vector described in any one of embodiments 1-26
into a eukaryotic cell and isolating (+)SS RNA viruses, thereby obtaining the homogeneous
clonally purified live (+)SS RNA virus population.

28. The method of any one of embodiments 1-27, wherein the eukaryotic cell is a Vero cell, a
CHO cell, or a MDCK cell.

29. A method of preparing a vaccine for protecting a subject against a disease caused by an
infectious (+)SS RNA virus, wherein the method comprises transfecting the vector of any one of
embodiments 1-29 into a eukaryotic cell, culturing the transfected eukaryotic cells, and isolating
the (+)SS RNA viruses, thereby obtaining a vaccine.

30. The method of any one of embodiments 1-29, wherein the eukaryotic cell is a Vero cell, a
CHO cell, or a MDCK cell.

31. A method for protecting a subject against a disease caused by an infectious (+)SS RNA virus,
wherein the method comprises administering the vaccine of any one of embodiments 1-30 to a
subject.

32. The method of any one of embodiments 1-31, wherein the subject is a mammal.
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33. The method of any one of embodiments 1-32, wherein the mammal is a human or a
veterinary animal

34. A method of preparing a stable plasmid comprising a DNA encoding a genomic RNA of an
infectious (+)SS RNA virus, wherein the method comprises introducing at least three introns into
the DNA, and wherein at least one intron is in the region encoding a structural protein of the (+)
SS RNA virus and at least one intron is in the region encoding a non-structural protein of the
(+)SS RNA virus.

35. A method of preparing a vector described in any one of embodiments 1-34, wherein the
method includes transfecting a vector described in any one of embodiments 1-34 into a host cell
and isolating the vector from the host cell.

36. An isolated cell transfected with a vector described in any one of embodiments 1-34.

37. A method of protecting a subject against a disease caused by an infectious (+) SS RNA virus,
wherein the method comprises administering a vaccine comprising the homogeneous clonally

purified live (+)SS RNA virus population described in any one of embodiments 1-36.

EXAMPLES

[0089] Introduction. Japanese encephalitis virus (JEV) is a (+)SS) RNA virus. It is the main
cause of acute viral encephalitis in the Asia-Pacific region, primarily affecting children and young
adults. JEV causes epidemics throughout Asia and is transmitted by the mosquito Culex
tritaeniorhynchus. Four types of JEV vaccine have been licensed in different regions of the world
(CDC, 2016; WHO, 2015). For the past decades, killed virus vaccines were prepared in tissue
culture or in mouse brain and have been used to immunize travelers and residents of enzootic
countries. Concerns associated with cost, efficacy and safety characteristics of these vaccines
have led to the development of alternative vaccines including live-attenuated vaccine SA14-14-2,
chimeric vaccine YF-JEV, as well as purified inactivated, tissue culture-derived vaccine (Halstead
and Thomas, 2011). Currently, attenuated strain SA14-14-2 derived from its wild-type parental
strain SA14 is the most common strain used in vaccine development and production. However,
despite available clinical and experimental JEV vaccines, improvements are needed for JEV
vaccination due to limitations of currently available vaccines. Among experimental approaches,
plasmid DNA vaccines have been developed that expressed structural or non-structural JEV
proteins. In a mouse model, DNA vaccines elicited detectable protection against challenge with a
lethal dose of JEV (Putnak et al., 2003).

[0090] Recently, DNA-launched live-attenuated vaccines have been described, which combine
chemical and genetic stability of DNA vaccines with the efficacy of traditional live-attenuated
vaccines (Pushko et al., 2016; Tretyakova et al., 2014a; Tretyakova et al., 2013; Tretyakova et
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al., 2014b). This platform is based on the infectious clone technology and represents plasmid
DNA that can launch live-attenuated virus in vitro or in vivo (Jiang et al., 2015; Lukashevich, 2014;
Tretyakova et al., 2014a; Tretyakova et al., 2013; Tretyakova et al., 2014b). DNA-launched live-
attenuated vaccines were sometimes called iDNA® vaccines in order to distinguish them from the
standard DNA vaccines (Pushko et al., 2016; Tretyakova et al., 2014a; Tretyakova et al., 2013;
Tretyakova et al., 2014b). In the previous studies, the full-length JEV infectious clone has been
made and used to prepare a DNA-launched virus in vitro, and JEV replication was studied in cell
culture. Replication of DNA-launched JEV flavivirus in vitro has been confirmed (Mishin et al.,
2001; Yamshchikov et al., 2001). However, DNA-launched live-attenuated JEV vaccine has not
yet been evaluated in vivo. One potential reason for that was the difficulty of generating stable
full-length JEV clone. To improve stability of the plasmid, two introns have been inserted into the
low-copy JEV cDNA plasmid to improve stability of the full-length clone (Yamshchikov et al.,
2001).

[0091] In the current study, DNA-launched live-attenuated JEV vaccine was prepared based
on the published sequence of SA14-14-2 vaccine. Plasmid was prepared by using fully synthetic
cDNA of SA14-14-2 strain. The yields of the full-length plasmid production in E. coli were improved
by inserting three synthetic introns in both the structural and non-structural genes of JEV cDNA.
The vaccine plasmid was initially confirmed for launching the JEV vaccine in vitro. Furthermore,
this novel iDNA® vaccine was evaluated in BALB/c mice for immunogenicity and induction of
virus-neutralizing response. Neutralizing antibody was detected after a single dose vaccination
with either 500 ng or 5 ng of plasmid suggesting that DNA-launched live attenuated vaccine
approach can be utilized for the development of novel JEV vaccine.

Materials and Methods

[0092] Cell lines and viruses: African green monkey (Vero) and Baby hamster kidney (BHK)

cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and
were maintained in a humidified incubator at 37°C and 5% COin aMEM medium supplemented
with 10% fetal bovine serum (FBS) and gentamicin sulfate (10 pg/ml) (Thermo Scientific
(Thermo), Carlsbad, CA).

[0093] Plasmids and preparation of iDNA®: The full-length nucleotide sequence of cDNA for

JEV live attenuated vaccine strain SA14-14-2 (Genbank accession number AF315119.1) was
prepared using synthetic biology techniques (Wimmer et al., 2009). The resulting complete JEV
cDNA sequence was cloned into kanamycin resistant, high-copy pUC57 plasmid (Genscript,
Piscataway, NJ) carrying pMB1 origin of replication. Any other standard plasmid or viral vector
can be used for inserting cDNA, for example, pcDNA3.1, pBR322, pCl, pUC, pCR, pCR-TOPO,
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vaccinia vector, AAV vector, adenovirus vector and other plasmids or vectors known in the art.
CMV major immediate-early promoter was inserted upstream from the full-length SA14-14-2
cDNA. In addition, three synthetic introns have been inserted into the JEV sequence downstream
from predicted bacterial promoters with the purpose of preventing synthesis of potentially toxic
proteins in E. coli. The E. coli promoters have been predicted by using BPROM software
(SoftBerry, Mount Kisco, NY) to identify sites for intron insertions. Other software or methods can
also be utilized to predict promoters. Three chimeric introns were inserted into capsid, envelope,
and NS1 genes of SA14-14-2 cDNA by using standard molecular biology methods. Intron
sequences were derived from mouse immunoglobulin H chain V-region precursor gene (Genbank
accession M12880), or other sources of intron sequences. As a result, plasmid pMG8009 was
generated that encoded the SA14-14-2 full-length genomic RNA under transcriptional control of
the CMV promoter (Fig. 1). The plasmid was isolated from E.coli strain Stbl3 (Thermo), confirmed
by DNA sequencing, quantitated, and stored at -20°C.

[0094] Transfections and assays in vitro: Vero cells were transfected by electroporation with

pMG8009 or control plasmid DNA at concentrations ranging from 10 ng to 1 ug. Transfection was
carried out essentially as described previously (Messer et al., 2012; Tretyakova et al., 2013).
Production of virus and expression of SA14-14-2 antigens in the transfected Vero cells were
determined by the infectious center assay (ICA), indirect immunofluorescence assay (IFA) and
western blot. The secreted JEV vaccine virus in the growth medium from transfected Vero cells
was detected by standard plaque assay in BHK cells.

[0095] Infectious center assay (ICA) was done using Vero cells transfected with pMG8009 or
infected with live virus. Vero cells were diluted 10-fold in complete aMEM containing 10% FBS,
allowed to adhere for 4 h in in 6-well plates, and covered with 1% agarose overlay. Plates were
incubated at 37°C in 5% CO; for 3 days to form plaques, which were visualized using staining
with neutral red.

[0096] For indirect immunofluorescence assay (IFA), pMG8009 DNA-transfected Vero cells
were seeded in 8-well chamber slides in complete aMEM. At 48 h posttransfection, cells were
rinsed with PBS, dried and fixed with cold acetone, and IFA was carried out using JEV-specific
mouse antiserum VR-1259AF (ATCC), followed by the secondary fluorescein-labeled antibody to
mouse IgG (H+L) (Kirkegaard and Perry, Gaithersburg, MD) as described previously (Pushko et
al., 2001; Tretyakova et al., 2014b). Mounting medium containing propidium iodide counterstain
(Vector Labs, Burlingame, CA) has been used to visualize nuclei of the cells.

[0097] SDS-PAGE and western blot were used to detect JEV antigens in Vero cells transfected
with IDNA®. Transfected Vero cells were harvested on day 9 post transfection, solubilized in the
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SDS-PAGE sample buffer containing 2-Mercaptoethanol, and proteins were separated by 4-12%
SDS-PAGE. Proteins were transferred to nitrocellulose membranes and probed with VR-1259AF
JEV-specific antiserum followed by alkaline conjugated secondary antibody and staining using 1-
component BCIP/NBT phosphatase substrate (KPL, Gaithersburg, MD).

[0098] Finally, the virus presence in the growth medium was confirmed by standard plaque
assay in BHK cells. For virus growth curves, samples were taken at 24 h time intervals. Average
and standard deviation values were determined. Each experiment was conducted at least two
times to ensure reproducibility.

[0099] The virus from transfected cells was harvested at 9 days post infection. After harvest,
the vaccine virus was clarified by centrifugation at 3000 x g for 10 min and frozen at -80°C.

[00100] Immunizations and serology: The iDNA® plasmid was isolated from E.coli and

formulated in phosphate-buffered saline (PBS) to a final concentration of 0.4 mg/ml. Four-week-
old female BALB/c mice were anesthetized with isoflurane and vaccinated intramuscularly (i.m.)
with a dose of 5 ug or 500 ng of pMG8009 iDNA® vaccine in 50 ul into the medial thighs, tibialis
anterior muscle (Noble Life Sciences, Woodbine, MD). After injection of iDNA®, animals were
electroporated as described elsewhere (Tretyakova et al., 2013). For transfection in vivo, various
methods can be used including ballistic DNA delivery (Gene gun or similar), chemical transfection
using in vivo transfection reagents (PEI, liposomes, or similar), electroporation devices (using
BTX (Gentronics), TriGrid (Ichor Medical Systems, Inc., San Diego, CA), Inovio or other
electrodes or instruments accepted in the field. As a control, the plasmids expressing unrelated
gene were injected-electroporated similarly. After vaccinations, animals were observed daily for
clinical signs of infection. Sera were collected on days 3 and 4 for viremia detection, and at day
21 (Experiment 1) and 28 (Experiment 2) for antibody response evaluation. For viremia detection,
sera were tested individually in direct plaque assay. Alternatively, in order to amplify the virus in
the serum, each serum was incubated with Vero cells for 10 days before harvesting. At the time
of harvest, Vero cells were observed for cytopathic effects (CPE), while harvested media were
tested by plaque assay.

[00101] To determine antibody responses, plaque reduction neutralization test (PRNT), western
blot, and IFA were performed. For PRNT, an equal volume (0.1 ml) of virus suspension containing
500 PFU/mI and serial twofold dilutions of heat-inactivated serum were incubated 1 h at 37°C,
and the serum-virus mixture was plated onto BHK cell monolayers in 12-well plates. An agarose
overlay of in aMEM was added and plates were incubated at 37°C for 3 days prior to neutral red
staining and plaque count determination. The endpoint PRNT5 titers were expressed as the

highest dilution of serum that reduces plaques by 50% as compared to the wells without serum.
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[00102] For determination of antibody response by IFA, Vero cell monolayers were initially
infected with 102 PFU/Awell of JEV vaccine virus in chamber slides for 24 h in complete aMEM.
Then, infected Vero cells were fixed with acetone and used as immobilized antigen essentially as
described above. The JEV-infected Vero cell monolayers were probed with sera from vaccinated
experimental mice to detect JEV-specific antibodies in the sera. As controls, sera from
unvaccinated mice were used.

[00103] Example 1: Design and preparation of DNA-launched JEV vaccine: JEV pMG8009
iDNA® vaccine was prepared by inserting CMV major immediate-early promoter upstream from
the full-length synthetic JEV cDNA in the pUC57 plasmid. As a result, the pMG8009 plasmid
contained the full-length cDNA copy of JEV strain SA-14-14-2 genomic RNA downstream from

the CMV promoter. The pUC family has mutations from the pMB1 sequence, which lead to a 20-
35 times increase in copy number, with approximately 500 copies per cell (Wu and Liu, 2010).
Because the authentic 5’ terminus of RNA is important for flavivirus replication (Khromykh et al.,
2001), the distance between the CMV promoter and the 5 of JEV cDNA has been optimized to
ensure transcription of the functional 5 terminus of the JEV genomic RNA. Ribozyme was
included downstream from the 3’ end of JEV sequence. According to the previous study
(Yamshchikov et al., 2001), insertion of two introns into capsid and E genes improves stability of
the cDNA clone, therefore two introns were initially inserted into capsid and E genes, similarly to
the methods reported previously (Yamshchikov et al., 2001). However, the resulting full-length
JEV cDNA showed low plasmid production yields in the context of pUC57 backbone in E. coli
strain DH5a as well as in strain Stbl3 and DNA could not be isolated in sufficient quantities. It has
been hypothesized that similarly to other flaviviruses, JEV cDNA contains cryptic bacterial
promoters that drive synthesis of toxic proteins thus affecting genetic stability and DNA yields in
E. coli (Rice et al., 1989; Tretyakova et al., 2014b; Yamshchikov et al., 2001). In an attempt to
improve genetic stability and increase plasmid production, the third intron sequence was inserted
in the full-length JEV cDNA. The site for intron insertion was chosen by mutagenesis and
predicting bacterial promoters within JEV sequence. Several putative bacterial promoters within
NS1 have been identified. Therefore, an additional synthetic intron was introduced into the JEV
NS1 gene resulting in the plasmid pMG8009 containing the full-length cDNA with three introns in
the capsid, E, and NS1 genes of JEV SA-14-14-2 cDNA (Fig. 1A). The plasmid pMG8009 was
isolated from E. coli StbI3 cells. The resulting pMG8009-JEV was confirmed by DNA sequencing.
[00104] Example 2: Characterization of pMG8009 in E.coli: The plasmid pMG8009 was

evaluated in E. coli for growth and DNA yields. In one experiment, pMG8009 was transformed

into chemically competent E. coli StbI3 cells and DNA yields were examined from ten random
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colonies (Fig. 1B). The plasmid DNA yields, size and appearance were comparable between the
isolates and similar to the parent plasmid suggesting uniformity and genetic stability of pMG8009.
The pMG8009 yield from StbI3 cells were approximately 0.5 mg/ml (Fig. 1B). The pMG8009
iDNA® plasmid was isolated from E.coli Stbl3 cells resulting in a sterile, endotoxin-free DNA with
95% supercoiled fraction and an A260/A280 ratio of ~1.8.

[00105] Example 3: Replication of JEV vaccine virus from iDNA® in vitro: In order to launch

replication of live JEV vaccine virus in vitro, Vero cells were transfected with pMG8009 plasmid
by electroporation. The transfected Vero cells were analyzed for expression of JEV vaccine virus
by ICA, IFA, western blot, while medium from transfected cells was tested by plaque assay. For
ICA, a suspension of electroporated Vero cells was seeded into 6-well plates and overlaid with
1% agarose. At 72 h, plaques were detected, indicating replication of virus from the infectious
centers, IC (Fig. 2). Specific infectivity of pMG8009-JEV was calculated at ~103 IC/ug. Expression
of JEV antigens in transfected cells was further examined by SDS-PAGE and western blot. The
antigen bands were detected in iDNA®-transfected Vero cells (Fig. 2B, lane 1). Western blot
confirmed the presence of JEV antigens that were consistent with molecular weights of E, NS1,
and prM proteins. As expected, no bands were detected in the uninfected Vero cells (Fig. 2B,
lane 2). Furthermore, expression of JEV antigens in transfected cells was confirmed at 24 h
posttransfection by IFA using mouse anti-JEV antiserum (Fig. 2C). Foci of JEV positive cells were
detected (Fig. 2¢, panel 1), while no positive cells or foci were detected in the untransfected Vero
control (Fig. 2c, panel 2). As expected for a flavivirus, expression of JEV antigen was found in the
cytoplasm of transfected cells (Fig. 2C, panels 1 and 3).

[00106] The growth medium from iDNA®-transfected Vero cells was examined for the presence
of replicating virus by plaque assay (Fig. 3). Escalating doses of pMG8009 iDNA® were evaluated
for the ability to launch live JEV in vitro. Vero cells were transfected with pMG8009 plasmid with
doses ranging from 10 ng to 1 pug. As positive control, Vero cells (either electroporated or non-
treated) were infected with 1000 PFU JEV. Negative controls were treated with PBS. As expected,
no replicating virus was detected in the PBS treated Vero cells (data not shown). Plaques were
detected in the supernatant samples of Vero cells transfected with various amounts (10-1000 ng)
of iDNA® plasmid or infected with 10° PFU of JEV virus suggesting that iDNA® plasmid has
launched replication of live vaccine viruses and that insertion of introns did not affect the ability of
pMG80089 to initiate replication of live JEV vaccine virus (Fig. 3A). It is plausible to suggest that
iDNA®-launched SA-14-14-2 vaccine will have a greater genetic stability as compared to the
classic live attenuated virus SA-14-14-2. Growth curves of viruses from the transfected/infected

cells are shown on Fig. 3B. The peak virus titers were similar at all DNA doses tested. In the
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culture media from cells transfected with 1 pg of pMG8009, the peak titers reached 108-107
PFU/ml on day 6 posttransfection, similarly to the cells infected with 1000 PFU of JEV. This
experiment suggests the equivalency of 1 ug of DNA to 1000 PFU of virus in terms of virus
replication kinetics. However, the DNA dose dependence was detectable as a delayed onset of
replication when 10 ng or 100 ng of DNA was used. Approximately 48-72 h delay for peak titers
was observedwhen Vero cells were transfected with 10 ng or 100 ng of pMG8009. As shown in
Fig. 3B, transfection of only 10 ng of DNA resulted in the replication of JEV virus, with peak virus
titers reaching approximately 10® - 107 PFU/ml on day 9, with peak titer similar to that from
transfections with higher quantities of DNA (Fig. 3B).

[00107] These results suggest that the minimal dose of iIDNA® to launch JEV vaccine virus in
Vero cells is below 10 ng (Fig. 3B), which is consistent with our previous findings with iDNA®
plasmids encoding YF flavivirus (Tretyakova et al., 2014b) and VEEV and CHIKV alphaviruses
(Tretyakova et al., 2014a; Tretyakova et al., 2013).

[00108] Example 4: Immunogenicity of JEV iDNA® vaccine in BALB/c mice: To determine if

pMG8009 iDNA® plasmid is immunogenic in vivo, BALB/c mice were vaccinated by injection-
electroporation with a single dose of pMG8009 plasmid. JEV vaccines are based on induction of
antibodies, and a neutralization titer of 1:10 is considered protective (Plotkin, 2010). Therefore,
the focus was on detecting serum antibody response including neutralizing antibodies. Mice were
vaccinated with a single i.m. injection of either 500 ng or 5 pg of iIDNA® followed by
electroporation. As a control, mice were vaccinated by injection with unrelated DNA expressing
unrelated gene. After vaccinations, all mice remained healthy with no detectable pathology at the
site of injection or adverse effects due to vaccinations. No viremia was detected on days 3 and 4
in the vaccinated mice either by direct plaque assay, or after attempting virus amplification by
incubating each serum with Vero cells for 10 days followed by CPE analysis and plaque assays
(Table 4). This result indicates no significant presence of replicating vaccine virus on days 3 and
4 after iDNA® injection. In order to detect serum antibodies, IFA and PRNT methods were used.
For IFA, Vero cells were initially infected with 100 PFU of SA-14-414-2 virus in chamber slides,
fixed, and then probed with immunized mouse sera at 1:10 dilution (Fig. 4). By IFA, all
experimental mice vaccinated with 5 ug of pMG8009 have seroconverted as shown in Fig. 4 and
Table I.
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Table 4. Viremia and serum antibodies in mice vaccinated with pMG8009 DNA vaccine.

Dose Viremia, PFU/mI* Serum Antibody™*
Plague assay Amplification IFA PRNTs0

500 ng <50 (5/5) <50 (5/5) + (5/5) 1:10 (2/5)
1:20 (2/5)
1:40 (1/5)

5 ug <50 (5/5) <50 (5/5) + (5/5) <1:10 (1/5)
1:10 (3/5)
1:40 (1/5)

* For viremia, serum was taken on days 3 and 4. Number of tested/total mice is shown in parentheses.

** For antibody, serum was taken on days 21 and 28. In IFA, “+” indicates positive reaction. In PRNTso,
dilution of serum that produced 50% reduction of plaques is indicated. Ratio of tested/total mice is shown
in parentheses.

[00109] Seroconvertion was also detected by indirect fluorescence antibody (IFA) in all mice
vaccinated with 500 ng of pMG8009 (Table I). Although IFA is not a quantitative method,
increased fluorescence intensity was observed in the sera from mice vaccinated with 5 pg dose
as compared to 500 ng group (data not shown). Neutralizing antibodies were also detected by
PRNT in the serum of pMG8009 vaccinated mice (Table 4). In the 5 pg vaccination group, most
mice had PRNT5, titer of 10, which is similar to a protective titer against JEV as described
previously (Plotkin, 2010), while one mouse had the titer 40 and one mouse had undetectable
titer. In the 500 ng vaccination group, all mice had PRNT s titers in the range from 10 to 40.
[00110] Example 5: JEV iDNA® protects against JEV infection: It is known that AG129 mice
lacking an intact IFN response are susceptible to virulent DENVs and WNV, and VEEV and YFV

vaccine strains, as well as to JEV vaccine strain SA14-14-2 virus. Interferon-deficient AG129 mice
are vaccinated with JEV iDNA® plasmid as described above or similarly. As a control, mice
receive injection of PBS. JEV live-attenuated vaccine SA14-14-2 is injected intraperitoneally (i.p.)
as an infectious challenge virus. Morbidity or mortality is observed and recorded to determine
protective effects of iDNA® vaccination. Protection against challenge is observed in vaccinated

mice, while no protection is observed in unvaccinated mice.
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[00111] Example 6: Veterinary Vaccination: Pigs are vaccinated with JEV iDNA® plasmid as

described above or similarly. As a control, pigs are injected with PBS. Wild-type virulent JEV virus
is injected as an infectious challenge virus. Morbidity or mortality is observed in pigs to determine
protective effects of IDNA® vaccination. Protection against challenge is observed in vaccinated
pigs, while no protection is observed in unvaccinated animals.

[00112] Conclusion: JEV is a member of Flavivirus family and a cause of Japanese encephalitis,
a zoonotic disease transmitted by mosquitoes and amplified in pigs. Endemic JEV transmission
has been reported in humans in 24 countries in the South-East Asia and Western Pacific,
exposing more than 3 billion people to risks of JEV infection (WHO, 2015). There is no specific
treatment for the disease and current therapeutic approaches are focused on support for the
patient to overcome the infection. However, prophylactic vaccines are available worldwide. There
are 4 main types of JEV vaccines including inactivated mouse brain-derived vaccines, inactivated
Vero cell-derived vaccines, live attenuated vaccines, and live recombinant vaccines (WHO, 2015).
Over the past years, the live attenuated SA14-14-2 vaccine manufactured in China has become
the most widely used vaccine in endemic countries. Cell-culture based inactivated vaccines and
the live recombinant vaccine based on the Yellow fever vaccine strain have also been approved
and WHO-prequalified. In the U.S., vaccination is recommended for travelers who plan to spend
a month or more in endemic areas during JEV transmission season. Inactivated Vero cell culture-
derived IXIARO vaccine is the only vaccine approved in the U.S. (CDC, 2016), which is given as
two doses spaced 28 days apart. Veterinary vaccination against JEV has also been conducted,
with live attenuated and inactivated vaccines available for swine (Lutticken et al., 2007).

[00113] Previous results suggested that both live and inactivated JEV vaccines are safe and
effective against JEV and can also elicit strong cross-immunity and protection against Dengue, a
related flavivirus (Li et al., 2016). However, there was also an indication of JEV vaccine-facilitated
Dengue virus infection-enhancement antibody in adults (Saito et al., 2016). Therefore, additional
research is needed, and despite existing vaccines, improvements may be needed for JEV
vaccination due to limitations of current vaccines.

[00114] DNA vaccines for JEV have been studied as alternative to traditional vaccines due to
their potential to be safe and inexpensive formulations. Experimental DNA vaccines have been
developed using plasmids, which expressed JEV proteins (Putnak et al., 2003). Plasmids
expressing the E protein induced JEV neutralizing antibodies, which are important indicators of
protection (Konishi et al., 1999). Plasmid DNA vaccine encoding prM and E proteins appeared to
provide more effective vaccination as compared with a construct expressing E protein alone

(Konishi et al., 2003; Wu et al., 2006). However, similarly to other standard DNA vaccines, the
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immunogenicity of plasmid DNA encoding of JEV proteins was relatively low as compared to
inactivated vaccine (Bharati et al., 2005; Kaur et al., 2002). The immune response could be
augmented by using advanced adjuvants and electroporation. DNA vaccine expressing prM-E
proteins of JEV was found effective in mice following i.m. injection; however, when accompanied
with electroporation, immune responses were improved in mouse and pig models (Sheng et al.,
2016). The use of granulocyte-macrophage colony-stimulating factor to enhance immunogenicity
of prM-E DNA based vaccine has been reported (Zhai et al., 2015).

[00115] DNA-launched live attenuated vaccines was configured to prepare novel experimental
DNA-based vaccine for JEV. In the pMG8009, the full-length synthetic cDNA of SA-14-14-2 strain
was introduced downstream from the CMV promoter, which resulted in the transcription of the
“infectious” genomic viral RNA and launching the vaccine virus in eukaryotic cells. The
advantages of DNA-launched iDNA® vaccines include the genetic and physical stability, ease of
production, and high purity of the DNA vaccines, as well as high efficacy of live attenuated
vaccines (Pushko et al., 2016). Traditional cell substrates used for vaccine production are often
contaminated with latent viruses that can be identified by next generation (NGS) sequencing and
other methods (Onions et al., 2011). In contrast, endotoxin-free DNA can be isolated without latent
viruses or impurities associated with cell culture production. However, preparation of the full-
length flavivirus cDNA has been notoriously difficult due to the instability in E. coli (Rice et al.,
1989; Tretyakova et al., 2014b; Tsetsarkin et al., 2016; Yamshchikov et al., 2001). The challenge
of preparing full-length JEV cDNA clone in E.coli was solved in the current study by insertion of
three distinct synthetic intron sequences in the structural and non-structural JEV genes. In the
previous study, two introns were inserted into the JEV structural genes, which facilitated
preparation of the full-length clone (Yamshchikov et al., 2001). It was found that inclusion of the
third intron in the non-structural genes in addition to two introns in the structural genes
considerably improved cDNA preparation, as well as the yields of the pUC backbone with
kanamycin resistance. Furthermore, in the first proof-of-concept studies in vivo, it was
demonstrated that a single dose of 500 ng or 5 ng of pMG8009 plasmid induced immune response
to JEV in mice including JEV neutralizing antibodies. It was hypothesized that live attenuated
virus is launched in vivo, similarly our observation in vitro. However, live virus in mice was not
detected in the viremia experiments. This suggests low viremia levels, which can represent a
safety advantage for live vaccine. Previously, DNA-launched experimental vaccines were also
prepared for Yellow fever virus, another member of the flavivirus family (Jiang et al., 2015;
Tretyakova et al., 2014b), West Nile flavivirus (Hall et al., 2003; Yamshchikov, 2015; Yamshchikov

et al., 2015), as well as vaccines for alphaviruses (Tretyakova et al., 2014a; Tretyakova et al.,
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2013). It was also shown by NGS that iDNA®-derived Chikungunya virus (CHIKV) has higher
genetic stability as compared to the cell culture-derived CHIKV virus (Hidajat et al., 2016). In
addition, JEV infectious clone can serve as a vector platform to prepare chimeric JEV-based
vaccines for other viruses including flaviviruses such as Zika, Dengue and West Nile viruses as
was previously shown for chimeric Yellow fever-based vaccines (Guy et al., 2010). Finally,
synthetic DNA for SA-14-14-2 JEV vaccine shows successful application of synthetic biology
methods (Wimmer et al., 2009) for converting classic live attenuated vaccines into a DNA vaccine
format. This, DNA vaccine can be configured not only for expression of subunit vaccines but also
for expression of live vaccines (Pushko et al., 2016).

[00116] The subject matter described above is described by way of illustration only and should
not be construed as limiting. Various modifications and changes may be made to the subject
matter described herein without following the example embodiments and applications illustrated
and described, and without departing from the true spirit and scope of the present invention, which
is set forth in the following claims.

[00117] All publications, patents and patent applications cited in this specification are
incorporated herein by reference in their entireties as if each individual publication, patent or
patent application were specifically and individually indicated to be incorporated by reference.
While the foregoing has been described in terms of various embodiments, the skilled artisan will
appreciate that various modifications, substitutions, omissions, and changes may be made

without departing from the spirit thereof.
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