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REPLICATION-DEFECTIVE FLAVIVIRUS VACCINES
AND VACCINE VECTORS

Field of the Invention
This invention relates to replication-defective flavivirus vaccines and vaccine

vectors, and corresponding compositions and methods.

Background of the Invention

Flaviviruses are distributed worldwide and represent a global public health
problem. Flaviviruses also have a significant impact as veterinary pathogens. Flavivirus
pathogens include yellow fever (YF), dengue types 1-4 (DEN1-4), Japanese encephalitis
(JE), West Nile (WN), tick-borne encephalitis (TBE), and other viruses from the TBE
serocomplex, such as Kyasanur Forest disease (KFD) and Omsk hemorrhagic fever
(OHF) viruses. Vaccines against YF [live attenuated vaccine (LAV) strain 17D], JE
[inactivated vaccines (INV) and LAV], and TBE (INV) are available. No licensed human
vaccines are currently available against DEN and WN. Veterinary vaccines have been in
use including, for example, vaccines against WN in horses (INV, recombinant and live
chimeric vaccines), JE (INV and LAV} to prevent encephalitis in horses and stillbirth in
pigs in Asia, louping ill flavivirus (INV) to prevent neurologic disease in sheep in the
UK, and TBE (INV) used in farm animals in Czech Republic (INV) (Monath and Heinz,
Flaviviruses, in Fields et al. Eds., Fields Virology, 3rd Edition, Philadelphia, New York,
Lippincott-Raven Publishers, 1996, pp. 961-1034).

Tick-borne encephalitis (TBE) is the most important tick-borne viral disease of
humans. It is endemic in parts of Europe and Northern Asia, causing more than 10,000
hospitalizations annually, with a case-fatality rate 0.5-1.5% in Europe and 6-40% in
Siberia and the Far East. A significant proportion of patients suffer from long-lasting
neuropsychiatric sequelae. Inactivated vaccines produced in chick embryo cell cultures
have proven effective in preventing the disease. For example, an 86% vaccination

coverage of the Austrian population (the highest among European countries) has resulted
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in an approximately 90% reduction of hGSpitaiized cases (Heinz and Kunz, Arch. Virel,
Suppl. 18:201-205, 2004). The inactivated vaccines are expensive and require three
moculations for primary immunization. Periodic boosters (every 2-5 years) are required
to maintain immunity. Therefore, a less costly TBE vaccine, which is effective after one-
two doses and provides durable, such as life-long immunity (similar to that achieved by
YF 17D immunization) is needed, and indeed has been identified by the WHO as a major
priority. Development of TBE LAV candidates in the past several decades by means of
empirical or rational attenuation of TBE virus parent per se or chimerization of TBE or
Langat (LGT, a natu rally attenuated flavivirus that is closely related {(serologically) to
TBE) viruses with dengue 4 virus has faced difficulties due to problems with residual
virulence of candidates and/or low immunogenicity/overattenuation (Wright et al.,
Vaccine 26:882-890, 2008; Maximova et al,, J. Virol. 82:5255-5268, 2008; Rumyantsev
et al., Vaccine 24:] 33-143, 2006; Kofler et al.,, Arch. Virol. Suppl. 18:191-200, 2004, and
:'eferenceé therein).

Flaviviruses are small, enveloped, plus-strand RNA viruses transmitted primarily
by arthropod vectors (mosquitoes or ticks) to natural hosts, which are primarily vertebrate
animals, such as various mammals, including humans, and birds. The flavivirus genomic
RNA malecule is about 11,000 nucleotides (nt) in length and encompasses a long open
reading frame (ORF) flanked by 5" and 3’ untranslated terminal regions (UTRs) of about
120 and 500 nucleotides in length, respectively. The ORF encodes a polyprotein
precursor that is cleaved co- and post-transiationaily to generate individual viral proteins.
The proteins are encoded in the order: C-prM/M-E-N51 -NS2AKZB~;?J$3~NS4AK4}3-NS5,
where C (core/capsid), prM/M {pre-membrane/membrane), and E (envelope) are the
structural proteins, L.e., the components of viral particles, and the NS proteins are non-
structural proteins, which are involved in intraceliular virus repiiczitian. Flavivirus
replication oceurs in the cytopiasm. Upon inféction of cells and transiation of genomic
RNA, processing of the polyprotein starts with translocation of the prM portion of the
polyprotein into the lumen of endoplasmic reticulum (ER) of infected cells, followed by
translocation of E and NS1 portions, as directed by the hydrophobic signals for the prM,

E, and N8I proteins. Amino-termini of prM, E, and NS1 proteins are generated by
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cleavage with cellular signalase, which is located on the luminal side of the ER
membrane, and the resuiting individual proteins remain carboxy-terminaily anchored in
the membrane. Most of the remaining cleavages, in the nonstructural region, are carried
out by the viral NS2B/NS3 serine protease. The viral protease is also responsible for
generating the C-teyminus of the mature C protein found in progeny virions. Newly
synthesized genomic RNA molecules and the C protein form a dense spherical
nucleocapsid, which becomes surrounded by cellular membrane in which the E and prM
proteins are embedded. The mature M protein is produced by cleavage of prM shortly
prior to virus release by cellular furin or a similar protease. E, the major protein of the
envelope, is the principal target for neutralizing antibodies, the main correlate of
immunity against flavivirus infection. Virus-specific cytotoxic T-lymphocyte {CTL)
response is the other key attribute of immunity. Mulitiple CD8+ and CD4+ CTL epitopes
have been characterized in various flavivirus structural and non-structural proteins. In
addition; innate immune responses contribute to both virus clearance and regulating the
development of adaptive immune responses and immunelogic memory.

In addition to the inactivated (INV) and live-attenuated (LA V) vaccines against
flaviviruses discussed above, other vaccine platforms have been developed. One example
is based on chimeric flaviviruses that include yellow fever virus capsid and non-structural
sequences and priv-E proteins from other flaviviruses, to which immunity is sought. This
technology has been used to develop vaccine candidates against dengue (DENY, Japanese
encephalitis (JE), West Nile (WN}, and St. Louts encephalitis (SLE) vituses (see, e.g.,
U.S. Patent Nos. 6,962,708 and 6,696,281). Yellow fever virus-based chimeric
flaviviruses have yielded highly promising results in clinical trials.

Another flavivirus vaccine platform is based on the use of pseudoinfectious
virus (P1V) technology {(Mason et al., Virology 351:432-443, 2006; Shustov et al., 1.
Virol 21:11737-11748, 2007; Widman et al., Adv. Virus. Res, 72:77-126, 2008; Suzuki
etal., J. Virol. 82:6942-6951, 2008; Suzuki et al., J. Virol. 83:1870-1880, 2009; Ishikawa
et al,, Vaccine 26:2772-2781, 2008; Widman et al., Vaccine 26:2762-2771, 2008). PiVg
are replication-defective viruses attenuated by a deletion(s). Unlike hve flavivirus

vaccines, they undergo a single round replication in vive (or optionally limited rounds, for
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two-component constructs; see below), which may provide benefits with respect to safety.
PIVs also do not induce viremia and systemic infection. Further, unfike inactivated
vaceines, PIVs mimic whole virus infection, which can result in increased efficacy due to
the induction of robust B- and T-cell responses, higher durability of immunity, and
decreased dose requirements. Similar to whole viruses, PIV vaccines target antigen-
presenting cells, such as dendritic cells, stimulate toll-like receptors (TLRs), and induce
balanced Th1/Th2 immunity. In addition, P1V constructs have been shown to grow to
high titers in substrate cells, with littie or né cytopathic effect (CPE), allowing for high-
vield manufacture, optionally employing multiple harvests and/or expansion of infected
substrate cells.

The principles of the PIV technology are illustrated in Figs. | and 2. There are
two variations of the technology. In the first variation, a single-component
nseudoinfectious virus (s-PIV) is constructed with a large deletion in the capsid protein
{C), rendering mutant viras unable to form infectious viral particles in normal cells (Fig.
1). The deletion does not remove the first ~20 codons of the C protein, which contain an
RNA cyclization sequence, and a similar number of codons at the end of C, which encode
a viral protease cleavage site and the signal peptide for prM. The s-PIV can be
propagated, e.g., during manufactore, in substrate (helper) cell cultures in which the C
protein is supplied in trang, e.g., in stably transfected cells producing the C protein (or a
larger helper cassette including € protein), or in cells containing an aiphavirus replicon
[e.g., a Venezuelan equine encephalitis virus (VEE) replicon] expressing the C protein or
another intracellular expression vector expressing the C protein. Following inoculation in
vive, e.g., after immunization, the PIV undergoes a single round of replication in infected
cells in the absence of trans-complementation of the deletion, without spread to
surrounding cells. The infected cells produce empty virus-like particles (VLPs), which
are the product of the priM-E genes in the PV, resulting in the induction of neutralizing
antibody response. A T-cell response shouid also be induced via MHCI presentation of
viral epitopes. This approach has been applied to YF 17D virus and WN viruses and

WNAE and WN/DENZ chimeric viruses (Mason et al,, Virology 351:432-443, 2006;
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Suzuki et al., J. Virol. 83:1870-1880, 2009; Ishikawa et al., Vaccine 26:2772-2781, 2008;
Widman et al., Vaceine 26:2762-2771, 2008; WO 2007/098267;, WO 2008/137163).

In the second variation, a two-component PIV (d-PIV) is constructed (Fig. 2).
Substrate cells are transfected with two defective viral RNAs, one with a deletion in the C
gene and another lacking the prM-E envelope protein genes. The two defective genomes
complement each other, resulting in accumulation of two types of PIVs in the cell culture
medium (Shustov et al., J. Virol. 21:11737-11748, 2007; Suzuki et al., J. Virol. 82:6942-
6951, 2008). Optionally, the two PIVs can be manufactured separately in appropriate
helper cell lines and then mixed in a two-component formulation. The latter may offer an
advantage of adjusting relative concentrations of the two components, increasing
immunogenicity and efficacy. This type of PIV vaccine should be able to undergo a
limited spread in vivo due to coinfection of some cells at the site of inoculation with both
components. The spread is expected to be self-limiting as there are more cells in tissues
than viral particles produced by initially coinfected cells. In addition, a relatively high
MO is necessary for efficient co-infection, and cells outside of the inoculation site are
not expected to be efficiently coinfected (e.g., in draining lymph nodes). Cells infected
with the AC PIV alone produce the highly immunogenic VLPs. Coinfected cells produce
the two types of packaged defective viral particles, which also stimulate neutralizing
antibodies. The limited infection is expected to result in a stronger neutralizing antibody
response and T-cell response compared to s-PIVs. To decrease chances of recombination
during manufacture or in vivo, including with circulating flaviviruses, viral sequences can
be modified in both s-PIVs and d-PIVs using, e.g., synonymous codon replacements, to
reduce nucleotide sequence homologies, and mutating the complementary cyclization 5°

and 3’ elements.
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Summary of the Invention

In one aspect, there is provided a replication-deficient pseudoinfectious flavivirus
comprising a yellow fever or West Nile virus genome comprising (i) a deletion in the
nucleotide sequence encoding amino acids 26-93 or 31-100 or 31-93 or 26-100 of capsid
(C) protein, and one or more deletions within nucleotide sequences encoding a pre-
membrane (prM) and/or envelope (E) protein, and (ii) a sequence encoding one or more
heterologous pathogen immunogens inserted in the place of or in combination with the
one or more deletions of the pre-membrane (prM) and/or envelope (E) protein, wherein
said pathogen is selected from the group consisting of a rabies virus, Borrelia
burgdorferi, an influenza virus, a human immunodeficiency virus, a simian
immunodeficiency virus, a human papilloma virus, a respiratory syncytial virus, a malaria
parasite, and Mycobacterium tuberculosis.

The disclosure provides replication-deficient or defective pseudoinfectious
flaviviruses including a flavivirus genome that includes (i) one or more deletions or
mutations in nucleotide sequences encoding one or more proteins selected from the group

consisting of capsid (C), pre-membrane (prM), envelope (E), non-structural protein 1

5a



20

25

3¢

(NS 1}, non-structural protein 3 (NS3), and non-structural protein 5 (NS5}, and (1)
sequences encoding one or more heterologous pathogen, cancer, or allergy-related
immunogens. For example, the deletion/mutation can be within capsid (C) sequences;
pre-membrane (prM) and/or envelope (E) sequences; capsid (C), pre-membrane (prM),
ant envelope (E) sequences; or non-structural protein 1 (NS1) sequences.

The heterolegous immunogen can be, for example, from a pathogen selected from
the group consisting of a rables virus {e.g., a rabies virus G protein epitope), Borrelia
burgdorferi (e.g., OspA immunogen or an immunogenic fragment thereof), a tick {e.g., a
tick saliva protein selected from the group consisting of 64TRP, Isac, and Salp20, oran
immunogenic fragment thereof), an influenza virus (e.g., an influenza virus M2,
hemaglutinnin (HA), or neuraminidase (NA) epiiope, or an immunogenic fragment
thereof), 2 human immunodeficiency virus {e.g., a codon-optimized HIV gag, tat/nef, or
zp120 protein, or an immunogenic fragment thereof), a simian immunodeficiency virus, a
human papilloma virus {e.g., an HPV16 or HPV 18 capsid protein L1 or L2, or an
immunogenic fragment thereof), a respiratory syncytial virus {(e.g., a respiratory syneytial
virus F or G glycoprotein), malaria parasite, and Mycobacterium tuberculosis {also see
below).

The replication-deficient pseudoinfectious flaviviruses can include sequences
encoding a pre-membrane (prM) and/or envelope (E) protein. Further, the replication-
deficient pseudoinfectious flavivirus genomes can be selected from those of yellow fever
virus, West Nile virus, tick-borne encephalitis virus, Langat virus, Japanese encephalitis
virus, dengue virus, and St Louis encephalitis virus, attenuated strains thereof, and
chimeras thereof (also see below). In various examples, the chimeras include pre-
membrane (prM) and envelope (E) sequences of a first flavivirus {e.g., a tick-borne
encepbalitis virus or a Langat virus), and capsid (C) and non-structural sequences of a
second, different flavivirus {e.g., a yellow fever, a West Nile, or Langat virus).

The replication-deficient pseudoinfectious flavivirus genomes can be packaged in
particles including pre-membrane (prM) and envelope (E) sequences from a flavivirus

that is the same or different from that of the genomes. Further, the sequences encoding
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the heterologous immunogens can be inserted in the place of, or in combination with, the
deletion(s) or mutation(s) of the one or more proteins.

The sequences encoding the heterologous immunogens can be inserted in the
flavivirus genomes within sequences encoding the envelope (E) protein, within sequences
encoding the non-structural 1 (NS1) protein, within sequences encoding the pre-
membrane (prM) protein, intergenically between sequences encoding the envelope (E)
protein and non-structural protein 1 (NS1), intergenically between non-structural protein
2B (NS2B) and non-structural protein 3 (NS3), and/or as a bicistronic insertion in the 3°
untranslated region of the flavivirus genome.

In another aspect there is provided a pharmaceutical composition comprising the
replication-deficient pseudoinfectious flavivirus of the present invention and a
pharmaceutically acceptable carrier or diluent.

The disclosure also includes compositions including a first replication-deficient
pseudoinfectious flavivirus, as described above, and a second (or further), different
replication-deficient pseudoinfectious flavivirus including a genome that includes one or
more deletions or mutations in nucleotide sequences encoding one or more proteins
selected from the group consisting of capsid (C), pre-membrane (prM), envelope (E),
non-structural protein 1 (NS1), non-structural protein 3 (NS3), and non-structural protein
5 (NSS5). In these compositions, the one or more proteins encoded by the sequences in
which the deletion(s) or mutation(s) occur in the second, different replication-deficient
pseudoinfectious flavivirus are different from the one or more proteins encoded by the
sequences in which the deletion(s) occur in the first replication-deficient pseudoinfectious
flavivirus.

In a further aspect, there is provided the pharmaceutical composition of the
present invention for use in inducing an immune response against the heterologous

pathogen immunogen in a subject.
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In another aspect, there is provided the pharmaceutical composition of the present
invention for use in inducing an immune response against the heterologous pathogen
immunogen in a subject wherein the subject is at risk of but does not have an infection by
said pathogen.

In yet another aspect, there is provided the pharmaceutical composition of the
present invention for use in inducing an immune response against the heterologous
pathogen immunogen in a subject wherein the subject has an infection by said pathogen.

The disclosure further includes methods of inducing immune responses to an
immunogen in a subject, which involves administering to the subject one or more
replication-deficient pseudoinfectious flavivirus and/or composition as described herein
to the subject. In various examples, the subject is at risk of but does not have an infection
by the pathogen or a disease or condition associated with the cancer or allergy-related
immunogen. In other examples, the subject has an infection by the pathogen or a disease
or condition associated with the cancer or allergy-related immunogen. The disclosure
thus includes prophylactic and therapeutic methods. In these methods, the immunogen
can be from, for example, a pathogen selected from the group consisting of a rabies virus,

Borrelia burgdorferi, a tick, an influenza virus, a human immunodeficiency virus, a
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simian immunodeficiency virus, a human papilloma virus, a respiratory syncytial virus,
malaria parasite, and Mycobacterium tuberculosis (also see below). Further, the methods
can be for inducing an immune response against a protein encoded by the flavivirus
genome, in addition to the source of the immunogen. In various examples, the subject is
at risk of but does not have an infection by the flavivirus corresponding to the genome of
the pseudoinfectious flavivirus, which includes sequences encoding a flavivirus pre-
membrane and/or envelope protein. In other examples, the subject has an infection by the
flavivirus corresponding to the genome of the pseudoinfectious flavivirus, which includes
sequences encoding a flavivirus pre-membrane and/or envelope protein.

The disclosure also includes live, attenuated chimeric flaviviruses including a
yellow fever virus in which sequences encoding pre-membrane and envelope proteins are
replaced with sequences encoding pre-membrane and envelope proteins of a tick-borne
encephalitis virus or a Langat virus, and the signal sequence between the capsid and pre-
membrane proteins of the chimeric flavivirus includes a hybrid of yellow fever virus and
fick-borne encephalitis or Langat virus capsid/pre-membrane signal sequences, or a
variant thereof. In various examples, the capsid/pre-membrane signal sequence of the
chimeric flavivirus mcludes yellow fever virus sequences in the amino terminal region
and tick-borne encephalitis or Langat virus sequences in the carboxy terminal region (see
below).

Further, the disclosure includes live, attenuated chimeric flaviviruses including a
West Nile virus in which sequences encoding pre-membrane and envelope proteins are
replaced with sequences encoding pre-membrane and envelope proteins of a tick-borne
encephalitis or a Langat virus, and the signal sequence between the capsid and pre-
membrane proteins of the chimeric flavivirus includes a tick-borne encephalitis or a
Langat virus capsid/pre-membrane signal sequence, or a variant thereof,

The disclosure also includes pharmaceutical compositions including one or more
pseudoinfectious flavivirus, composition, or live, attenuated flavivirus as described
herein, and a pharmaceutically acceptable carrier or diluent. Further, the compositions

can include an adjuvant.
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Also included in the disclosure are replication-deficient pseudoinfectious
flaviviruses including a flavivirus genome including one or more deletion(s) or
mutation(s) in nucleotide sequences encoding non-structural protein 1 (NS1), non-
structural protein 3 (NS3), or non-structural protein 5 (NS5).

In one aspect, there is provided a nucleic acid molecule corresponding to the
genome of a pseudoinfectious flavivirus of the present invention.

Further, the disclosure includes nucleic acid molecules corresponding to the
genome of a pseudoinfectious flavivirus, or the genome the live, attenuated flavivirus, as
described herein, and complements thereof.

In one aspect, there is provided a method of making a replication-deficient
pseudoinfectious flavivirus of the present invention, the method comprising introducing a
nucleic acid molecule of the present invention into a cell that expresses the protein
corresponding to any sequences deleted from the flavivirus genome of the replication-
deficient pseudoinfectious flavivirus.

The disclosure also provides methods of making replication-deficient
pseudoinfectious flaviviruses as described herein, involving introducing one or more
nucleic acid molecules, as described above, into a cell that expresses the protein(s)
corresponding to any sequences deleted from the flavivirus genome of the replication-
deficient pseudoinfectious flaviviruses. In these methods, the protein can be expressed in
the cell from the genome of a second (or further), different, replication-deficient
pseudoinfectious flavivirus. In other examples, the protein is expressed from a replicon
(e.g., an alphavirus replicon, such as a Venezuelan Equine Encephalitis virus replicon;

see below).
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The disclosure also includes compositions containing two or more replication-
deficient pseudoinfectious flaviviruses, in which two of the replication-deficient
pseudoinfectious flaviviruses are selected from the groups consisting of: (a) a replication-
deficient pseudoinfectious flavivirus including a genome containing Japanese encephalitis
virus sequences, and a replication-deficient pseudoinfectious flavivirus including a
genome containing dengue virus sequences; (b) a replication-deficient pseudoinfectious
flavivirus including a genome containing yellow fever virus sequences, and a replication-
deficient pseudoinfectious flavivirus including a genome containing dengue virus
sequences; and (c) a replication-deficient pseudoinfectious flavivirus including a genome
containing tick-borne encephalitis or Langat virus sequences and an inserted sequence
encoding a Borrelia burgdorferi immunogen, and a replication-deficient pseudoinfectious
flavivirus including a genome containing tick-borne encephalitis or Langat virus
sequences and an inserted sequence encoding a tick saliva protein immunogen, or a

replication-deficient pseudoinfectious flavivirus including a genome containing
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tick-borne encephalitis or Langat virus sequences and inserted sequences encoding a
Borrelia burgdorferi immunogen and a tick saliva protein immunogen.

Pharmaceutical compositions including the live, attenuated chimeric flaviviruses
described herein are also included in the disclosure. Further, the disclosure includes
methods of inducing an immune response to tick-borne encephalitis virus or Langat virus
in a subject, involving administering to the subject such a pharmaceutical composition.
In various examples, the subject does not have but is at risk of developing infection by
tick-borne encephalitis virus or Langat virus. In other examples, the subject is infected
with tick-borne encephalitis virus or Langat virus.

The disclosure further includes replication-deficient pseudoinfectious flaviviruses
including a flavivirus genome including one or more deletions or mutations in nucleotide
sequences encoding one or more proteins selected from the group consisting of capsid
(C), pre-membrane (prM), envelope (E), non-structural protein 1 (NS1), non-structural
protein 3 (NS3), and non-structural protein 5 (NSS5), wherein the flavivirus genome
includes yellow fever virus sequences in which sequences encoding pre-membrane and
envelope proteins are replaced with sequences encoding pre-membrane and envelope
proteins of a tick-borne encephalitis virus or a Langat virus, and sequences encoding the
signal sequence between the capsid and pre-membrane proteins of the flavivirus genome
include a hybrid of sequences encoding yellow fever virus and tick-borne encephalitis or
Langat virus capsid/pre-membrane signal sequences, or a variant thereof. In various
examples, the sequences encoding the capsid/pre-membrane signal sequence of the
flavivirus genome include yellow fever virus sequences in the 5° region and tick-borne
encephalitis or Langat virus sequences in the 3’ region.

Further, the disclosure includes replication-deficient pseudoinfectious flaviviruses
including a flavivirus genome including one or more deletions or mutations in nucleotide
sequences encoding one or more proteins selected from the group consisting of capsid
(C), pre-membrane (prM), envelope (E), non-structural protein 1 (NS1), non-structural
protein 3 (NS3), and non-structural protein 5 (NS5), wherein the flavivirus genome
includes West Nile virus sequences in which sequences encoding pre-membrane and

envelope proteins are replaced with sequences encoding pre-membrane and envelope
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proteins of a tick-borne encephalitis or a Langat virus, and the sequences encoding the
signal sequence between the capsid and pre-membrane proteins of the flavivirus genome
include sequences encoding a tick-borne encephalitis or a Langat virus capsid/pre-
membrane signal sequence, or a variant thereof.

In addition, the disclosure includes replication-deficient pseudoinfectious
flaviviruses including a flavivirus genome including one or more deletions or mutations
in nucleotide sequences encoding one or more proteins selected from the group consisting
of capsid (C), pre-membrane (prM), envelope (E), non-structural protein 1 (NS1), non-
structural protein 3 (NS3), and non-structural protein 5 (NS5), wherein any capsid (C)
and non-structural (NS) proteins in the flavivirus genome are from Langat virus and any
pre-membrane (prM) and envelope (E) proteins are from a tick-borne encephalitis virus.

By “replication-deficient pseudoinfectious flavivirus” or “PIV” is meant a
flavivirus that is replication-deficient due to a deletion or mutation in the flavivirus
genome. The deletion or mutation can be, for example, a deletion of a large sequence,
such as most of the capsid protein, as described herein (with the cyclization sequence
remaining; see below). In other examples, sequences encoding different proteins (e.g.,
prM, E, NS1, NS3, and/or NS5; see below) or combinations of proteins (e.g., prM-E or
C-prM-E) are deleted. This type of deletion may be advantageous if the PIV is to be used
a vector to deliver a heterologous immunogen, as the deletion can permit insertion of
sequences that may be, for example; at least up to the size of the deleted sequence. In
other examples, the mutation can be, for example, a point mutation, provided that it
results in replication deficiency, as discussed above. Because of the deletion or mutation,
the genome does not encode all proteins necessary to produce a full flavivirus particle.
The missing sequences can be provided in trans by a complementing cell line that is
engineered to express the missing sequence (e.g., by use of a replicon; s-PIV; see below),
or by co-expression of two replication-deficient genomes in the same cell, where the two
replication-deficient genomes, when considered together, encode all proteins necessary
for production (d-PIV system; see below).

Upon introduction into cells that do not express complementing proteins, the

genomes replicate and, in some instances, generate “virus-like particles,” which are
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released Trom the cells and are able to leave the cells and be immunogenic, but cannot
nfect o{her cells and lead to the generation of further particles. For example, in the case
of a PIV including 2 deletion in capsid protein encoding sequences, after infecrion of cells
that do not express capsid, VLPs including prM-E proteins are released from the cells.
Because of the lack of capsid protein, the YLPs lack capsid and a nucleic acid genome.
In the case of the d-PIV approach, production of further PIVs is possible in ceils that are
infected with two P1Vs that compiement each other with respect to the production of all
required proteins (see below).

The invention provides several advantages. For example, the PIV vectors and
P1Vs of the invention are highly attenuated and highly efficacious after one-to-two doses,
providing durable immunity, Further, unlike inactivated vaccines, PIVs mimic whole
virus infection, which can result in increased efficacy due to the induction of robust B-
and T-cell responses, higher durability of immﬁnity, and decreased dose requirements. In
addition, similar to whole viruses, PIV vaccines target antigen-presenting cells, such as
dendritic cells, stimulate toll-like receptors (TLRs), and induce balanced Th1/Th2
immunity. PIV constructs have also been shown to grow to high titers in substrate celis,
with little or no CPE, allowing for high-yield manufacture, optionally employing multiple
harvests and/or expansion of infected substrate cells. Further, the PTV vectors of the
invention provide an option for developing vaccines against non-flavivirus pathogens for
which no vaccines are currenily available. '

Other features and advantages of the invention will be apparent from the

following deteiled description, the drawings, and the claims.

Brief Description of the Drawines

Fig. 1 is a schematic iHustration of single component PIV (s-P1V) technology.

Fig. 2 is a schematic illustration of two-compaonent PIV {d-PIV) technology.

Fig. 3 is a schematic itlustration of a general experimental design for testing
immunegernicity and efficacy of P1Vs in mice.

Fig. 4 is a graph comparing the humoral immune response induced by PIV-WN
(RV-WN) with that of YF/WN LAV (CV-WN) in mice.
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Fig. S is a series of graphs showing the results of challenging hamsters
immunized with PIV-YF (RV-YF), YFI7D, PIV-WN (RV-WN), and YF/WN LAY
(CVY'WN) with hamster-adapted Asibi (PIV-YF and YF17D vaccinees) and wild type
WN-NY99 (PIV-WN and YF/WN LAY vaccinees).

Fig. 6 is a table showing YF/TBE and YF/LGT virus titers and plague
morphology obtained with the indicated chimeric flaviviruses.

Fig. 7 is a table showing WN/TBE PIV titers and examples of
immunofluorescence of cells containing the indicated PIVs.

Fig. 8 is a set of graphs showing the replication kinetics of YF/TBE LAV and
PIV-WN/TBE in Vero and BHK cell lines (CV-Hypr= YF/Hypr LAV; CV-LGT =
YF/LGT LAV; RV-WN/TBEV = PIV-WN/TBEV]).

Fig. 9 is a series of graphs showing survival of mice inoculated 1C with PIV-
TBE and YF/TBE LAY constructs in a neurovirulence test (3.5 week old ICR mice; RV-
WN/Hypr = PIV-WN/TBE(Hypr); CV-Hypr = YF/TBE(Hypr) LAV; CV-LGT = YF/LGT
LAV).

Fig. 10 is a graph showing survival of mice inoculated 1P with PIV-
WN/TBE(Hypr) (RV-WN/Hypr), YE/TBE(Hypr) LAV (CV-Hypr), and YF/LGT LAV
(CV-LGT) constructs and YF17D in a neuroinvasiveness test (3.5 week old ICR mice).

Fig. 11 is a series of graphs illustrating morbidity in mice measured by
dynamics of body weight loss after TBE virus challenge, for groups immunized with s-
PIV-TBE candidates (upper left panel), YF/TBE and YF/LGT chimeric viruses (upper
right panel), and controls (YF 7D, human killed TBE vaccine, and mock; bottom panel}.

Fig. 12 is a schematic representation of PIV constructs expressing rabies virus G
protein, as well as illustration of packaging of the constructs to make pseudoinfectious
virus and immunization,

Fig. 13 is a schematic representation of inseriion designs resulting in
viable/expressing constructs (exemplified by rabies G}.

Fig. 14 is series of Umages showing immunofluorescence analysis and graphs
showing growth curves of cells transfected with the indicated PIV-WN constructs (AC-

Rabies G, APrM-E-Rabies G, and AC-PrM-E-Rabies G).
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Fig. 15 is a series of images showing immuncfluorescence analysis of RabG
expressed on the plasma membranes of Vero cells transfected with the indicated PIV
consirucis (AC-Rabies G, APtM-E-Rabies G, and AC-PrM-E-Rabies G).

Fig. 16 is a schematic illustration of a PIV-WN-rabies G construct and a series
of images showing that this construct spreads in helper cells, but not in naive cells.

Fig. 17 is a series of graphs showing stability of the rabies G protein gene in
PIV-WN vectors.

Fig. 18 is a set of images showing a comparison of spread of single-component
vs. two-component PIV-WN-rabies G variants in Vero cells.

Fig. 19 is a set of immunofluorescence images showing expression of full-
length RSV F protein (strain A2) by the AprM-E component of d-PIV-WN in helper cells

after transfection.

Detailed Description of the Invention

The invention provides replication-defective or deficient pseudoinfectious virus
(PIV) vectors including flavivirus sequences, which can be used in methods for iﬁducing
immunity against heterologous pathogen, cancer, and allergy-related immunogens
inserted into the vectors as well as, aptionally, the vectors themselves. The invention also
includes compositions including combinations of PIVs and/or PIV vectors, as described
herein, and methods of using such compositions to induce immune responses against
inserted immunogen segquences and/or sequences of the PIVs themselves. Further, the
invention includes particular P1Vs and live, atienuated chimeric flaviviruses including
tick-borne encephalitis virus sequences, and related vectors, oomposi’sibns, and methods
of use. The PIV vectors, PIVs, live attenuated chimeric flaviviruses, compositions, and

methods of the invention are described further below.

PIV Vectors and PIVs

The PIV vectors and PIVs of the invention can be based on the single- or two-
component P{Vs described above {also see WO 2007/098267 and WO 2008/137163).

Thus, for example, in the case of single component PiVs, the PIV vectors and PIVs can
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include a genome including a large deletion in capsid protein encoding sequences and be
produced in a complementing cell line that produces capsid protein in trans (single
component; Fig. 1 and Fig, 12). According to this approach, most of the capsid-encoding
region is deleted, which prevents the PIV genome from producing infectious progeny in
normal cell lines (i.e., cell lines not expressing capsid sequences) and vaccinated subjects.
The capsid deletion typically does not disrupt RNA sequences required for genome
cyclization (i.e., the sequence encoding amino acids in the region of positions 1-26),
and/or the prM sequence required for maturation of prM to M. In specific examples, the
deleted sequences correspond to those encoding amino acids 26-100, 26-93, 31-100, or
31-93 of the C protein,

Single component PIV vectors and PIVs can be propagated in cell lines that
express either C or a C-prM-E cassette, where they replicate to high levels. Exemplary
cell lines that can be used for expression of single component PIV vectors and PI1Vs
include BHK-21 (e.g., ATCC CCL~10), Vero (e.g., ATCC CCL-81), C7/10, and other
cells of vertebrate or mosquito origin. The C or C-prM-E cassette can be expressed in
such cells by use of a viral vector-derived replicon, such as an alphavirus replicon (e.g., a
replicon based on Venezuelan Equine Encephalitis virus (VEEV), Sindbis virus, Semliki
Forest virus (SFV), Eastern Equine Encephalitis virus (EEEV), Western Equine
Encephalitis virus {WEEV}, or Ross River virus). To decrease the possibility of
productive recombination between the PIV vectors/PIVs and complementing sequences,
the sequences in the replicons (encoding C, prM, and/or E) can include nucleotide
mutations. For example, sequences encoding a complementing C protein can include an
unnatural cyclization sequence. The mutations can result from codon optimization,
which can provide an additional benefit with respect to PIV yield. Further, in the case of
complementing cells expressing C protein sequences (and not a C-prM-E cassette), it may
be beneficial to include an anchoring sequence at the carboxy terminus of the C protein
including, for example, about 20 amino acids of prM (see, e.g., WO 2007/098267).

The PIY vectors and PIVs of the invention can also be based on the two-
component genome technology described above. This technology employs two partial

genome constructs, each of which is deficient in expression of at [east one protein
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required for productive replication (capsid or prM/E) but, when present in the same cell,
result in the production of all components necessary to make a PIV. Thus, in one
example of the two-component genome technology, the first component includes a large
deletion of C, as described above in reference to single component PIVs, and the second
component includes a deletion of prM and E (Fig. 2 and Fig. 12). In another example, the
first component includes a deletion of C, prM, and E, and the second component includes
a deletion of NS1 (Fig. 12). Both components can include cis-acting promoter elements
required for RMNA replication and a complete set of non-structural proteins, which form
the replicative enzyme complex. Thus, both defective genomes can include a 57~
untranstated region and at least about 60 nucleotides (Element 1) of the following, natural
protein-coding sequence, which comprises an amino-terminal fragment of the capsid
protein. This sequence can be followed by a protease cleavage sequence such as, for
example, a ubigunitine or foot-and-mouth disease virus (FAMDV)-specific 2A protease
sequence, which can be fused with either capsid or envelope (prM-E) coding sequences,
Further, artificial, codon optimized sequences can be used to exciude the possibility of
recombination between the two defective viral genomes, which could lead to formation of
replication-competent viruses {(see, e.g., WO 2008/137163). Use of the two-component
genome approach does not require the development of cell lines expressing
complementing genomes, such as the cells transformed with replicons, as discussed
above in reference to the single component PIV approach. Exemplary cell lines that can
be used in the two-component genome approach include Vero (e.g., ATCC CCL-81),
BHK-21 (e.g., ATCC CCL-10), €7/10, and other cells of vertebrate or mosquito origin.

Additional examples of d-PIV approaches that can be used in the invention are
based on use of complementing genomes including deletions in NS3 or NS5 sequences,
A deletion in, e.g., NS, NS3, or NS3 proteins can be used as long as several hundred
amino acids in the ORF, removing the entire chosen protein sequence, or as short as |
amino acid inactivating protein enzymatic activity (e.g., N85 RNA polymerase activity,
NS3 helicase activity, ete.). Alternatively, point amino acid changes (as few as | aming
acid mutation, or optionally more mutation.s) can be infroduced into any NS protein,

inactivating enzymatic activity. In addition, several ANS deletions can be combined in
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one helper molecule. The same heterologous gene, i.e., expressed by the first d-P1V
component, can be expressed in place or in combination with the NS deletion(s} in the
second component, increasing the amount of expressed immunogen. Notably, the
msertion capacity of the helper will increase proportionally to the size of NS deletion(s).
Alternatively, a different foreign immunogen(s) can be inserted in place of deletion(s) of
the helper to produce multivalent vaccines.

Further, additional approaches that can be used in making PIV vectors and PIVs
for use in the present invention are described, for example, in WO 99/28487, WO
03/046189, WO 2004/108936, US 2004/0265338, US 2007/0249032, and U.5. Paient
No. 7,332,322.

The PIV vectors and PIVs of the invention can be comprised of sequences from a
single flavivirus type {e.g., tick-borne encephalitis (TBE, e.g., strain Hypr), Langat
(LG, yellow fever (e.g., YF17D3), West Nile, Japanese eneeph‘aiitis, dengue (serotype 1~
4), St. Louis encephalitis, Kunjin, Rocio encephalitis, liheus, Central European
encephalitis, Siberian encephalitis, Russian Spring-Summer encephalitis, Kyasanur Forest
Disease, Omsk Hemorrhagic fever, Louping ill, Powassan, Negishi, Absettarov,
Hansalova, and Apoi viruses), or can comprise sequences from two or more different
flaviviruses. Sequences of some strains of these viruses are readily available from
generally accessible sequence databases; sequences of other strains can be easily
determined by methods well known in the art.  In the case of PIV vectors and PIVs
including sequences of more than one flavivirus, the sequences can be those of & chimeric
flavivirus, as described above (also see, e.g., U.S. Patent No. 6,962,708; 1.8, Patent No.
6,696,281; and U.S. Patent No. 6,184,024). In certain examples, the chimeras include
pre-membrane and envelope sequences from one flavivirus {such as a flavivirus to which
imrunity may be desired), and capsid and non-structural sequences from a second,
different flavivirus. In one specific example, the second flavivirus is a yellow fever virus,
such as the vaccine strain YF175. Other exampies include the YF/TBE, YF/LGT,
WN/TBE, and WN/LGT chimeras described below. Another example is an LGT/TBE
chimera based on LGT virus backbone containing TBE virus prM-E proteins. A PIV

vaccine based on this genetic background would have an advantage, because LGT
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replicates very efficiently in vitro and is highly attenuated and immunogenic for humans.
Thus, a chimeric LGT/TBE PIV vaccine is expected to provide a robust specific immune
response in humans against TBE, particularly due to inclusion of TBE prM-E genes.
Vectors of the invention can be based on PI'V constructs or live, attenuated
chimeric flaviviruses as described herein {(in particular, YF/TBE, YF/AGT, WN/TBE, and
WN/LGT; see below). Use of PIV constructs as vectors provides particular advantages in
certain circumstances, because these constructs by necessity inctude large deletions,
which render the constructs more amenable to accommodation of insertions that are at
feast up to the size of the deleted sequences, without there being a loss in replication
efficiency. Thus, PIV vectors in general can comprise very small insertions (e.g., in the
range 6-10, 11-20, 21-100, 101-500, or more amino acid residues combined with the AC
deletion or other deletions), as well as relatively large insertions or insertions of
intermediate size {e.g., in the range 501-1000, 1001-1700, 1701-3000, or 3001-4000 or
more residues). In contrast, in certain examples, it may be advantageous to express
relatively short sequences in live attepuated viruses, particularly if the insertions are made
in the absence of a corresponding deletion. Additional information concerning insertion
sites that can be used in the invention is provided below. In addition, as discussed further

below, expression of non-flavivirus immunogens in PIVs and chimeric flaviviruses of the

invention can result in dual vaceines that elicit protective immunity against both a

flavivirus vector virug pathogen and a target heterologous immunogen (e.g., a pathogen
{suchasa bactarial, viral, parasite, or fungal pathogen), cancer, or allergy-related
immunoger).

As discussed above, the PIV vectors and PIVs of the invention can comprise
sequences of chimeric flaviviruses, for example, chimeric flaviviruses including pre-
membrane and envelope sequences of a first flavivirus (e.g., a flavivirus to which
immunity is sought}, and capsid and non-structural sequences of a second, different
flavivirus, such as a yellow fever virus (e.g., YF17D; see above and also U.8, Patent No.
6,962,708; U.S. Patent No. 6,696,281; and U.S. Patent No. 6,184,024). Further, chimeric
flaviviruses of the invention, used as a source for constructing P{Vs, or as

vaccines/vaccine vectors per se, can optionally include one or more specific attenuating
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mutalions {(e.g., E protein mutations, prM protein mutations, deletions in the C protein,
and/or deletions in the 3'UTR), such as any of those described in WO 2006/116182. For
example, the C protein or 3’UTR deletions can be directly applied to YF/TBE or YFAGT
chimeras. Similar deletions can be designed and introduced in other chimeric LAV
candidates such as based on LOT/TBE, WN/TBE, and WN/LGT genomes. With respect
to E protein mutations, attenuating mutations similar to those described for YF/WN
chimera in WO 2006/116182 can be designed, e.g., based on the knowledge of crystal
structure of the E protein (Rey et al., Nature 375(6529):291-298, 1995), and employed.
Further, additional examples of atfenuating E protein mutations described for TBE virus
and other flaviviruses are provided in Table 9. These can be similarly introduced into
chimeric vaccine candidates,

The invention also provides new, particular chimeric flaviviruses, which can be
used as a basis for the design of PIV vectors and PIVs, as live atteniuated chimeric
ftavivirus vectors, and as vaccines against the source(s) of the pre-membrane and
envelope components of the chimeras. These chimeras include tick-borne encephalitis
(TBE) virus or related prM-E sequences. Thus, the chimeras can include prM-E
sequences from, for example, the Hypr strain of TBE or Langat (LGT) virus. Capsid and
non-structural proteins of the chimeras can include those from yeliow fever virus (e.g.,
YF17D) or West Nile virus {e.g., NY99}.

A central feature of these exemplary YF/TBE, YF/LGT, WN/TBE, and WN/LGT
chimeras is the signal sequence between the capsid and prM proteins. As is shown in the
Examples, below, we have found that, in the case of YF-based PIV chimeras, it is
advantageous 1o use a signal sequence comprising vellow fever and TBE sequences (see
below). In one example, the signal sequence includes yellow fever sequences in the
amino terminal region (e.g., SHDVLTVQFLIL) and TBE sequences in the carboxy
terminal region (e.g., GMLGMTIA), resulting in the sequence
SHDVLTVQFLILGMLGMTIA. We have also found that, in the case of WiN-based PIV
chimeras, it is advantageous to use 3 signal sequence comprising TBE sequences (e.g.,
GGTDWMSWLLVIGMLGMTIA). The invention thus includes YF/TRE, YF/LGT,
WN/TBE, and WN/LGT chimeras, both PIVs and LAVs, which include the ahove-noted
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signal sequences, or variants thereof having, e.g., [-8,2-7, 3-6, or 4-5 amino acid
substitutions, deletions, or insertions, which do not substantially interfere with processing
at the signal sequence. In various examples, the substitutions are “conservative
substitutions,” which are characterized by replacement of one amino acid residue with
another, biologically similar residue. Examples of conservative substitutions include the
substitution of one hydrophobic residue such as isoleucine, valine, leucine, or methionine
for another, or the substitution of one polar residue for another, such as between arginine
and lysine, between glutamic and aspartic acids, or between glutamine and asparagine and
the Jike. Additional information concerning these chimeras is provided below, in the

Examples.

AN LA

Sequences encoding immunogens can be inserted at one or more different sites
within the vectors of the invention. Relatively short peptides can be delivered on the
surface of PIV or LAV glyesproteins {e. g., prM, E, and/or NS] proteins) and/or in the
context of other proteins (to induce predominantly B-cell and T-cell responses,
respectively). Other inserts, including larger portions of foreign proteins, as well as
complete proteins, can be expressed intergenically, at the N- and C-termini of the
polyprotein, or bicistronically {e.g., within the ORF under an IRES or in the 3’UTR under
an IRES; see, e.g., WO 02/102828, WO 2008/036146, WO 2008/094674, WO
2008/100464, WO 2008/115314, and below for further details). In PIV constructs, there
is an additional option of inserting a foreign amine acid sequence directly in place of
introduced deletion(s). Insertions can be made in, for example, AC, AprM-E, AC-prM-E,
ANSL, ANS3, and ANSS. Thus, in one example, in the case of s-PIVs and the AC
component of d-PIVs, immunogen-encoding sequences can be inserted in piace of deleted
capsid sequences. lmmunogen-encoding sequences can also, optionally, be inserted in
place of deleted prM-E sequences in the AprM-E component of d-PIVs. In another
example, the sequences are inserted in place of or combined with deleted sequences in
AC-prM-E constructs. Examples of such insertions are provided in the Examples section,

below.
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In the case of making insertions into PIV deletions, the insertions can be made
with a few {e.g., 1, 2, 3, 4, or 5) additional vector-specific residues at the N- and/or C-
termini of the foreign immunogen, if the sequence is simply fused in-frame (e.g., ~ 20
first a.a. and a few last residues of the C protein if the sequence replaces the AC deletion},
or without, if the foreign immunogen is flanked by appropriate elements well known in
the field {e.g., viral protease cleavage sites; cellular protease cleavage sites, such as
signalase, furin, ete.; autoprotease; terniination cedon; and/or IRES elements).

if a protein is expressed outside of the continuous viral open reading frame
{ORF), e.g., if vector and non-vector sequences are separated by an internal ribosome
entry site (IRES), cytoplasmic expression of the product can be achieved or the product
can be directed towards the secretory pathway by using appropriate signal/anchor
segments, as desired. If the protein is expressed within the vector ORF, important
considerations include cleavage of the foreign protein from the nascent polyprotein
sequence, and maintaining correct topology of the foreign protein and all viral proteins (to
ensure vector viability) relative to the ER membrane, e.g., transiocation of secreted
proteins into the ER lumen, or keeping cytoplasmic proteins or membrane-associated
proteins in the cytoplasm/in association with the ER membrane.

In more detail, the above-described approaches to making insertions can employ
the use of, for instance, appropriate vector-derived, insert-derived, or unrelated signal and
anchor sequencess included at the N and C fermini of glycoprotein inserts. Standard
autoproteases, such as FMDV 2A autoprotease {(~20 amino acids) or ubiquitin (gene ~
500 nt), or flanking viral NS2B/NS3 protease cleavage sites can be used to direct
cleavage of an expressed product from a growing polypeptide chain, to release a foreign
protein from a vector polyprotein, and to ensure viability of the construct. Optionaily,
growth of the polyprotein chain can be terminated by using a termination codon, e.g.,
following a foreign gene insert, and synthesis of the remaining proteins in the constructs
can'bt:z re-initiated by ifaco'z*poration of an IRES element, e.g,, the encephalomyocarditis
virus (EMCV) IRES commonly used in the field of RNA virus vectors. Viable
recombinants can be recovered from helper cells (or regular cells for d-P1V versions).

Optionally, backbone PIV sequences can be rearranged, e.g., if the latter results in more

21
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efficient expression of a foreign gene. For example, a gene rearrangement has been
applied to TBE virus, in which the priM-E genes were moved to the 3° end of the genome
under the control of an IRES (Orlinger et al,, J. Virol. 80:12197-12208, 2006).
Translocation of prM-E or any other genes can be applied to PIV flavivirus vaccine
candidates and expression vectors, according to the invention.

Additional details concerning different insertion sites that can be used in the
invention are as follows (also see WO 02/102828, WO 2008/036146, WG 2008/094674,
WO 2008/100464, WO 2008/1 13314, as noted above). Peptide sequences can be inserted
within the envelope protein, which is the principle target for neutralizing antibodies. The
sequences can be inserted into the envelope in, for example, positions corresponding to
amino acid positions 59, 207, 231, 277, 287, 348, and/or 436 of the Japanese encephalitis
virus envelope protein (see, e.g,, WO 2008/115314 and WO 02/102828). To identify the
corresponding loci in different flaviviruses, the flavivirus sequences are aligned with that
of Japanese encephalitis virus. As there may not be an exact match, it should be
understood that, in non-JE viruses, the site of insertion may vary by, for example, 1, 2, 3,
4, or 5 amino acids, in either direction. Further, given the identification of such sites as
being permissive in JE, they can also vary in JE by, for example, 1, 2, 3, 4, or 5 amino
acids, in either direction. Additional permissive sites can be identified using methods
such as transposon mutagenesis (see, e.g., WO 02/102828 and WO 2008/036146). The
insertions can be made at the indicated amino acids by insertion just C-terminal to the
indicated amino acids (i.e., between amino acids 51-52, 207-208, 231-232, 277-278, 287-
288, 340-341, and 436-437), or in place of short deletions {e.g., deletions of 1, 2, 3, 4, 5,
6, 7, or 8 amino acids) beginning at the indicated amino acids {or within 1-3 positions
thereof, in either direction).

In addition 1o the envelope protein, insertions can be made into other virus
proteins including, for example, the membrane/pre-membrane protein and NS1 (see, e.g.,
WO 2008/036146). For example, insertions can be made into a sequence preceding the
capsid/pre-membrane cleavage site (at, e.g,, -4, -2, or ~1) or within the first 50 amino
acids of the pre-membrane protein (e.g., at position 263, and/or between amino acids 236

and 237 of NS1 (or in regions surrounding the indicated sequences, as described above).
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In other examples, insertions can be made intergenically. For example, an insertion can
be made between E and NS1 proteins and/or between NS2B and NS3 proteins (see, e.g.,
WG 2008/100464). In one example of an intergenic insertion, the inserted sequence can
be fused with the C-terminus of the E protein of the vector, after the C-terminal
signal/anchor sequence of the E protein, and the insertion can include a C-terminal
anchor/signal sequence, which is fused with vector NS1 sequences. In another example
of an intergenic insertion, the inserted sequences, with flanking protease cleavage sites
(e.g.. YF 17D cleavage sites), can be inserted into a unique restriction site introduced at
the NS2B/NS3 junction (WO 2008/100464).

In other examples, a sequence can be inseried in the context of an internal
ribosome entry site (IRES, e.g., an IRES derived from encephalomyocarditis virus;
EMCV), as noted above, such as inserted in the 3" -untranslated region (WO
2008/094674). In one example of such a vector, employing, for exampie, vellow fever
virus sequences, an IRES-immunogen cassetie can be inseried into a multiple cloning site
engineered into the 3 ~untranslated region of the vector, e.g., in a deletion (e.g., a 136
nucleoiide deletion in the case of a yellow fever virus-based example) after the
polyprotein stop codon (WO 2008/094674).

Details concerning the insertion of rabies virus G protein and full-length
respiratory syneytial virus (RSV) F protein into s-PIV and d-PIV vectors of the invention
are provided below in Example 3. The information provided in Example 3 can be applied

in the context of other vectors and immunogens described herein.

PIVs (s-PIVs and d-PIVs) based on flavivirus sequences and live, atienuated
chimeric flaviviruses (e.g., YF/TBE, YF/LGT, WN/TBE, and WN/LGT), as described
above, can be used in the invention to deliver foreign (e.g., non-flavivirus) pathogen (e.g.,
viral, bacterial, fungal, and parasitic pathogens), cancer, and allergy-related immunogens.
As discussed further below, in certain examples, it may be advantageous to target several
pathogens occupying the same ecological niche, in a particular geographical region.

Specific, non-limiting examples of such immunogens are provided as foliows.
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In addition to TRE virus, ticks are known to transmit another major disease,
Lyme disease. Thus, in a first example, PIVs of the invention, such as PIVs including
TBE/LGT sequences, as well as chimeric flaviviruses including TBE sequences (e.g.,
YF/TBE, YF/LGT, WN/TBE, LGT/TBE, and WN/LGT; in all instances where “TBE” is
indicated, this includes the option of using the Hypr strain}, can be used as veciors to
deliver protective immunogens of the causative agent of Lyme disease (tick-bome
spirochete Borrelia burgdorferi). This combination, targeting both infectious agents
(TBE and B. burgdorferi) is advantageous, because TBE and Lyme disease are both tick-
borne diseases. The PIV approaches can be applied to chimeras (e.g., YF/TBE, YF/LGT,
WN/TBE, or WN/LGT), according to the invention, as well as to non-chimeric TBE and
LGT viruses. An exemplary immunogen from B. burgdorferi that can be used in the
invention 1s OspA (Gipson et al., Vaccine 21 3875-3884, 2003). Optionally, to increase
safety and/or immunogenicity, OspA can be mutated to reduce chances of autoimmune
responses and/or to eliminate sites for unwanted post-translational modification in
veriebrate animal cells, such as N-linked glycosylation, which may affect immunogenicity
of the expression product. Mutations that decrease autoimmunity can include, e.g., those
described by Willett et al., Proc. Natl. Acad. Sci. U.8.A., 101:1303-1308, 2004, -in one
example, FTK-OspA, a putative cross-reactive T cell epitope, 85 OspAissan
(YVLEGTLTA) is aliered to resemble the corresponding peptide sequence of Borrelia
afzelli (FTLEGKVAN). In FTK-OspA, the corresponding sequence is FTLEGKLTA.

The sequence of OspA is as follows:

1 mkkyllgigl ilaliackgn vssldeknsv svdlpgemkv lvskeknkdg
kydliatvdk
61 leikgtsdkn ngsgvlegvk adkskvklti sddlggttle vikedgktly
skkvtskdks
121 steekfnekg evsekiitra dgtrlieytgl ksdgsgkake vikgyvlegt
ltaekttlvv
181 kegtvtliskn isksgevsve lndidssaat kktaawnsgt stititvnsk
ktkdlvitke
241 ntitvggyds ngtklegsav eitkideikn alk

The full-length sequence and/or immunogenic fragments of the full-length sequence can
be used in the present invention. Exemplary fragments can include one or more of
domains 1 {amino acids 34-41), 2 (amino acids 65-75), 3 {amino acids 150-220), and 4
(amine acids 250-270) (Jiang ¢t al., Clin. Diag. Lab. Immun. 1(4):406-412, 1994).
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Thus, for example, a peptide comprising any one (or more) of the following sequences
{which include sequence variations that can be included in the sequence listed above, in
any combination) can be delivered: LPGE/GM/IK/T/GVL; GTSDKN/S/DNGSGV/T;
N/H/EIS/P/LIAISKINSGEV/IS/TV/AE/ALN/DDT/SD/NS/TS/TA/Q/RATKKTA/GAIK]

TWN/DS/AGAN/KT, SN/AGTK/NLEGS/N/K/TAVEIT/KK/TLD/KE/LKN,

In addition to B. burgdorferi immunogens, tick saliva proteins, such as 64TRP,
Isac, and Salp20, can be expressed, .g., to generate a vaccine candidate of trivalent-
specificity (TBE+Lyme disease+ticks). Altematively, tick saliva proteins can be |
expressed instead of B. burgdorferi immunogens in TBE sequence-containing vectors. In
addition, there are many other candidate tick saliva proteins that can be used for tick
vector vaccine development according to the invention (Francischetti et al., Insect
Biochem. Mol Biol. 35:1142-1161, 2005). One or more of these immunogens can be
expressed in s-PIV-TBE. However, d-P1V-TBE may also be selected, because of its large
insertion capacity. In addition to PIV-TBE, other PIV vaccines can be used as vectors,
e.g., to protect from Lyme disease and another flavivirus disease, such as West Nile virus.

Expression of these immunogens can be evaluated in cell culture, and

immunogenicity/protection examined in available animal models (e.g., as described in

Gipson et al., Vaceine 21:3875-3884, 2003; Labuda et al., Pathog. 2(e27):0251-0259,
2006). Immunogens of other pathogens can be similarly expressed, in addition to Lyme
disease and tick immunogens, with the purpose of making muitivalent vaccine
candidates. Exemplary tick saliva immunogens that can be used in the invention include

the foliowing:

64TRP (AF469170)

MKBRFFVLSLL STABLTNAAR AGRLGSDLDT FGRVHGNLYA GIERAGPRGY PGLTASIGGE
VGARLGGRAG VGVSSYGYGY PSUWGYPYGGY GGYGCYGGYG GYDOGFGSAY GGYPGYYGYY
YPSCYGGGYGE GSYGGHYGGS YTYPNVRASA GAAA

Isac (AF270496)

MRTAFTCALL AISFLGSPCS SSEDGLEQDT IVETTTONLY ERHYRNHSGIL CGAQYRNSSH
AEAVYNCTLN HLPPVVNATW BGIRHRINKT IPQFVKLICN FTVAMPQEFY LVYMGSDGNS
DFEEDKESTG TDEDSNTGESS AABRKVTEALIL IEAREENCTAH ITGWTTETPT TLEPTTESQF EAILP
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Salp20 (EUG08559)

MRTALTCALL AISFLGSPCS SSEGGLEKDS RVETTTONLY ERYYRKHPGL CGAQYRNSSH
AEAVYNCTLS LLPLSVNTTW EGIRHRINKT IPEFVNLICN FTVAMPDQFY LVYMGSNGNS
YSEEDEDGKT GSSRAVQVIE QLIIQAEENC TAHITGWTTE APTTLEPTTE TOFEALS

Additional details concerning the TBE-related PIVs and LAVs are provided in Example
2, below.

The invention further provides PIV and LAV-vectored vaccines against other non-
flavivirus pathogens, including vaccines having dual action, eliciting protective immunity
against both flavivirus (as specified by the vector envelope proteins) and non-flavivirus .
pathogens {as specified by expressed immunologic determinant(s)). These are similar to
the example of PIV-TBE-Lyme disease-tick vector vaccines described above. As
mentioned above, such dual-action vaccines can be developed against a broad range of
pathogens by expression of immunogens from, for example, viral, bacterial, fungal, and
parasitic pathogens, and immunogens associated with cancer and aliergy. As specific
non-limiting examples, we describe herein the design and biological properties of PIV
vectored-rabies and -respiratory syneytial virus (R3V) vaccine candidates constructed by
expression of rabies virus G protein or full-length RSV F protein in place of or in
combination with various deletions in ene- and two-component P1V vectors (see Example
3, belows}.

As is demonstrated in the Examples, below, -P1V constructs may be
advantageously used to stably deliver reldtively short foreign immunogens (similar to
Lyme disease agent OspA protein and tick saliva proteins), because insertions are
combined with a refatively short AC deletion. Two-component PV vectors may be
advantageously used to stably express relatively large immunogens, such as rabies G
protein and RSV F, as the insertions in such vectors are combined with, for example,
large AprM-E, AC-prM-E, and/or ANS! deletions. Some of the d-PIV components can
be manufactured and used as vaccines individually, for instance, the PIV-RSV F construct
described below containing a AC-prM-E deletion. In this case, the vaccine induces an
immune response {e.g., neutralizing antibodies) predominantly against the expressed -
protein, but not against the flavivirus vector virus pathogen. In other examples of the

invention, dual tmmunity is obtained by having immunity induced both to vector and
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insert components. Additionally, because of the large insertion capacity of PIV vectors,
and the option of using two-component genomes, PIV vectors offer the opportunity to
target several non-flavivirus pathogens simultaneously, e.g., by expressing foreign
immunogens from two different non-flavivirus pathogens in the two components of a
d-PIV.

In addition to the RSV F protein, rabies G protein, Lyme disease protective
immunogens, and tick saliva proteins, as examples of foreign immunogens described
above, other foreign immunogens can be expressed to target respective diseases
including, for example, influenza virus type A and B immunogens. In these examples, a
few short epitopes and/or whole genes of viral particle proteins can be used, such as the
M2, HA, and NA genes of influenza A, and/or the NB or BM2 genes of influenza B.
Shorter fragments of M2, NB, and BMZ2, corresponding for instance to M2e, the
extraceliular fragment of M2, can also be used. In addition, fragments of the HA gene,
including epitopes identified as HAO (23 amino acids in length, corresponding to the
cleavage site in HA) can be used. Specific examples of influenza-related sequences that
can be used in the invention include PAKLLKERGFFGAIAGFLE (HAD),
PAKLLKERGFFGAIAGFLEGSGC (HAD), NNATFNYTNVYNPISHIRGS (NBe),
MSLLTEVETPIRNEWGCRCNDSSD {(M2e), MSLLTEVETPTRNEWECRCSDSSD
(M2e), MBLLTEVETLTRNGWGCRCSDSSD (M2e), EVETPTRN {(M2e),
SLLTEVETPIRNEWGCRCNDSSD (M2e), and SLLTEVETPIRNEWGCR (M2e).
Additional MZe sequences that can be used in the invention include sequences from the
extracetiular domain of BM2 protein of influenza B (consensus MLEPFQ, e.g.,
LEPFQILSISGC), and the M2e peptide from the H5N1 avian flu
(MSLLTEVETLTRNGWGCRCEDSSD).

Other examples of pathogen immunogens that can be delivered in the vectors of
the invention include codon-optimized 51V or HIV gag {55 kDa), gp120, gp160, 51V
mac239-rev/iat/nef genes or analogs from H1V, and other HIV immunogens; immunogens
frorn HPV viruses, such as HPV 16, HPV18, etc., e.g., the capsid protein L1 which self-
assembles into HPV-like particles, the capsid protein L2 or its immunodominant portions

{e.g., amino acids 1-200, 1-88, or 17-36), the E6 and E7 proteins which are involved in
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transforming and immortalizing mammalian cells fused together and appropriately
mutated (Rssion of the two genes creates a fusion protein, referred to as EGETRD, that is
about 10-fold less capable of transforming fibroblasts, and mutations of the E7
cornponent at 2 residues renders the resulting fusion protein mutant incapable of inducing
transformation {Boursnell et al., Vaccine 14:1485-1494, 1996). Cther immunogens
include protective immunogens from HCV, CMV, HSV2, viruses, malaria parasite,
Mycobacterium tuberculosis causing tuberculosis, C. difficile, and other nosocomial
infections, that are known in the art, as well as fungal pathogens, cancer immunogens,
and proteins associated with allergy that can be used as vaccine targets.

Foreign immunogen inserts of the invention can be modified in various ways. For
instance, codon optimization is used to increase the level of expression and eliminate
long repeats in nucleotide sequences to increasc insert stability in the RNA genome of
PIV veciors. Immunogenicity can be increased by chimerization of proteins with
imrmunostimulatory moieties well known in the art, such as TLR agonists, stimulatory
cytokines, components of complement, heat-shock proteins, etc. (e.g., reviewed in
“Immunopotentiators in Modern Vaccines,” Schijns and O'Hagan Eds., 2006, Elsevier
Academic Press: Amsterdam, Boston).

With respect to construction of dual vaccines against rabies and other flavivirus
diseases, other combinations, such as TBE + rabies, YF + rabies, ete., can be of interest
both for human and veterinary use in corresponding geographical regions, and thus can be
similarly generated. Possible designs of expression constructs are not limited to those
described herein. For example deletions and insertions can be modified, genetic elements
can be rearranged, or other genetic elements (e.g. non-flavivirus, non-rabies signals for
secretion, intracellular transport determinants, inclusion of or fusion with
immunostimulatory moieties such as cytokines, TLR agonists such as flageilin,
multimerization components such as leucine zipper, and peptides that increase the period
of protein circulation in the blood) can be used 1o facilitate antigen presentation and
increase immunogenicity. Further, such designs can be applied to s-P1V and d-PIV

vaccine candidates based on vector genomes of other flaviviruses, and expressing
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immunogens of other pathogens, e.g., including but not limited to pathogens described in
elsewhere herein.

Other examples of PIV and LAY veciors of the invention including combination
vaccines such as DEN+Chikungunya virus (CHIK V) and YF+CHIKV, CHIKV, an
alphavirus, is endemic in Africa, Socuth East Asia, Indian subcontinent and the Isiands,
and the Pacific Islands and shares ecological/gesgraphical niches with YF and DEN1-4.
It causes serious disease primarily associated with severe pain (arthritis, other symptoms
similar to DEN) and long-lasting sequelae in the majority of patients (Simon et al., Med.
Clin. North Am. 92:1323-1343, 2008; Seneviratne et al., J. Travel Med. 14:320-325,
2007). Other examples of PIV and LAV vectors of the invention include YF+Ebola or
DEN+Ebola, which co-circulate in Africa.

Immunogens for the above-poted non-flavivirus pathogens, sequences of which
are weil known in the art, may include glycoprotein B or a pp65/1E] fusion protein of
CMV (Reap et al., Vaccine 25(42):7441-7449, 2007, and references therein), several TH ‘
proteins (reviewed in Skeiky et al,, Nat. Rev. Microbiol. 4(6}:469-476, 2006), malaria
parasiie antigens such as RTS,S (a pre-erythrocytic eircumsporozoite protein, CSP} and
others (e.g., reviewed in Li et al., Vaccine 25(1412567-2574, 2007), CHIKV envelope
proteins E1 and E2 {or the C-E2-EI, E2-E1 cassettes), HCV structural proteins C-E1-E2
forming VLPs (Ezelle et al., J. Virol. 76{23):12325-12334, 2002} or other proteins to
induce T-cell responses, Ebola virus glycoprotein GP (Yang et al., Virology 377(2):255-
264, 2008).

In addition to the immunogens described above, the vectors deseribed herein may
include one or more immunogen(s) derived from or that direct an immune response
against one or more viruses (e.g., viral target antigen(s)) including, for example, a dsDNA
virus {e.g., adenovirus, herpesvirus, epstein-barr virus, herpes simplex type 1, herpes
simplex type 2, human herpes virus simplex type &, human cytomegalovirus, varicella-
zoster virus, poxvirus); ssDNA virus (e.g., parvovirus, papillomavirus (e.g., E1, £2, E3,
E4, £5, E6, E7, E8, BPV1, BPV2, BPV3, BPV4, BPVS, and BPV6 (In Papiliomavirus
and Human Cancer, edited by H. Pfister {CRC Press, Inc. 1990)); Lancaster et al., Cancer
Metast, Rev. pp. 6653-6664, 1987; Plister et al., Adv. Cancer Res. 48:113-147, 1987));
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dsRNA viruses (e.g., reovirus); (+)ssRNA viruses (e.g., picornavirus, coxsackie virus,
hepatitis A virus, poliovirus, togavirus, rubella virus, flavivirus, hepatitis C virus, yeliow
fever virus, dengue virus, west Nile virus); (-3ssRNA viruses (e.g., orthomyxovirus,
influenza virus, rhabdovirus, paramyxovirus, measles virus, mumps virus, parainfluenza
virus, rthabdovirus, rabies virus); ssRNA-RT viruses (e.g., retrovirus, human
immunodeficiency virus (HIV)); and dsDNA-RT viruses (e.g. hepadnavirus, hepatitis B).
Immunogens may also be derived from other virnses not listed above but available to
those of skill in the art.

With respect to HIV, immunogens may be selected from any HIV isolate. Asis
well-known in the art, HIV isolates are now classified into diserete genetic subtypes.
HIV-1 is knnown to comprise at least ten subtypes (A, B, C, D, E, F, G, H, ], and K}.
HIV-2 is known to include at least five subtypes (A, B, C, D, and E). Subtype B has been
associated with the HIV epidemic in homosexual men and intravenous drug users
worldwide. Most HIV-1 immunogens, laboratory adapted isolates, reagents and mapped
epitopes belong to subtype B. In sub-Saharan Africa, India, and China, areas where the
incidence of new HIV infections is high, HIV-1 subtype B accounts for only a small
minority of infections, and subtype HIV-1 C appears to be the most common infecting
subtype. Thus, in certain embodiments, it may be desirable to select immunogens from
HIV-1 subtypes B and/or C. It may be desirable to include immunogens from multiple
HIV subtypes {e.g., HIV-1 subtypes B and C, HIV-2 subtypes A and B, or a combination
of HIV-1 and HIV-2 subtypes) in a single immunociogical composition. Suitable HIV
immunogens include ENV, GAG, POL, NEF, as well as variants, derivatives, and fusion
proteins thereof, for example.

Immunogens may also be derived from or direct an immune response against one
or more bacterial species (spp.} (e.g., bacterial target antigen{s)) including, for exampie,
Bacillus spp. {e.g., Bacillus anthracis), Bordetella spp. (e.g., Bordetella pertussis),
Borrelia spp. (e.g., Borrelia burgdorferi), Brucella spp. (e.g., Brucelia abortus, Brucella
canis, Brucella melitensis, Brucella suis), Campylobacter spp. {e.g., Campylobacter
jejuni), Chlamydia spp. (e.g., Chlamydia pneumoniae, Chlamydia psiitaci, Chlamydia

trachomatis}, Clostridium spp. (e.g., Clostridium botulinum, Clostridium difficile,
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Clostridium perfringens, Clostridium tetani), Corynebacterium spp. (e.g.,
Corynebacterium diptheriae), Enterococcus spp. {e.g., Enterococcus faecalis,
enterococcus faccum), Escherichia spp. (e.g., Eschericﬁia coli), Franciselia spp. (e.g,,
Franciselia tularensis), Haemophilus spp. (e.g,, Haemophilus influenza), Helicobacter
spp. {e.g., Helicobacter pylori), Legionella spp. (e.g., Legionella pneumophila),
Leptospira spp. (e.g., Leptospira interrogans), Listeria spp. {e.g., Listeria monocytogenes),
Mycobacterium spp. {e.g., Mycobacterium leprae, Mycobacterium tuberculosis),
Mycoplasma spp. {e.g., Mycoplasma pneumaniae), Neisseria spp. {e.g., Neigseria
gonorrhea, Neisseria meningitidis), Pseudomonas spp. (e.g., Pseudomonas aeruginosa),
Rickettsia spp. {e.g., Rickettsia rickettsii), Salmonella spp. (e..g‘, Salmonella typhi,

Salmonella typhinurium}, Shigella spp. (e.g., Shigella sonnei), Staphylococeus spp. (e.g.,

Staphylococeus aureus, Staphylococcus epidermidis, Staphylocoscus saprophyticus,

coagulase negative staphylococcus (e.g., U.S, Patent No. 7,473,762)), Streptococeus spp.
(e.g., Streptococcus agalactiag, Strepiococcus pneumoniag, Sirepfococcus pyrogenes),
Treponema spp. (¢.g., Treponema pallidum}, Vibrio spp. {e.g., Vibrio cholerae), and
Yersinia spp. (Yersinia pestis). Immunogens may also be derived from or direct the
immune response against other bacterial species not listed above but available to those of
skill in the art. |

Immunogens may also be derived from or direct an immune reSpoﬁse against ong
or more parasitic organisms (spp.) (e.g., parasite target antigen{(s)) inclhuding, for example,
Ancylostoma spp. (e.g., A. duodenaie), Anisakis spp., Ascaris lumbricoides, Balantidium
coli, Cestoda spp., Cimicidae spp., Clonorchis sinensis, Dicrocoelium dendriticum,
Dicrocoelium hospes, Diphyliobothrium latum, Dracunculus spp., Echinococcus spp.
(e.g., E. granulosus, E. multilocularis), Entamoeba histolytica, Enterobius vermicularis,
Fasciola spp. (e.g., F. hepatica, F. magna, F. gigantica, F. jacksoni), Fasciolopsis buski,
Giardia spp. (Giardia lamblia), Gnathosioma spp., Hymenolepis spp. {e.g., H. nana, H.
diminuta), Leishmania spp., Loa loa, Metorchis spp. (M. conjunctus, M. albidus), Necator
americanus, Oestroidea spp. (2.g., botfly), Onchocercidae spp., Opisthorchis spp. {e.g., O.
viverrini, O. felineus, O. guayaquilensis, and O. noverca), Plasmodium spp. (e.g., P.

faiciparum), Protofasciola robusia, Parafasciolopsis fasciomorphae, Paragonimus
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westermani, Schistosoma spp. (e.g., S. mansoni, 8. japonicum, S. mekongi, S.
haematobium), Spirometra erinaceieuropael, Strongyloides stercoralis, Taenia spp. (e.g.,
T. saginata, T. solium), Toxocara spp. (e.g., T. canis, T. cati), Toxoplasma spp. (e.g., T.
gondii}, Trichobilharzia regenti, Trichinella spiralis, Trichuris trichiura, Trombiculidae
spp., Trypanosoma spp., Tunga penelrans, and/or Wuchereria bancrofti. Immunogens
may also be derived from or direct the immune response against other parasitic organisms
not listed above but available to those of skill in the art.

Immunogens may be derived from or direct the immune resporse against tumor
target antigens {e.g., tumor target antigens). The term tumor target antigen (TA) may
include both tumor-associated antigens (TAAS) and tumor-specific antigens (TSAs),
where a cancerous cell is the source of the antigen. A TA may be an antigen that is
expressed on the surface of a tumor cell in higher amounts than is observed on normal
cells or am antigen that is expressed on normal cells during fetal development. A TSA is
typically an antigen that is unique fo tumor cells and is not expressed on normal cells.
TAs are typically classified into five categories according to their expression pattern,
function, or genetic origin: cancer-testis (CT) antigens (l.e., MAGE, NY-ESO-1);
melanoccyte differentiation antigens (e.g., Melan A/IMART-1, tyrosinase, gp100);
mutational antigens {¢.g., MUM-1, 583, CDK-4}; overexpressed ‘self” antigens (e.g.,
HER-2/neu, pS3); and viral antigens (e.g., HPV, ERV), Suitable TAs include, for
example, gp100 (Cox et al., Science 264:716-719, 1994), MART-1/Melan A (Kawakami
et al, J. Exp. Med., 180:347-352, 1994), gp75 (TRP-1} (Wang et al., . Exp. Med.,
186:1131-1140, 1996), tyrosinase (Wolfel et al,, Eur. I Immunol., 24:759-764, 1994),
NY-ESO-1 (WO 98/14464; WO 99/18206), melanoma proteoglycan (Hellstrom et al., J.
Immunol., 130:1467-1472, 1983}, MAGE family antigens (e.gl, MAGE-1, 2, 3, 4, 6, and
12; Van der Bruggen et al., Science 254:1643-1647, 1991; U.8. Patent No. 6,235,525),
BAGE family antigens (Boel et al., Immunity 2:167-175, 1995), GAGE family antigens
{e.g., GAGE-1,2; Van den Eynde et al., J. Exp. Med. 182:689-698, 1995; U.S. Patent No.
6,013,765), RAGE family antigens (e.g., RAGE-1; Gaugler et al,, Immunogenetics
44:323-330, 1996; L1.8. Patent No. 5,939,526}, N-acetylgiucosaminyltransierase-V
{Guilloux et al,, J. Exp. Med. 183:1173-1183, 1996), p15 (Robbins et al., J. Immunol.
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154:5944-5950, 1993), B-catenin (Robbins et al., J. Exp. Med., 183:1185-1192, 1996},
MUM-1 (Coulie et al., Proc. Natl. Acad. Sci. US.A. 92:7976-7980, 1993), cyclin
dependent kinase-4 (CDK4) (Wolfel et al., Science 269:1281-1284, 1995), p21-ras
{Fossum et al., Int. J. Cancer 56:40-45, 1994), BCR-gb! (Bocchia et al., Blood 85:2680-
2684, 1995), p53 (Theobald et al., Proc. Natl. Acad. Sci. U.S.A. 92:11993-11997, 1995),
p185 HER2/neu (erb-B1; Fisk et al, J. Exp. Med., 181:2169-2117, 1995), epidermal
growth factor receptor (EGFR) (Harris et al., Breast Cancer Res. Treat, 29:1-2, 1994),
carcinoembryonic antigens (CEA) (Kwong et al., J. Natl. Cancer Inst., 85:982-990, 1995)
U.8. Patent Nos. 5,756,103; 5,274,087, 5,571,710; 6,071,716; 5,698,530, 6,045,802; EP
263933; EP 346710; and EP 784483, carcinoma-associated mutated mucins (e.g., MUC-1
gene products; ferome et al,, J. Immunol., 151:1654-1662, 1993); EBNA gene products
of EBV (e.g., EBNA-1; Rickinson et al., Cancer Surveys 13:53-80, 1992); E7, E6
proteins of human papillomavirus (Ressing et al., J. Immunol. 154:5934-5943, 1995};
prostate specific antigen (PSA; Xue et al,, The Prostate 30:73-78, 1997); prostate specific
membrane antigen (PSMA,; Israeii et al., Cancer Res. 54:1807-1811, 1994); idiotypic
epitopes or antigens, for exampie, immunoglobulin idiotypes or T cell receptor idiotypes
{Chen et al., J. Immunol. 153:4775-4787, 1994); IK8A (1.S. Patent No. 5,348,887),
kinesin 2 (Dietz, et al,, Biochem. Biophys. Res. Commun. 275(3):731-738, 2000), HIP-
55, TGFg-1 anti-apoptotic factor (Toomey et al,, Br. J. Biomed. Sci. 58(3):177-183,
2001), tumor protein D52 (Bryne et al., Genomics 35:523-532, 1996), HIFT, NY-BR-1
(WO 01/47959), NY-BR-62, NY-BR-75, NY-BR-~85, NY-BR-87, and NY-BR-96
(Scantan, M. Serclogic and Bioinformatic Approaches to the Identification of Human
Tumor Antigens, in Cancer Vaccines 2000, Cancer Research Institute, New York, NY),
and/or pancreatic cancer antigens {e.g., SEQ 1D NOs: 1-288 of U.S. Patent No.,
7,473,531). Immunogens may also be derived from or direct the immune response
against include TAs not listed above but available to one of skill in the art.

In addition to the specific immunogen sequences listed above, the invention also
includes the use of analogs of the sequences. Such analogs include sequences that are, for
example, at least 80%, 90%, 95%, or 99% identical to the reference sequences, or

fragments thereof. The analogs also include fragments of the reference sequences that
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include, for example, one or more immunogenic epitopes of the sequences. Further, the
analogs include truncations or expansions of the sequences (e.g., insertion of
additional/repeat immunodominant/helper epitopes) by, e.g, 1,2, 3,4,5,6,7,8, 9, 10,
11-20, etc., amino acids on either or both ends. Truncation may remove immunoclogically
unimportant or interfering sequences, e.g., within known structural/immunologic
domains, or between domains; or whole undesired domains can be deleted; such
modifications can be in the ranges 21-30, 31-50, 51-100, 101-400, etc. amino aci'ds. The

ranges also include, e.g., 20400, 30-100, and 50-100 amino acids.

Cocktails

The invention also includes compositions including mixtures of two or more PIVs
and/or PIV vectors, as described hersin. As discussed above, use of such mixtures or
cocktails may be particularly advantageous when induction of immunity to more than one
immunogen and/or pathogen is desired. This may be useful, for example, in vaccination
against different flaviviruses that may be endemic to the region in which the vaccine
recipient resides. This may also be useful in the context of administration of multiple
immunogens aga‘i'ﬁfst the same target.

Non-Hmiting examples of P1V cocktails included in the invention are those
including PIV-JE + PIV-DEN, and PIV-YF + PIV-DEN. In both of these examples, the
PIVs for either or both components can be single or dual cormponent PIVs, as described
above. In addition, in the case of the PIV-DEN, the PIV can include sequences of just
one dengue serotype selected from the group consisting of dengue serotypes 1-4, or the
cocktail can include PIVs expressing sequences from two, three, or all four of the
serotypes. Further, the TBE/Borrelia burgdorferiftick saliva protein (e.g., 64TRP, Isac,
Salp20) vaccines described herein can be based on including the different immunogens
within a single PIV or live aftenuated flavivirus, or can be based on mixtures of PIVs {or
LAVS), which each inciude one or more of the immunogens. The cocktails of the

invention can be formulated as such or can be mixed just prior to administration.
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Use, Formulation, and Adminisiration

The invention inciudes the PIV vectors, PI'Vs, LAY vectors, and LA Vs, as well as
corresponding nucleic acid molecules, pharmaceutical or vaccine compositions, and
methods of their use and preparation. The PIV vectors, PIVs, LAV vectors, and LAVs of
the invention can be used, for example, in vaccination methods to induce an immune
response (o TBE or other flavivirus, and/or another expressed immunogen, as described
herein. These methods can be prophylactic, in which case they are carried out on subjects
{e.g., human subjects or other mammalian subjects) not having, but at risk of developing
infection or disease caused by TBE or another flavivirus and/or a pathogen from which
the other expressed immunogen is derived. The methods can also be therapeutic, in
which they are carried out on subjects already having an infection by one or more of the
relevant pathogens. Further, the viruses and vectors can be used individually or in
combination with one ancther or other vaccines. The subjécts treated according to the
methods of the invention include humans, as well as non-human mammals (e.g.,
livestock, such as, cattle, pigs, horses, sheep, and goats, and domestic animals, including
dogs and cats).

Formulation of the P1V veciors, PIVs, LAY vectors, and LA Vs of the invention
can be carried out using methods that are standard in the arl. Numerous pharmaceutically
acceptable solutions for use in vaccine preparation are well known and can readily be
adapted for use in the present invention by those of skill in this art (see, e.g., Remingion’s
Pharmaceutical Sciences (18% edition), ed. A. Gennaro, 1990, Mack Publishing Co.,
Easton, PA). In two specific examples, the PIV vectors, PIVs, LAV vectors, and LAVs
aré formulated in Minimum Essential Medium Earle’s Salt (MEME) containing 7.5%
lactose and 2.5% human serum albumin or MEME containing 10% sorbitol. However,
the PIV vectors, P1Vs, LAV vectors, and LA Vs can simply be diluted in a physiologically
acceptable solution, such as sterile saline or sterile buffered saline.

The PIV vectors, P1Vs, LAYV vectors, and LA Vs of the invention can be
administered using methods that are well known in the art, and appropriate amounis of
the viruses and vectors to be administered can readily be determined by those of skill in

the art. What is determined to be an appropriate amount of virus to administer can be
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determined by consideration of factors such as, e.g., the size and general health of the
subject to whom the virus is to be administered. For example, in the case of live,
attenuated viruses of the invention, the viruses can be formulated as sterile agueous
solutions containing between 10” and 108, e.2., 10° to 107, infectious units {e.g., plaque-
forming units or tissue culture infectious doses) in a dose volume of 0.1 to 1.0 mL PIVs
can be adm_inistered at similar doses and in similar volumes; PIV titers however are
usually measured in, e.g., focus-forming units determined by immunostaining of foci, as
these defective constructs tend not 1o form virus-like plaques. Doses can range between

10% and 10° FEU and administered in volumes of 0.1 w0 1.0 ml.

Al viruses and vectors of the invention can be administered by, for example,
intradermal, subcutaneous, intramuscular, intraperitoneal, or oral routes. In specific
examples, dendritic cells are targeted by intradermal or transcutaneous sdministration, by
use of, for example, microneedies or m icroabrasion devices. Further, the vaccines of the
invention can be administered in 2 single dose or, optionally, administration can involve
the use of a priming dose followed by a booster dose that is administered, £.g,, 2-6
months later, as determined to be appropriate by those of skiil in the art. Optionally, PIV
vaceines can be administered via DNA or RNA immunization using methods known to
those skilled in the art (Chang et al., Nat. Biotechnol. 26:371-577, 20608; Kofler et al.,
Proc. Natl. Acad. Sci. U.S.A. 101:1951-1956, 2004).

Optionally, adjuvants that are known to those skilled in the art can be used in the
administration of the viruses and vectors of the invention. Adjuvants that can be used to
enhance the immunogenicity of the viruses include, for example, liposomal formulations,
synthetic adjuvants, such as (e.g., Q521), muramyl dipeptide, monophosphoryl lipid A,
polyphosphazine, CpG oligonucleotides, or other molecules that appear to work by
activating Toll-like Receptor (TLR) molecules on the surface of cells or on nuclear
membranes within cells. Although these adjuvants are typically used to enhance immune
responses 1o inactivated vaccines, they can also be used with live or replication-defective
vaccines. Both agonists of TLRs or antagonists may be useful in the case of live or
replication-defective vaccines. The vaccine candidates can be designed to express TLR

agonists. In the case of a virus delivered via a mucosal route, for example, orally,
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mucosal adjuvants such as the heat-labile toxin of £ coli (LT) or mutant derivations of
LT can be used as adjuvants. In addition, genes encoding cytokines that have adjuvant
activities can be inserted into the vaccine candidates. Thus, genes encoding desired
oytokines, such as GM-CSF, 1L-2, 1L-12, 1L-13, 1.-5, etc,, can be inserted together with
foreign immunogen genes to produce a vaceine that results in enhanced immune
responses, or to modulate immunity directed more specifically towards cellular, humoral,
or mucosal responses (e.g., reviewed in “Immunopotentiators in Modern Vaceines”,
Schijns and O’Hagan Eds., 20086, Elsevier Academic Press: Amsterdam, Boston, etc.).
Optionally, a patch containing a layer of an appropriate toxin-derived adjuvant, can be
apphied over the injection site. Toxin promotes local inflammation attracting

lymphocytes, which leads to a more robust immune response,

Examples

Additional details concerning the invention are provided in the Examples, below.
In the Examples, experiments are described in which PIVs based on WN, JE, and YF
viruses (see, e.g., WO 2007/098267 and WG 2008/137163) were tested. Firstly, we
demonstrated that the constructs are significantly more attenuated in a sensitive suckling
mouse neurovirtlence model (zero mortaiiry at all tested doses) as compared to available
LAY controls (YF 17D, YF/AE LAV, and YF/WN LAV). We demonstrated for the first
time that d-PIV constructs were avirulent in this model and thus that two-component
PIVs do not undergo uncontrolied (unlimited) spread in vivo and cannot cause clinical
signs. Secondly, we performed comparisons of the immunogenicity and efficacy of the
PIVs and the LAVs, and demonstrated that PIV vaccines can induce immune response
comparable to LA Vs and be equally efficacious {e.g., as observed for PIV-WN and
YF/WN LAV pair of vaccines). In one pair examined, YF 17D LAV was significantly
more immunogenic than PIV-YF. Thus, production of YLPs can vary berween different,
similarly designed PIV constructs. Specifically, we propose that PIV-YF does not
generate a large amount of YF VLPs compared to PIV-WN (WN VLPs), and that
increased production of VLPs can be achieved by genetic modifications at the C/prM

junction in suboptimal PV constructs, Specifically, the C/prM junction is an important
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location in the flavivirus polyprotein orchestrating the formation of viral envelope and
synthesis of viral proteins (Yamshchikov and Compans, Virology 192:38-51, 1993;
Amberg and Rice, J. Virol, 73:8083-8094, 1999; Stocks and Lobigs, J. Virel, 72:2141-
2149, 1998). We propose that secretion of VLPs in PIV infected cells (in contrast to
production of viral particles in whole viruses) can be increased by uncoupling of the viral
protease and signalase cleavages at the junction, or use of a strong heterologous signal
peptide (tPA, ete.) in place of the signal for prM, or by mutagenesis of the signal for prM.
The efficiency of signalase cleavage at the C/prM junction of flaviviruses is low {Stocks
and Lobigs, J. Virol. 72:2141-2149, 1998), e.g., as predicted by SignalP 3.0 on-line
program. It is expected that more efficient cleavage efficiency can be achieved by
anatysis of specific amino acid substitutions near the cleavage site with SignalP 3.0 {e.g.,
as described in application WO 2008/100464), followed by incorporation of chosen
mutation(s} into P1V genomes, recovery of PIV progeny and measuring VLP secretion.
Non-flavivirus signals are inserted by methods standard in the art. Uncoupling between
the viral protease and signalase cleavages can be achieved by ablating the viral cleavage
site by any non~conservative mutation {e.g., RRS in YF17D C to RRA or GRS or RSS,
etc.), or deletion of the entire site or some of its 3 residues. if necessary, formation of
free N-terminus of the signai of foreign protein can be achieved by using such elements as
autoprotease, or texmination codon followed by an IRES. Alternatively, the native AUG
initiation codon of C can be ablated (in constructs where C protein sequence is
unnecessary, £.8., AC PIV) and AUG placed in front of foreign gene. Optimization of
vector signal can be performed by random mutagenesis, e.g., by insertion of synthetic
randomized sequence followed by identification of viable PIV variants with increased
VLP secretion,

We also discovered that PIV constructs were substantially more immunogenic in
hamsters when administered by the IP route, as compared to the subcutaneous route. We
concluded that this was most likely due to better targeting of antigen presenting cells in
fymphoid tissues, which are abundant in the abdomen, but not abundant in tissues
underlying the skin. Based on these observations, we concluded that efficient targeting of

P1Vs to dendritic cells, abundant in the skin, can be achieved by cutaneous inoculation,
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e.g., via skin microabrasion or intradermal injection using microneedles (Dean et al,,
Hum Vaccin, 1:106-111, 2005).

Further, we have carried out experiments to show the feasibility of administering
mixtures, or cocktails, of different PIVs, such as those described herein (e.g., JE+DEN
and YF+DEN). In order to administer cocktails, it is important to verify that there is no
interference between co-administered components, and that a balanced immune response
is induced. Several FIV mixtures were used to immunize rodents and immune responses
were compared to PIV constructs administered individually, No interference was
observed in mixtures, and thus cocktail PIV vaceines are feasible, Such formulations
may be of particular significance in geographical regions where different Haviviruses co-
circulate. This could be also used to simuitaneously administer several PIV-based
vaccines against non-flavivirus pathogens.

Further, wa have demonstrated that no neutralizing antibody response is induced
against packaging envelope after at least two doses of PIV (and thus antibodies are
elicited against VLPs secreted from infected cells). This was demonstrated using the
helper (AprM-E) component of a d-P1V (see in Fig. 2) packaged individually, or by
measuring neutralizing antibodies 1o heterologous packaging envelopes (e.g., to the WN
envelope used to package PIV-JE in helper cells providing WN-specific C-prM-E
proteins in trans). The latter observations support sequential use of different PIV
vaccines manufactured in a universal helper packaging cells line, and sequential use of
different recombinant PIV-vectored vaccines in the same individual, as discussed above.
In addition, we confirmed previous observations that PIV constructs can be stably
propagated to high yields in vitro, and that no recombination restoring whole virus occurs
after prolonged passaging in substrate cells (Mason et al., Virology 351:432-443, 2006;
Shustov et al., J. Virol. 21:11737-11748, 2007).

These and other aspects of the .invention are further described in the Examples,

bejow.

39



15

24

30

Example 1. Pseudoinfections virus platform development studies

Attenuation in suckling mouse newrovirulence (NV) model

Materials used in the studies described below are described in Table | and the
references cited therein. These include s-PIV-WN (based on wt WN virus strain NY99
sequences), s-PIV-JE, s-PIV-WN/IE (based on wt WN virus backbone and prM-E genes
from wt JE virus Nakayama strain), s-PIV-YF/WN (YF 17D backbone and prM-E genes
from WN virus), and s-PIV-YF (Based on YF 17D sequences). Additional materials
include d-PIV-YF (YF d-PIV, grown in regular BHK cells (Shustov et al., I. Virol.
21:11737-11748, 2007), and two-component d-PIV-WN {grown in regular Vero cells;
Suzuki et al., J. Virol. 82:6942-6951, 2008).

Attenuation of these PIV prototypes was compared 1o LAVS YEF 17D, a chimeric
YF/IE virus, and & chimeric YF/WN virus in suckling mouse NV test (IC inoculation)
using highly susceptible 5-day old ICR mice (the chimeric viruses include yellow fever
capsid and non-structural sequences, and JE or WN prM-E sequences). None of the
animals that received PIV constructs showed clinical signs or died, while mortality was
observed in animals inoculated with LAVs (Table 2). The YF 17D virus is neurovirulent
for mice of all ages, while the chimeric vaccings are not neurovirulent for adult mice, but
can cause dose-dependent mortality in more sensitive suckling mice (Guirakhoo et al.,
Virology 257:363-372, 1999; Arroyo et al., J. Virol. 78:12497-12507, 2004).
Accordingly, 90%-100% of suckling mice that recetved doses aslowas 1 PFU of YF 17D
died. YF/JE and YF/WN LA Vs caused partial mortality at much higher doses (> 2 logio
PFU and 3 logio PFU, respectively), with longer average survival time (AST) of animals
that died, as expected, Thus, PIV constructs are completely avirulent in this sensitive
model (at least 20,600 - 200,000 times less neurovirulent than the licensed YF 178
vaccing).

The YF d-P1V and WN d-P1V caused no mortality or clinical signs. Thus, the
two-component PIV variants that theoretically could s'pread within brain tissue from cells
co-infected by both of their components did not cause disease. Muoreover, we tried to
detect the d-PIVs in the brains of additional animals in this experiment, sacrificed on day

6 post-inoculation by titration, and detected none {brain tissues from 10 and 11 mice that
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" received 4 logyg FFU of YF d-PIV and WN d-PIV, respectively, were homogenized and

used for titration}. Thus, the d-PiVs did not cause spreading infection characteristic of
whole virus. YF/JE LAV has been shown to replicate in the brain of adult ICR mice
inoculated by the IC route with-a peak titer of ~ 6 logyo PFU/g on day 6, albeit without
clinical signs (Guirakhoo et al., Virology 257:363-372, 1999). Co-infection of cells with
components of a d-PIV is clearly a less efficient process than infection with whole virus.
The data show that d-P1V replication in vivo is quickly brought under control by innate

immune responses (and adaptive responses in older animals).

Immunogenicity/efficacy in mice and hamsters

Immunogenicity/efficacy of the PIV prototypes described above was compared to
that of chimeric LAY counterparts and YF 17D in mice and Syrian hamsters. The general
experiment design is iHustrated in Fig. 3 (mice, IP immunization}. Experiments in
hamsters were performed similarly (plus-minus a few days, SC or IP incculation with
doses indicated below). 3.5-week old ICR mice (for s-PIV-WN and -YF, YF/WN LAY,
and YF 17D groups) or C57/BL6 mice (for s-PIV-JE and YF/AE LAV groups) were
immunized 1P with graded doses of PIV constructs (4-6 fogp FFU/dose) or chimeric
LAV and YF 17D LAV controls (4 fogo PFU). Select PIV-WN, -JE and -YF groups
were boosted on day 21 with 5 logye F¥'U of corresponding construcis (Table 3).
Neutralizing antibody responses were determined in animal sera by standard PRNTsg
against YF/WN or /JE LAVs, or YF 17D viruses. PIV-WN induced very high WN-
specific neutralizing antibody responses in all groups, with or without boost, as evidenced
by PRNT;p titers determined in pools of sera from immunized animals on days 20 and 34,
which was comparable to that in the YF/WN LAV control group. Accordingly, animals
immunized with both PIV-WN and YF/WN LAV were protected from lethal challenge on
day 35 with wt WN virus {IP, 270 LDsg}, bui not mock-immunized animals (Table 3).
When WN neulralizing antibodies were measured in sera from individual mice, high
uniformity of immune responses was observed (Fig. 4). Thus, single-round PIV vaccines
can be as immunogenic and efficacious as corresponding LAVs. PIV-JE was also highly

immunogenic {black mice), while immunogenicity of PIV-YF was significantly lower
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compared to the YF 17D control (ICR mice). Yet, dose-dependent protection of PIV-YF
immunized animals (but not mock-immunized animals) was observed following a severe
lethal 1C challenge with wt YF strain Asibi virus (560 LDso) (Table 3), which is in
agreement with the knowledge that neutralizing antibody titers as low 1:10 are protective
against flavivirus infections. ©

The YF 17D controf virus was highly immunogenic {(e.g., PRNTg titer 1:1,280 on
day 34), and thus it is able to infect cells and replicate efficiently in vivo, and its envelope
is a strong immunogen. Therefore, it is uniikely that low immunogenicity of PIV-YF was
due fo its inability to infect cells or replicate efficiently in infected cells in vivo, We
believe that the low immunogenicity of PIV-YF (e.g., compared to PIV-WN) was most
likely due to a low-level production of YF-gpecific VLPs in PIV-YF infected cells (while
Y1.P secretion is high in PIV-WN infected cells). As discussed above, we propose that
immunogenicity of PIV-YF can be ségniﬁcagtiy increased, e.g., by appropriate
maodifications at the C/prM junction, e.g., by uncoupling the two protease cleavages that
occur at this junction (viral protease and signalase cleavages), and/or by using a strong
heterologous signal fe.g., rabies virus G protein signal, or eukaryotic tissue plasminogen
aot‘i\;msr (tPA) signal (Malin et al., Microbes and Infection, 2:1677-1685, 2000), etc.] in
place of the YT signal for pril.

A similar experiment was performed in ~ 4.5-week old Syrian hamsters, to
compare immunogenicity of PIV constructs 1o LAV controls in this model. Animals were
immunized SC with graded doses of the test articles (Table 4). PIV-WN was highly
immunogenic, e.g., WiN-specific PRNTsp titers on day 38 (pre~challenge) were 1:320,
1:640, and 1:1280 in groups that received 5, 6, and 6 (prime)+3 (boost) log,s FFU doses,
respectively. This was somewhat lower compared to YF/WN LAV 4 log;e PFU control
> 1:2560). PIV-JE and —YF induced detectable specific neutralizing antibody responses,
albeit with lower titers compared to YF/JE LAV and YF 17D controls. Al animals
immunized with PIV-WN and YF/WN were solidly protected from lethal challenge with
wt W virus as evidenced by the absence of mortality and morbidity {e.p., loss of body
weight after challenge), as well as absence or a significant reduction of posichallenge WN

virus viremia. Mock-immunized animals were not protected (Table 4). PIV-JE and ~WN
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protected animals from respective challenge in dose-dependent fashion. Protective
efficacy in this experiment is additionally illustrated in Fig. 5. For example, high post-
challenge YF virus (hamster adapted Asibi strain) viremia was observed in mock
immunized animals, peaking on day 3 at a liter of> 8 log,o PFU/ml (upper'!eﬁt panel}; all
of the animals lost weight, and 1 out of 4 died (upper right panel). In contrast, viremia
was significantly reduced or absent in hamsters immunized with PIV-YF {two doses;
despite relatively low neutralizing titérs) or YF 17D; none of these animals lost weight.
Similarly, animals immunized with PIV-WN or YF/WN LAV were significantly or
completely protected in terms of post-challenge WN virus viremia and body weigh
loss/mortality, in contrast to mock controls {(compare in bottom panels). Thus, high
immunogenicity/efficacy of PIV was demonstrated in a second animal model,

In another hamster experiment, animals were immunized with PIV constructs by
the IP route, with two doses. Table 5 compares neutralizing immune responses (specific
for each vaccing) determined in pooled sera of hamsters in the above-described
experiment (SC inoculation) to those after IP immunization, for PIV-WN, - YF/WN, ~
WN/JE, and ~YF after the first dose (days 20-21) and second dose {days 34-38). A clear
effect of the immunization route was observed both after the 1% and 2™ doses. For
instance, for PIV-WN after 1¥ dose, SC immunization resulted in WN-specific PRNTS0
titer of 1:40, while IP inoculation resulted in much higher titer 1:320 (and after the 2™
dose, titers were similar). A more pronounced effect was observed for other constructs
after both the 1™ and 2™ doses. Interestingly, PIV-YF/WN was very highly immunogenic
by IP route (titer 1:320 after 17 IP dose vs. 1:20 by SC, and 1:1,280 after 2™ dose vs.
1:160 by SC}. Similarly, immunogenicity of PIV-JE was significantly increased {e.g., JE-
specific titer of 1:640 after two [P poses). Thus, better targeting of lymphoid cells,
specifically antigen-presenting cells (which are more abundant in the abdomen as
opposed to tissues under the skin), is an important consideration for use of PIV vaccines.
In humans, efficient targeting of dendritic cells of the skin, increasing the magnitude of
immune response, can be achieved by intradermal delivery, which we thus propose for a
route for PIV immunization of humans.

In the above-described experiments, we also determined whether a neutralizing
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antibody response was induced against packaging envelopes (as opposed to response to
VLPs encoded by P1V constructs and secreted by infected celis). No WN-specific
neutralizing antibodies were detected by PRNTsy in animals immunized with 5 logys FFU
of the second component of WN d-P1V, containing the AC-prM-E deletion and thus not
encoding VLPs, but packaged into the WN envelope in BHK-CprME{WN)} helper celis,
and no YF-gpecific neutralizing activity was found in sera from animals immunized with
4 fogio FFU of the second component of YF d-P1V packaged in YF envelope. No YF-
specific néhtraiizing response was induced by two doses of PIV-YF/WN packaged into
YF envelope, and similarly, no WN-specific response was induced by two doses of PIV-
JE packaged into WN envelope. The absence of neutralizing response against packaging
envelopes permits manufacturing different PIV vaccines in one (universal) manufacturing
heiper cell line, or immunization of one individual with different recombinant vaccines

based on the same vector, according to the present invention.

PIV cockiails

Because PIVs undergo a single (optionally several, but limited) round(s) of
replication in vivo, we considered that mixtures of different PI'V vaccines can be
administered without interference between individual constructs in the mixture {cocktail}.
To elucidate whether P1V vaccines can be used in cocktail formulations, immune
responses in mice and hamsters to several P1V constructs given as mixtures were
compared to the same constructs given individually. Similar results were obtained in
both animal models. Results of mouse experiments are shown in Table 6. Similar anti-
JE neutralizing antibody titers were observed in pools of sera from animals that were
given one or two doses of either PIV-JE + PIV-WN mixture or PIV-JE alone (1:20 vs.
1:80 and 1:640 vs. 1:160, for one and two doses, respectively). Similarly, WN-specific
titers against PIV-JE + PIV-WN mixture and PIV-WN alone were similar (1:320 vs.
1:640 and 1:5,120 vs. 1:5,120 for one and 2 doses, respectively). No or little cross-

specific response was induced by either PIV-JE or -WN. The result was also confirmed

- by measuring PRNTsg titers in sera from individual antmals, Thus, it is clear that PIV

vaccines can be efficientdy administered as cocktails, inducing immunity against two or
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more flavivirus pathogens. In addition, as discussed above, various cocktails can be
made between non-flavivirus PIV vaccines, or between any of flavivirus and non-

flavivirus PIV vaccines.,

In vitro studies

Different PIV prototypes were serially passaged up to 10 times in helper BHK
cells, for s-PIVs, or in regular Vero cells, for d-PIVs. Samples harvested after each
passage were titrated in Vero cells by immunostaining. Constructs grew to high titers,
and no recombination restoring whole virus was observed. For instance, PIV-WN
consistently grew to titers 7-8 logje FFU/ml in BHK-CprME(WN) helper celis
{containing a VEE replicon expressing the WN virus C-prM-E proteins), and WN d-P1V

grew to titers exceeding 8 logig FFU/mi in Vero cells, without recombination.

Example 2. PIV-TBE

PIV-TRE vaccine candidates can be assembled based entirely on sequences from
wt TBE virus or the closely serologically related Langat (LGT) virus (naturally attenuated
virus, e.g., wit strain TP-21 or its empirically attenuated variant, strain E3), or based on
chimeric sequences containing the backbone {capsid and non-structural sequences} from
YF 17D or other flaviviruses, such as WN virus, and the prM-E envelope protein genes
from TBE, LGT, or other serologically related flaviviruses from the TBE serocomplex.
YF/TBE LAV candidates are constructed based on the backbone from YF 17D and the
privi-E genes from TBE or related viruses (e.g., the ES strain of LGT), similar to other
chimeric LAV vaccines. '

Construction of PIV-TBE and YF/TBE LAV vaccine prototypes was performed
by cloning of appropriate genetic elements into plasmids for PIV-WN (Mason et al.,
Virology 351:432-443, 2006; Suzuki et al., J. Virol. 82:6942-6951, 2008), or plasmids for
chimeric LAVs {e.g., pBSA-AR 1, a single-plasmid version of infectious clone of YF/JE
LAV, W0 2008/036146), respectively, using standard methods in the art of reverse
genetics. The prM-E sequences of TBE virus strain Hypr (GenBank accession number

U39292) and LGT strain E5 {(GenBank accession number AF253420) were first computer
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codon-optimized to conform to the preferential codon usage in the human genome, and to
eliminate nucleotide sequence repeats longer than 8 nt to ensure high genetic stability of
inserts (if determined to be necessary, further shortening of nt sequence repeats can be
performed). The genes were chemically synthesized and cloned into plasmids for PIV-
WN and YFAJE LAV, in place of corresponding priVi-E genes. Resulting plasmids were
in vitro franscribed and appropriate cells (Vero for chimeric viruses, and helper BHK

cells for PIV) were transfected with RNA ftranscripts to generate virus/PIV samples.

YE/TBE LAY construets

In YF/TBE constructs containing either the TBE Hypr (plasmids p42, p45, and
p59Y or LGT E3 (plasmid P43) prM-E genes, two different types of the C/prM junction
were first examined (see in Fig. 6; C/prM junctions only are shown in Sequence
Appendix 1, and complete 5°-terminal sequences covering the SUTR-C-prM-E-
beginning of NS1 region are shown in Sequence Appendix 2. The pd2-derived
YF17D/Hypr chimera contained a hybrid YF17D/Hypr signal peptide for the prM prowein,
while the p45-derived YF17D/Hypr chimera contained a hybrid YF17D/WN signal
peptide for prM (Sequence Appendix 1). The former chimeric virus produced very high
titers at both PO (immediately after transfection) and P1 (the next passage in Vero cells),
up to 7.9 logie PFU/mi, which were 0.5 log)o times higher, compared to the latter virus; in
addition it formed significantly larger plagues in Vero cells (Fig. 6). Thus, use of TBE-
specific residues in the signal peptide for prM conferred a significant growth advantage
over the signal containing WN-specific residues. The p43-derived YF17/LGT chimera
had the same prM signal as the p42-derived virus; it also produced very high titers at PO

and P1 passages (up to 8.1 log;o PFU/mI) and formed large plaques. A derivative of the

pd2-derived virus was also produced from plasmid p59, which contained a strong

attenuating mutation characterized previously in the context of a YF/WN LAY vaccine
virus, specifically, a 3-a.a. deletion in the YF17D-specific C protein (PSR, residues 40-42
in the beginning of a-Helix I; WO 2006/116182). As expected, the p39 virus grew o
lower titers (5.6 and 6.5 log o PFU/ml at PO and P1, respectively), and formed small

plagues (determined in a separate titration experiment and thus not shown in Fig. 6},
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compared (o the parent p42-derived chimera. These initial observations of growth
properties of YF/TBE LAV prototypes, and correlation of replication in vitro with plague

morphologies, have been confirmed in growth curve experiments (Fig. 8).

PIV-TBE constructs

PIV-WN/TBE variants were constructed, and packaged PIV samples were derived
from plasmids p39 and p40 (Fig. 7; Sequence Appendix 1 for C/prM junction sequences,
and Sequence Appendix 3 for complete 5"UTR-AC-prM-E-beginning of NS1 sequences).
These contained complete Hypr or WN prM signals, respectively. Both PTVs were

successfully recovered and propagated in BHK-CprME(WN) or BHK-C(WN) helper celis

' {(Mason et al., Virology 351:432-443, 2006; Widman et al., Vaccine 26:2762-2771,

2008). The PO and P1 sample titers of the p39 variant were 0.2 — 1.0 log, times, higher
than p40 variant. In addition, Vero cells infected with p39 variant were stained brighter
in immunofluorescence assay using a polyclonai TBE-specific antibody, compared to
p4d, indicative of more efficient replication (Fig. 7). The higher rate of replication of the

139 candidate than pd0 candidate was confirmed in a growth curve experiment (Fig. 8).

In the latter experiment, both candidates appeatred to grow better in the BHK-COWN)

helper cells compared to BHIC-CprME(WN), with the p39 variant reaching titer of ~ 7
log;s PFU/ml on day 5 (note that peak titers have not been reached). The discovery of the
effect of prM signal on replication rates of both PIV and chimeric LAY vaccine
candidates, and head-to-head comparison 6f'di‘fferent signals to generate the most
efficiently replicating and immunogenic (see above) construct, are a distinguishing
feature of our approach. As discussed above, the invention also includes the use of other
flavivirus signals, including with appropriate mutations, the uncoupling the viral protease
and signalase cleavages at the C/prM junction, e.g., by mutating or deleting the viral
protease cleavage site at the C-terminus of C preceding the prM signal, the use of strong
non-flavivirus signals (e.g., tPA signal, etc.} in place of prM signal, as well as
optimization of sequences downstream from the signalase cleavage site.

Other PIV-TBE variants based entirely on wt TBE (Hypr strain) and LGT virus
{TP21 wild type strain or attenuvated E5 strainj, and chimeric YF 17D backbone/prM-E

47



1G

20

25

30

(TBE or LGT) sequences are also included in the invention. Helper cells providing
appropriate C, C-prM-E, etc,, proteins (e.g., TBE-specific) for trans-complementation can
be constructed by means of stable DNA transfection or through the use of an appropriate
vector, e.g., an alphavirus replicon, such as based on VEE strain TC~83, with antibiotic
selection of replicon-containing cells. Vero and BHKZ21 cells can be used in practice of
the invention. The former are an approved substrate for human vaccine manufacture; any
other cell line acceptable for human and/or veterinary vaccine manufacturing can be also
used. In addition to s-PIV constructs, d-PIV constructs can also be assembled. To
additionally ascertain safety for vaccinees and the environment, appropriate modifications
can be emploved, including the use of degenerate codons and complementary mutations
in the 5> and 37 €S elements, 1o minimize chances of recombination that theoretically
could result in viable virus. Following construction, all vaccine candidates can be
evaluated in vitro for manufacturability/stability, and in vive for atienuation and
immunogenicity/efficacy, in available pre-clinical animal models, such as those used in

development and quality control of TBE and YT vaccines.

Neurovirulence and :1euroir;vasiveﬂe.5's in mice of PIV-TBE and YF/TBE LAV constructs
Young adult ICR mice (~ 3.5 week-old), were inoculated with graded doses of
PIV-TBE and YF/TBE LAYV candidates by the 1C route to measure neurovirulence, or 1P
route to measure neuroinvasiveness (and later immunogenicity/efficacy). Animals that
received 5 logyp FFU of PIV-Hypr (p39 and p40) variants by both routes survived and
showed no signs of sickness, similar to mock-inocuiated animals (Table 7}, and thus PIV-
TBE vaccines are completely avirulent. Mice inoculated IC with YF 17D control (1 -3
log o PFU) showed dose-dependent mortality, while all animals inoculated 1P {5 logse
PFU) survived, in accord with the knowledge that YF 17D virus is not neuroinvasive. All
animals that received graded IC doses (2 — 4 logie PFU) of YF/TBE LAV prototypes pd2,
pd5, p43, and p59 died {moribund animals were humanely euthanized). These variants
appear to be less attenuated than YF 17D, e.g., as evidenced by complete mortality and
shorter AST at the 2 logp PFU dose, the lowest dose tested for YF/TBE LAV candidates.
The non-neurovirulent phenotype of PIV-TBE, virulent phenotype of YF/TBE LLAV and
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intermediate-virulence phenotype of YF 17D are also illustrated in Fig. 9, showing
survival curves of mice after IC inoculation. It should be noted that the p43 (LGT prM-E
genes) and p39 (the dC2 deletion variant of YF/Hypr LAV) were less neurovirulent than
p42 and p45 YF/Hypr LAV constructs as evidenced by larger AST values for
corresponding doses {Table 7). In addition, pd3 and p59 candidates were non-
neuroinvasive, whife p42 and p45 caused part‘ial mortality after IP inoculation (5 logie
PFU/dose)y (Table 7; Fig. 10). It sh'ouid be noted however that all the YF/TBE LAV
constructs were significantly attenuated as compared to wt TBE viruses, e.g., compared to
wt TBE Hypr virus, which is uniformly highly virulent for mice, both at very low IC
(LDsg~ 0.1 PFUY and 1P (LDse < 10 PFU) doses (Wallner et al., J. Gen. Virol. 77:1035-
1042, 1996; Mandl et al., J. Virol. 72:2132-2140, 1998; Mandl et al,, 1. Gen. Virol
78:1049-1057, 1997

Immunogenicitylefficacy of PIV-TBE and YF/TBE LAV constructs in mice
TBE-specific neutratizing antibody responses in mice immunized 1P with one or
two doses of the PIV-TBE or YF/TBE LAV variants described above, or a human
formalin-inactivated TBE vaccine control (1:30 of human dose) are being measured.
Animals have been challenged with a high 1P dose (500 PFU) of wt Hypr TBE virus;

morbidity (e.g., weight loss), and mortality after challenge are monitored.

Immunogenicity/efficacy of PIV-TBE and YF/TBE LAV constructs in mice

TBE-specific neutralizing antibody responses in mice immunized IP with one or
two doses of the PIV-TBE or YF/TBE LAV variants described above (from experiment
in Table 7), or a human formalin-inactivated TBE vaccine control {1:20 of human dose;
one or two doses), or YF 17D and mock controls, were measured on day 20 by PRNTs
against wi TBE Hypr virus (Table &; second dose of indicated test articles was given on
day 14). [Titers were determined in individual sera, or pooled sera from two animals in
most cases, or pooled sera from 4 animals for the YF17D and Mock negative controls].
Titers in individual test samples as well as GMTs for each group are provided in Table 8.

Titers in test samples were similar within each group, e.g., in groups immunized with
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PIVs, indicating high uniformity of immune response in animals. As expected, no
TBE-specific neutralizing antibodies were detected in negative control groups (YF 17D
and Mock; GMTs < 1:10); accordingly, animals in these groups were not protected from
challenge on day 21 post-immunization with 4 high IP dose (500 PFU) of wt Hypr TBE
virus. Moralities from partial observation {on day 9 post-challenge; observation being
continued) are provided in Table 8, and dynamics of average post-challenge body weights
indicative of mofbidity are shown in Fig. 11. Neutralizing antibodies were detected in
killed vaccine controls, which were particularty high after two doses (GMT 1:1,496);
animals in the 2-dose group were completely protected in that there was no mortality or
body weight loss {but not animals in the 1-dose group). Animals that recetved both one
and two doses of PIV-Hypr p39 had very high antibody titers (GMTs 1:665 and 1:10,584)
and were solidly protected, demonstrating that robust protective immunify can be induced -
by s-PIV-TBE defective vacecine. The two animals that survived immunization with
YF/Hypr p42 chimera (see in Table 7) also had high antibody titers (GMT. 1:6,085) and
were protected (Table 8; Fig. 11). Interestingly, PIV-Hypr p40 and YF/Hypr pd5 were
poorly immunogenic (GMTs 1:15 and 11153 for one and two doses, and 1:68,
respectively). As discussed above, these contained WN-specific sequences in the signal
for prM, while the highly immunogenic PIV-Hypr p39 and YF/Hypr p42 constructs
contained TBE-specific signal sequences. In agreement with discussion above, this result
demonstrates the importance of choosing the right prM signal, e.g., the TBE-specific
signal, 1o achieve high-level replication/VLP secretion, which in this experiment in vivo
resulted in drastically different immune responses, Immunogenicity of YF/LGT p43 and
YE/Hypr dC2 pS9 chimeras was relatively low which could be expected, because of the
use of a heterologous envelope (LGT, different from challenge TBE virus) and high

attenuating effect of the dC2 deletion, respectively.

Example 3, Foreign gene expression
In the examples of recombinant PIV constructs described below, genes of
nterest were codon optimized (e.g., for efficient expression in 2 target vaccination host)

and to eliminate long 5t sequence repeats 1o increase insert stability (= 8§ nt long;
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additional shortening of repeats can be performed if necessary), and then chemically
synthesized. The genes were cloned into PIV-WN vector plasmids using standard
methods of molecular biology well known in the art, and packaged PIVs were recovered
following in vitro transcription and transfection of appropriate helper {(for s-P1Vs) or
regular {for d-PIVs}) cells.

FExpression of rabies virus G protein in WN s-PIV and d-PIV

Rabies virus, Rhabdoviridae family, is a significant human and veterinary
pathogen. Despite the availability of several (killed) vaccines, improved vaccines are still
needed for both veterinary and human use (e.g. as an inexpensive pre-exposure
prophylactic vaccines}. Rabies virus glycoprotein G mediates entry of the virus into cells
and is the main Immunogen. It has been expressed in other vectors with the purpose of
developing veterinary vaccines {e.g., Pastoret and Brochier, Epidemio. Infect. 116:235-
240, 1996; Li et al., Virology 356:147-154, 2006).

Full length rabies virus G protein (original Pasteur virus isolate, GenBank
accession number NC_001542) was codon-optimized, chemicaily synthesized, and
inserted adjacent to the AC, AptM-E and AC-prM-E deletions in PIV-WN vectors (Fig.
12). The sequences of constructs are provided in Sequence Appendix 4. Ceneral designs
of the constructs are HHlustrated in Fig. 13. The entire G protein containing its own signal
peptide was inserted in-frame downstream from the WN C protein either with the AC
deletion (AC and AC-prM-E constricts) or without {AprM-E) and a few residues from the
prM signal. Foot and mouth disease virus (FMID'V) 2A autoprotease was placed
downstream from the transmembrane C-terminal anchor of G to provide cleavage of C-
serminus of G from the viral polyprotein during transiation. The FMDV 2A element is
followed by WN-specific signal for prM and prM-E-NS1-5 genes in the AC construct, or
signal for NST and NS1-3 genes in AprMi-E and AC-prM-E constructs.

Packaged WN{AC)-rabiesG, WN{AprME)-rabiesG, and WN(ACprME)-rabiesG PIVs
were produced by transfection of helper BHK cells complementing the PIV veciorhde!ﬁion
[containing a Venezuelan equine encephahitis virus (strain TC-83) replicon expressing WN

virus structural proteins for trans-complementation]. Efficient replication and expression of

51



i5

30

rabies G protein was demonstrated for the three constructs by transfection/infection of BHK-
C{WN) and/or BHK-C-prM-E(WN) helper ceills, as well as regular BHK cells, by
immunostaining and immunoflucrescence assay (IF A) using anti-Rabies G moncclonal
antibody (RabG-Mab) (Fig. 14). Titers were determined in Vero cells by immunostaining
with the Mab or an anti-WN virus polyctonal antibody. Growth curves of the constructs in
BHK-CprME(WN) celis after transfection with in vitro RNA transcripts are shown in Fig.
14, bottom panels. The PIVs grew efficiently fo titers ~ 6 10 >7 logyp FFU/ml. Importantly,
nearly identical titers were detected by both RabG-Mab and WN-antibody staining, which
was the first evidence of genetic stability of the insert. In PIV-infected Vero cells, which
were fixed but not permeabifized, strong membrane staining was observed by Rab(G-Mab
staining, demonstrating that the product was efficiently delivered to the cell surface (Fig. 15).
The latter is known to be the main prerequisite for high immunogenicity of expressed G.
Individual packaged PIVs can spread following infection of helper BHEK cells, but cannot
spread in regular cells as illustrated for WN(AC)-rabiesG PIV in Fig. 16. The fact that there
is no spread in naive BHK cells demonstrates that the recombinant RNA genomes cannot be
non-specifically packaged into membrane vesicles containing the G protein, if produced by
PIV infected cells. An identical result was obtained with the G protein of another
rhabdovirus, Vesicular stomatitis virus (V8V}, contrary to previous chservations of non-
specific packaging of Semliki Forest virus {SFV) replicon expressing VSV G protein (Rolls
et al, Cell 79:497- 506, 1994). The latter is a destred safety feature. [Alternatively, some
non-specific packaging could result in a limited spread of PV in vivo, potentially enhancing
anti-rabies immune response. The latter could be also a beneficial feature, given that such
PIV is demonstrated to be safe]. The stability of the rabies G insert in the three P1Vs was
dermonstrated by serial passages in helper BHK-CprME(WN) cells at high or low MO1 (0.1 or
0.001 FFU/cell). At each passage, cell supernatants were harvested and titrated in regular
cells (e.g., Vero celis) using immunestaining with an anti-WN polycional antibody to
determing total PV titer, or anti-rabies G monoclonal antibody to determine titer of particles
containing the G gene (illustrated for MO! 0.1 in Fig. 17; similar results were obtained at
MOF0.001). The WN(AC)-rabiesG PV was stable for 5 passages, while the titer of insert-

containing PIV started déciining at passage 6, indicative of insert instabifity. This could be

52



20

25

3%

expected, because in this construct, large G gene insert (~ 1500 nt) is combined with a small
AC deletion {~ 200 nt), significantly increasing the overall size of the recombinant RNA
genome. In contrast, in WN(AprME)-rabiesG, and WN{ACprME)-rabiesG PIVs, the insert is
combired with a much larger deletion (~ 2000 nt}. Therefore, these constructs stably
maintained the insert for all 10 passages examined (Fig. 17). Further, it can be seen in Fig.
17 that at some passages, titers as high as 8 log;g FFU/ml, or higher, were attained for all
three P1Vs, additionally demonstrating that PTVs can be easily propagated to high yields.

Following inoculation in vivo individually, the WN(AC)-rabiesG s-PIV is expected to
induce strong neutralizing antibody immune responses against both rabies and WN viruses,
as well as T-cell responses. The WN{AprME)-rabiesG and WN{ACprME)-rabiesG PIVs will
induce humoral immune response only against rabies because they do not encode the WN
prM-E genes. WN(AC)-rabiesG s-PIV construct can be also co-inoculated with
WN(AprME}-rabiesG construct in a d-P1V formulation (see in Fig. 12), increasing the dose of
expressed G protein, and with enhanced immunity against both pathogens due to limited
spread. As an example of spread, titration results in Vero cells of a s-PIV sample,
WN{AprME)-rabiesG, and a d-P1V sample, WN(AprtME)-rabiesG + WN{AC) P1V (the latter
did not encode rabies G protein), are shown in Fig. 18, Infection of naive Vero cells with s-
PIV gave only individual cells stainable with RabG-Mab (or small clusters formed due 1o
division of cells). In contrast, large foci were observed following infection with the d-PIV
sample (Fig. 18, right panel) that were products of coinfection with the two PIV types.

The WN(ACprME)-rabiesG construct can be also used in a d-P1V formulation, if it is
co-inoculated with a helper genome providing C-prM-E in trans (see in Fig. 12). For
example it cant be 2 WN virus genome containing 2 deletion of one of the NS proteins, e.g.,
NS T, NS3, or NS5, which are known to be trans-complementable (Khromykh et al,, I Virol.
73:10272-10280, 1999; Khromykh et al., J. Virol. 74:3253-3263, 2000). We have
constructed a WN-ANS| genome (sequence provided in Sequence Appendix 4} and obtained
evidence of co-infection with WN(AprME)-rabiesG or WN(ACprME}-rabiesG constructs,
and spread in vitro, by immunostaining. In the case of such d-PIVs, rabies G protein can be
also inserted and expressed in helper genome, e.g., WN-ANST genome, to increase the

amount of expressed rabies G protein resulting in an increased anti-rabies immune response.
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As with any dPIV versions, one immunogen can be from one pathiogen {e.g., rabies G) and
the other from a second pathogen, resulting in three antigenic specificities of vaccine. As
discussed above, ANS1 deletions can be replaced with or used in combination with ANS3

and/or ANSS deletions/mutations, in other examples.

Expression of RSV F protein in WN s-PIV and d-PIV

Respiratory syneytial virus (RSV), member of Paramyxoviridae family, is the leading
cause of severe respiratory tract disease in young children worldwide (Collins and Crowe,
Respiratory Syncytial Virus and Metapneumovirus, In: Knipe et al. Eds., Fields Virology, 5™
ed., Philadelphia: Wolters Kluwer/Lippincott Williams and Wilking, 2007:1601-1646).
Fusion protein F of the virus 1s a lead viral antigen for developing 2 safe and eifective
vaccine. To avoid post-vaccination exacerbation of RSV infection observed previously with
a formalin-inactivaied vaccine candidate, a balanced Th1/Th2 response to F is required which
can be achieved by better TLR stimulation, a prerequisite for induction of high-affinity
antibodies (Delgado et al., Nat. Med. 15:34-41, 2009), which should be achievable through
delivering F in a robust virus-based vector, We have previously demonstrated the capacity of
vellow fever virus-based chimeric LAV vectors to induce a strong, balanced Th1/Th2
response in vivo against an influenza antigen (WG 2008/036146). In the present invention,
both yellow fever virus-based chimeric LAVs and PIV vectors are used for delivering RSV F
to induce optimal immune response profile. Other LAVs and PIV vectors described herein
can also be used for this purpose.

Full-length RSV F protein of A2 strain of the virus (GenBank accession number

P03420) was codon optimized as described above, synthesized, and eloned into plasmids for

"PIV-WN s-PIV and d-P1V, using the insertion schemes shown in Fig, 12 and 13 for rabies G

protein, by applying standard methods of molecular biology. Exact sequences of the
insertions and surrounding genetic elements are provided in Sequence Appendix 5. In vitro
RNA transeripts of resulting WN(AC)-RSV F, WN(AprME)- RSV F, and WN{ACprME)-
RSV F PIV constructs were used to transfect helper BHK-CprME(WN3 cells. Efficient
replication and expression of RSV F protein was first demonstrated by immunostaining of

transfected cells with an anti-RSY F Mab, as iltustrated for the WN(AprME)- RSV F
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construct in Fig. 19. The presence of packaged PIV's in the supernatants from transfected
cells (titer as high as 7 log10 FFU/mI} was determined by titration in Vero cells with
immunostaining. Additionalty, similar constructs can be used that contain a modified full
length F protein gene. Specifically, the N-terminal native signal peptide of F is replaced in
modified F protein with the one from rabies virus G protein. The modification is intended to
elucidate whether the use of a heterologous signal can increase the rate of F protein synthesis

and/or replication of P1Vs.

Table 1. PIV prototype constructs used in platform development studies

Construct Gengtic composition Packaged in

PIV-WN wit NYS9 W virus WN envetope; BHK-CprME{WN) or BHE-C(WN}
helper celts (Mason et al., Virology 2006, 351:432-
43; Widman et al., Vaceine 2008, 26:2762-71)

PIV-YF/WN Envelope (VLF): wt WRNNYS9 YF 170 envelope; BHK-CprME(YF) helper cells
Backbone: YF 17D {(Widman et al., Adv Virus Res. 2008, 72:77-126)
PIV-WN/IE Envelope {VLP) wt JE Nakayama [JE or WN envelope; BHK-C{WN) or BHK -
Backbone: wt WNMYS9 CprME{WN) helper cells (Ishikawa et al., Vaccine
2008, 26:2772-8)
PIV-YF Y¥ 17D YF 17D envelope; BHK-CprME(YF) or BHK-C(YF)
helper cells (Mason et al., Virology 2006, 351:432-
43}

Table 2. Safety: Suckling mouse neurovirulence’

Constract Iroses Mortality (%) | AST (days)’
tog)
PIV-YF 104 0110 (0%) na
PIV-WN 2-5 /10 (0%) na
IV WNIE -4 N1 (0%) na
PIV-YE/WN -2 0710-11 (0%) e
WN &-PIV 1—4 8/10-11 (0% * na
VF 4-PIV T4 010 (0%) "
YF17D 2 10710 (1006%) 7.6
1 /10 (100%) 9.3
¢ 9710 (90%) 29
-1 310 (30%) 9.6

55



VFIE 4 o711 (82%) 9.7
3 7110 (70%) 12.3

2 3711 (27%) 12

i 0711 (0%) na
YEAWN 3 211 (18%) 12.5
0-2 0/10-11 (0%) na

'Single dose, 1C inoculation, ICR 5-day old mice, graded log doses administered.
AST for mice that died; na, not applicable.

10 Table 3, PIV highly immunogenic and efficacious in mice’

Grouyp [ Dose PRNT PRNT Post-challenge
i Day 20 Day 34 mortality (%)
PIV-WN 0’
T BN T T
108+10° | 2560 0%) -
YF/WN control 10 1280 /8 (12.5%)
PIV-WN/IE 10° 10 N/D
10° 20 N/D
16°+10° 20 160 N/D
Y F/IE control 1o 160 320 N/
PIV-YF 10* <10 <10 B/8 (160%)
16° <10 <10 /7 {71%)
P10 10 10 LAYy
YF17D controf 10° 640 1280 017 {0%)
! Mock control - WN chailenge Bituent N/D ¢ T (100%)
~YF challenge Diluent N/D ) 8/8 (100%)

- IP immunization {40 prime, and d21 boost in select groups); challenge on d35: wt WN NY99, 3 log;o PFU
1P, 270 LD50; wi VF Asibi, 3 logye PFU IC, 500 LD50; W/D, not determined.
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Table 4. PIV are immunogenic in hamsters and protect against challenge’

POST-CHALLENGE
Group Brose(s) PRNT Mortalit ¢ Morbidit Peak viremis
‘ Day 38 Y i orbidity A Vi
i f (-mz}
PIV-WN 10
10
16°+10° __ 1280 | 045 (6%). 5 (0%) i <13
'V F/WN control 10°* >2560 0/5 (6%) 0/5 {0?/ ) <13
PIV-WN/IE 10 20 215 (40%) 25 (40%) 2.2
w0t 40 eIS(O%) 05 (0% [ <i3
YF/IE control 10 2560 015 {0%) 075 (0%) 1.3
PIV-YF 10° <10 1/3 (33%) 3/3 (100%) 8.3
10° <19 1/5 (20%) 4/5 (80%) 83
10%+10° 20 L 0MG%) F0MA%) 25
YF17D control 10° >2560 /4 {6%) 0/4 (0%) <13
Mock confrol ~ WN challenge Dijvent <{Q 374 {75%) 4/4 {100%) 4.0
~YF challenge Diluent <10 /4 (25%) 414 {100%) 8.4
- JE challenge Diluent <10 2/5 (40%) 2/5 (40%) 3.0 ';

'Syrian hamsters, SC inocutation {d0, and d21 in select groups); challenge (d39): wt WN NY385/99 6 logg

10:65-71, 2005)

3 PFU TP, wi JE Makayama 5.8 log,q PFU IC, or hamsmr~adapted YF Asibi 7 Eagw PRUIP (McArthur et al,,
1, Virol. 77:1462-1468, 2003; McArthur et al., Virus Res, |



5  Table 5. Immunization of hamsters with PIV: comparison of SC and IP routes

PRNT Day 20-21 oot PRNT Day 34-38
Inocalums sC ] P (logso) sc | i
o ?
PIV-WN 4 320 5 1280 1280
PLV-YE/WN 10 320 5 160 1280
PIV-WNIE 10 20 5 48 640
PIV-YF <10 10 5 20 20

10
Table 6. Immune responses to PIV cocktails (mice)’
Group Dose PRNT Day 20 PRNT Day 34

Anti-JE Anti-WN Anti-JE Anti-WN

PIV-WN/IE + RV-WN 107 +10° 20 640 ‘
PIV-WN/JE alone 10 26 160
PIV-WN alone 10° <10 <10 ¢ 5120 -
Mock - <1 <10 <6
Y C57/BL6 mice, IP inoculations on days 0 and 21; pooled serum PRNT titers.
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Table 7. Neurovirulence (IC inoculation) and neuroinvasiveness (1P moculation) of PIV-
TBE and YF/TBE vaccine constructs in adult JICR mice

Constroet MNeureviruleace (1C route) Meurolnvasiveness {IF route)
Dose{sy Bloriality AST, Dose(sy Moriality AST,
{logo) (%) days' {og,o} (%) days’
| PIV-Hypr p39 5 0/7 {0%) na 5 0/16 (0%) na
PIV.-Hypr p40 5 0/6 (%) na 5 0716 {0%) na
YF/Hypr p42 4 8/8 (1006%) 6.3 5 6/8 (715%) 13.3
3 8/8 (100%0) 6.4
P 2 8/8 {150%) 7.4
YEAGT pd3 4 8/8 {160%) 7.9 5 O/8 (19%) 1
3 8/8 {100%) 7.6
2 8/8 {100%;) 3.4 :
YF/Hypr pds 4 8/8 {100%) 6.1 5 | 5/8 (62.5%) 12
3 8/8 (100%) 5.6 ;
2 §/8 {100%) 6.8
YFHypr dC2 p59 4 8/8 {100%) 6.6 5 /8 (0%) na
3 8/8 {100%) 7.4
2 8/8 {100%) 8.1
YF 17D 3 8/8 (100%) 9 5 0/8 (0% na
2 L 7/8 (87.5%) 9.6 '
1 Va8 150%) 10
Mock {dituent) none  : (/8 {0%) na none i O/8 (0% na

PAST for mice that died.

Table 8. Neutralizing antibody titers (PRNTsg) in mice inmnunized 1P {determined
against wt TBE virus Hypr), and protection from challenge (postchallenge observation,

day 9)

Immunogen

Dosefs),
iﬂg; 4

PRINT s titer,

individ, samples’

PRMT GMT  Postchalipnge

muriaiity (%)
on gay &

PIV-Hypr 539, 1 dose

5

1746 (2)
1187 (2)
164 {2)
574 {2y

665

/8 (8%}

PIV-Hypr p39, Z doses

5+5

16229 (2}
12928 (2)
12927 (2)
4627 (2)

10,584

0/8 (0%

PIV-Hypr p40, 1 dose

<10 (2)
<10 (2)
18 (2)
33(2)

6/8 (75%)

PiV-Hypr p40, 2 doses

5+5

169 (2)
63% (2)
26 (2)

197 (2)

153

/8 (12.5%)

YF/Hypr pd2

9210 (1)
4020 (1)

&,085

/2 (0%}

YEALGT pd3

59

123 (2)

18 (12.5%)



32(2)

96 {2}
45 (2}
Y F/Hypr p45 S 292 () &8 973 (6%)
i6 (1)
YF/Hypr dC2 p59o 5 194 (2) 68 /8 (6%)
93 (2)
45 (2)
26 (2)
Killed human TBE vacine, | 1720 19 (2) 12 1/8 (12.5%)
dose (at 1/20 of human dose) <10 (2)
13 (2}
<id (2)
Killed human TBE vaccine, 2 1/20++1/20 3435(2) 1,486 §16 (H%)
doses {each at 1/20 of human 1267 (2)
dose) 770 (2)
YF 17D control 5 <10 (4) <1{ 548 (62.5%)
11{4
Mock none <10 {4) <1y 4/8 {36%)
<10 (4)

YNumbers in parenthesis correspond to number of mice in each

Mortalities on day 9 are shown,

poo

led serum sample tested.

Table 9. Examples of published attenuating E protein mutations that can be used for
attenuation of chimeric TBE LAY candidates

Raesidue | Domain Comments Atteriuation in Referenne
NS2R ] Bi- D! hinge, possibly involved in hinge JEYF Hasegawa el al, 1992,
miotion required for fusion activation Schiesinger el al, 1996
EB4K i consarved, £ in TBE, KR in others, T8E tabuda ef al, 1894
attenualed by passage in Ixodes ricinus
ticks, Dii contains flavivirus cross reactive
epitopes
EBSK It conserved, £ in TBE, K/R it others, JE W et al, 1997
attenuation obtained as plague vardanis in
. Vero cells, Di contains flavivirus cross
reaclive epilopes
H104K i within highly conserved fusion peplide {(aa TBE Rey st al, 1885
98-113), H in TBE, G in others
L107F H; wilhin highly conserved fusion peptide (aa TBE, JE, WN Rey et al, 1985, Arroyo
98-113), L in all flaviviruses, F in altenuated 2t al, 1898, 2004
JE
T123K 4 O1- Dl hinge, Tin TBE, AinKFD ThE Hotrmann ef at, 1897
K126E i Oi- Dit hinge, Kin TBE, E in 0-2 DENZ2 Bray, 98
K136E i D D hinge, Kin TBE and JE, Ein D-2 JE
N154L(Y) i glycosylalion site, packed with conserved H | DENRZ, DEN4, YF | Guirakhoo et al, 1983, Pletnev et
104, involved in fusion, al, 1993, Kawano el al, 1893,
Jennings et al, 1994
Ki71E H extemnal edge of DI, involved in tusion TBE Mandl, 1989, Holzmann, 1987
11737 external edge of Di, involved in fusion ki3 Chambars and Nickells 2001
Digty 0f- DY hinge TBRE Holzmarnn ef ai, 1897
K204R Lining Hydrophobic pocket, involve in DEN1, DEN3 Guirakhaoo et ai, 2004
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fusion

P2725 i highty consearved, junction of one the of 2 JE Cecilia et al, 1951

: alpha halices

G308N i ‘el attachment, DKT in TBE, EGS n KFD, T4 L Jigng et al, 1983, Gao et al, 1994
X in others, change to N producet
glycosylafion site in Lt and reduced virulence
N-X-T/S glyeosyiation motif

S310K it} putative cell attachment, change from E o JE Jiang el ai, 1993, Gao ef al, 1994,
G in JE reduced virdlence Wu et af, 1897

K311E i highly conserved, putative celt attachment T8E, Y& Rey et al, 1995, Jennings, 1584

T333L i putative cell attachment Y&, LGT Raynman et af, 1998

G334K Hi putalive cell attachment Y Chambers and Nickelis, 2001

S335K il putative celf aflachment JE W ot al, 1997

K33B0 1 putative cell attachment JE Ceciliz and Gould, 1991

P3z7n it putative cell attachment JE Cecilia and Gould, 1891

G388R i putative celt attachment TBE, JE Holzman et al 1997,

Hasegawa ei al 1952

Y384+ i change to K altenuated TBE, putstive cell TeE Holzmani et af, 1380
atigchment, -3 posiiion to defeled RGD i
TBE

VIBER it conserved, -2 position to deleted RGD in D2 Hiramaisu & al, 1896,
TBE, putative cell attachment Lobigs, 1880

G386R ) highly conserved. -1 position to deleted 02 MVE Hiramatsu, 1898, Labigs et 4,
RGD in TRE, putative celf attachment 1890

£E387R i conserved, +2 position to deteted RGD in 02, MVE Hiramatsu, 19986, Lobigs et &,
TBE, putative celt aftachment 1990

Fa03K none highly conserved, C-erminal region not 3-2, D-4 Kawana el al, 1993, Bray et al,
included in crystal structure sE 1888

+438Y None highly conserved, C-terminal region not LGT Campbell and Fletnev 2000

’ included i crystal structure sE

H496R none highly conserved, C-isrminal ragion 5ol TBE Gritsun et al, 2001

included in crystat struclure sE

References: Hasegawsa et al., Virology 191(1):158-165; Schlesinger et al, J. Gen. Virol.
1996, 77 (Pt 6):1277-1285, 1996; Labuda et al., Virus Res. 31(3):305-315, 1994; Wu et
al., Virus Res. 51(2):173-181, 1997; Holzmann et al., 1. Gen. Virol. 78 (Pt 1):31-37,
1997; Bray et al., J. Virol 72(2):1647-1651, 1998; Guirakhoo et al., Virology 194(1):219-
223, 1993; Pletnev et al., J. Virol, 67(83:4956-4963, 1993; Kawano et al., J. Virok
67(11):6567-6575, 1993; Jennings et al., J. Infeet. Dis. 169(3):512-518, 1994; Mand! et
al., 1. Virol. 63(2):564-571, 1989; Chambers et al., J. Virol. 75(22):10912-10922, 2001,
Cecilia et al., Virology 181(1):70-77, 1991; Yang et al., J. Gen. Vircl. 74 (Pt 5):931-935,
1993; Gao et al., J. Gen. Virol. 75 (Pt 3):609-614, 1994; Holzmann et al,, J. Virol.
64(10):5156-5159, 1990; Hiramatsu et al., Virology 224(2):437-445, 1996; Lobigs et al.,
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Seqguence Appendix i

CV-TBEY Hypr or CV-LGT ES with YFYITBEV chimeric signal {(p42, p59, and p43 constructs)

YELTD partial sicmal

C protein ¥YFL7D Hypr or LGYT ES pr¥ protein

2 o ki Kl s e 2

R KRR & ¥ D ¥ ¥V £ F L I L & ¥ L GH T I A & TV R
401 h GCARACGCCG TTCCCATCGRT GTTCTGACTG THRCAATTCCT BATTTIGHEGC ATGCIGOECA TEACAATCSC AGCTACGEIT CGC
T CCTTTECCEC ABGEATACTA CARGACTGAC ACGTTAAGCA TTAARACCCE TACGACCCGT ACTGITAGCE TCGATGCCHRA 53

CV.TBEV Hypr with YFVAWNY chimeric signal {p45)
C protein YFI7R : WNV partial sigonal
R X R R 8§ HD VLTV §F L I L E ¥ L A C V &2a ATV R

401 A GGARACGCCGE TTCCCATGAT GTTCIGRCTC TECAATTCCT BATTTIGGLEC ATGCTGECTS GIGCTCGEAGC AGCTACCETE CGR
T CCITTTOCEGE AAGCOTACTA (RAGACIGAC ACGTTAAGGR TTABAACCCS TACGACCHEAL CACAGCCTCE TCGATGGCAC GCT

79

RV-WNVITBEY Hypr with TBEV signal (p39)
TBEV signal

WHV ¢ protein Hypr pxM protein
9 K K R & 6 T D W AN S8 W L LV I G MLEE M T I A ATV R
202  CABAAGRRA CGCGGEEGAA CAGACTGGAT GAGCTEECTE CICETAATCE GCATGCTEGG CATGACAATC GCAGCTACGE TTCGC
GTTITCTIT GCCCCCCOTY GTCIGACCTA CTUGACCGAC GAGCATTAGC CETACGARCCC GTACTGETTAG CETUGATGCS ABGCG

RYWWNVITBEY Hypr with WNV signal {p40)

WHY signal
WV C protein Hypr prM protein
g ¥ ¥ R &6 ¢ X T 66 I & ¢ ¥ r @ M L A C V¥V ¢ A A T ¥V R
201 CHARAGARA COCGECGOAR AGACRGGCAT AGCTETGATE ATAGGCATGC TGGUTTIGTCT CUGAGCAGUT ACCGTECGA
GETTTTCTTT GCGCCCLCTY TCTGTCCETA TCGACACTAC TATCCGTACG ACCGRACACA GUCTCOTCUR TCETACECT



101

201

301

£9

401

501

501

701

Seguence Appendix 2

CV-TBEV Hypr with YFV/TBEV chimeric signal (p42)

AGTARRTCCT GTGIGCTART TCAGGTGCAT TGETOTCUAA ATCCAGTTSC TAGBCAATAL ACACATTTSE ATTRARTTITA ATCGTTCGTT GAGCUEATIAG
TCATTTAGER CACACGATTA ACTCCACGTA RCCAGACSTT TAGCTCAACG ATCCOTTATT TGTGTABACE TAATTAAAAT TAGCAAGCAA CTCGCTAATC
5+ UTH

C protain

M & ¢ R K & ¢ ¢ X T L & V N ¥ ¥ 8 ¥ ¢ V R 8 L § ¥ K I x-

CAGAGRACTG ACUAGALCRAT GTOTGETCCT ARAAGCTUAGCG GARARACCCT QOGCOTCAAT ATGGTACGAC GAGCAGTICG CTCUTIGTCA ARACABBRTAA

GLCTCITEAC TGGTCTICTA CAGACCAGTA TTICCAGTCC CTTTTTGCEA CQCOGTAGTTA TACCATGCTG CrCCTCAARGC GAGGAACARGT TIGTTITATY
: ¢ protein

- KT K g I G M R P OGP B8 R @G Y ¢Q G F I ¥ FPF L F ®w I L T G KK I

AACARARBAC AARACARAATT GGAAACARGAU CTCGACCTTC AAGAGOTGYT CARGCATTIA TOTTTITCTY TTICYTICARC ATITIGACTG GARBARRGAT

TIGEYTTITE TITICTTIAA COTTIETICIB GACCTGUAAG TICTCCACAR GTTCCTAMAY AGABAAAGRR ARACAAGTTC TAARAACTGAC CITITTICTA
¢ protein

T &# H L K R L W K ®H¥ LD ?f R G L & ¥ L R KV X R V¥V ¥ A& 8 L ¥ R @
CARCAGUCCAC CTAARGAGET TGETCEAAAAT GOTGGALCCA AGACBACGGCT TGERTETTCT AAGGBARGTC PAGAGAGIGG TGGCCAGTTT GATGAGAGGA
GIGTCGGETE GATTICTOCA ACACCTITIA CGACCTEGET TCTGTTCCGA ACCGACRAGA TICCTTTCAG TTCTCTCACC ACCGETCAAR CTACTCICCT

¥YPITD partizl signal

e s a0t il S b P U S A 0 i o o A o A o ot o A I 07

TBEV partial eigual

o o e e e ok 4 T e KT R B0 S e e M o o e i

C protein prM protein

e A o 220 o Pl £ A A4 o o 8 o o e e 4t O o e o e e

“ 8 S R X R R $§$HDP VLTV @F L I L & M L GH T I A2 8 TV R KB R-~

TIGTCCTCAR GEARAACGCCE TTCCCATGAY GIICTGACTS TGCRATICCT MATTITOEGC ATGCTGGGECA TGACAATCGC AGCTACGGTT CGCAKRGORAAR
ARCAGOAGTT COTTIGUEEC AKGGGTACTA CAAGACTGAC ACGTTAAGGA TTAARACCCE TACGACCCET ACTETTASCE TCGRTGCCAR GUOTICCTTY
pri protein

+ P 6 8% T VI R A & ¢ X pa 27T ¢ VRV E ¥ ¢7TT ¢V I L A TD ¥ 6 &

GAGACGGUAL TACGGTCATA CGUGTECAAG GTAARGGATGC COCTACCCAR GTGAGAGTGE AARATGGTAC CIGCGYCATT CTGGCCACCS ACATGCROTC

CTCYGCCETC ATGCCAGTAT GUECECTTTC CATTOCTALG GCGATGHGTT CACTCTCACC TIYTACCATS GACGCAGTAA GACCORTCGC 'TUTACCCLAG
pr¥ protein

W ¢ B DS L &8 Y B C VT I DQEE EPVY ODV¥YVDD OCFCR NV D GV Y

TTEEIGTGAT GATAGCOTTY CITATGAGTC COTAACCATA GATCARGGTC AGGARACCTGT TEACGTTGEAT TCECETLIGUC GRARCGTGGA TEGGETGTAYT

AACCACACTA CTATCGGRAR GRATACTCAC CCATTGOTAT CTAGTTCCAC TCCTTGGACA ACTCCAACTA ACGAAGACGS CTTIGCACCY ACCCCAUATA
prH protein

L B ¥ ¢ R C 6 XK ¢ E G 8 R T R RS VL I P S HAB & B LT G R G H K-
CYCCGARTATG GACGGTITEE TARRCAAGAR GGRAGCAGAR CCAGACGCTC AGTGCTTATA COCTCUUACGE CTCRAGGAGA GCTGACCCUA CGGGGACATA
GEECTPATAC CIGCCACACC ATTTIGTTCLT COTTICGTOTT GGTCIGCGAS TCACGAATAT CGGUAGGHETCC GAGTTCCTCT CCACTRRCCT GCOQCTETAY




¥9

19001

13901

1201

1301

1401

1501

1601

1703

prid protein

v . BE ¢ B § L R T H L T R ¥ B G W YV W . K ¥ R L L A L A N VY T V ¥V wW-
ARTGETIGGA GGECCACTCR UTCLQGRACAT ATTICACCCG CETCHEAGGSEC TGEGTOTEGEA ARARTCHECUTY GITGECCCIC GUIATGRIGA CARTOGTYIG
TTACCRACCT CLUGCTCGAGT GAGGCTTAIR TAMABUTGUEGEC GCAGCTICCCE ACCCAGACCT TITTAGCCGHE CAACUGGGAS CUATACCACT GTCAGCAAAC

Hypr B protein

b4 o e ot e . . P o o e U i

prM¥ protein
<4 T L E 8 VvV VYV T g V AV L ¥ V L L € L A P VY % 8 R’ ¢ T H L B ¥ R
GUTCACECTG GAGTCTIGTGE TTACTCECETY GGCAGTGCTE GIGETECTCC TCTGTCITGC CCCTETCTAL GOETUCASGT GTACTCRITT GGARARCAGA
CGAGTGCGRC CTCAGARCACC AATGACCGCR COGTUACGAC CACCACGAGG AGACAGHACG GGGACAGATG COCAGUTCCA CARTGAGTAAR CCITTTIGILT
Hypr B protein

D g ¥ T ¢ T Qg ¢ T T KRV T L VL EBE L GG C VYT I TAE & X P S§ KDV
GATTITGICA COGGTACCCA GGGGACGACT CUGEETAACCT TESTIGCTIGA ACTSGETGGT TECETTACTA TTACCGUTGA GOGGCAARALCC TCIATGGATG
CTAABACAGT GGUCGTGGET CCCCTGCTGA GLOCATTEGG ACCARCGAACT TEACCCACCA ACECAATGAT BATGEUGACT CCUSTTIGGG AGRTACCTAC

Hypr E protein

# L B A I ¥ Q B N P A Q T R B Y ¢ L HA KL S8 DT X V A AR € P T-
TETUECTEEA TEUBATCTATY CAGEAGAATC CCGCACARAL CACGGAATAT TGCCTTCACG CARAGCIGTC CGATACAARG GICGCGGCTA GGEIGUCCAAC
ACACCGACCT ACGYTABATA GTCCTCTTAG GGLETIGTTIC GTCOCTIATN ACGHANGTAC GTTTCGRCAG GCIATGTITC CAGCGCCGAT CCACGLGTITG

Hypr E protein
¥ G P A T L A B B H 9 6 G T ¥ C K R D¢ 8§ DR G W EF HOCGE L F G
AATGGGACCE GCCACCCTGE COGAGGRACA TUAGGGAGGT ACAGTGIGCA ARCGGGACCA GAGTGATAGR GGUITGGGGTA ATCACIGCGE COTEYTIGEC
TTACCOTCEC COGTEGEATS GCCTCOTTIOT AGTCCCOTCCA TGTCACACGT TTGCCCTICGT CTCACTATCT CCGACCCCAT TAGTGACGCC GOACAAGCLS
' Hypr E protein

X ¢ § ¥ VvV A C VvV KA A CE A& X KK B T ¢ H VY YD A NI K I VY TV K V.
BRAGGAAGTR TTGTCHOTTE COTTAAGGCA GCUTGTGAGS CCAARABAGAR GGCTACTCGG CACGTCTATS ACGUCCAACAA GATUGTTTAT ACAGTGAARG
TTTCOSTEAT AACAGLGAAC GUAGTTCCGT COSACACTCC GGITTTICTT CCGATGACCC GTGCAGATAC TGCGETIGIT CIASCAARTA TETCACTITC

Hypr B protein

# P H ® & D Y V A A ¥ E T H 8 88 R KTA 8 ¢ 7T ¥ 8§ B X T I L T M-
TEERACCACA CACAGRGEGAT TACGTGHCEE CCARCGAGAC TUATTCCUGT CGUARABCGG CCAGCTTCAC CGTGICATIC GRARAGACCA TCCTCACTAT
ACCTIGETEYT GTGTCCCCTA ATGCACLECC GOEITGCILTE AGTAAGGUCA GCEITITCLC GGTCUARGTE GCACAGTAGE CTITICTGET AGGAGTIGATA

Hypr E protein

G B Y 66 DV 8 L L & RV A S8 6 VER2 LALg TV I L E L D» KTV E HL
GAGEGRAGTAT GRCEACGTIT CICTGCTCTG CCGGETEECT AGCEGAGTTG ACCTGGCCCA GACASTIATC CYGEAACTIGE ATAAAACAGT TGAGCATCIC
COCONTCAT? QCOCTECRAA GAGACGAGAC GGUCTACCEA TUGUCTCAGC TOEACCGEGY CIGTCAGTAG GACCITGACC TATITIGCICA ACUTCGTAGAC

Hypr B protein :

g T A ¥ ¢ ¥V H R D W ¥ ® P & A& L P W K 8 B ¢ A R N W H N A E R L V B
CCTRCCGOTT GGCAGSTGCA CAGGGATTGE TTTAACGACC TIGCCCTGCC ATGGAMACAT GRAGGAGCGA GAAACTGGAA TAATGCAGAG CGRCTCGTAG
GENPEECEAA CCETCCRUET GTCCCTAACT AAATTGUIGE AACCEGACGE TACCTTTGTA CITTCCTCGCT CYTTCACCTIT ATTALGTLTC GUIGAGCATC

Hypr B proteln

¥ @ A P H &KX V KW D VvV Y X LGP TGV L L ¥ A LA &V P Y A HI
ARTTCEGTGEY CCCTLATRECC GTEAAGATGG ACGTCTACAA TUTGEGTGAT CAGACCGRCE TTCICCTITAA AGCLTCTCGCT GGUGTACCAG TIGCCCACAT
TTRAGCCALG GGGAGTACGE CACTTCTACC TGCAGATGETY AGACCCACTA GTCTGGCOGC RAGAGGAATT TCEAGAGCGAR CUGCATAGTC ARCCGEIGTA

Hypr E protein




&9

E ¢ T X Y B L X 8§ ¢ H VT ¢ B VYV G L B XK L KM XK S L T Y TN CDK
1801 CGAAGEARCE ARGTACCAUC TGBAGTCALE CCATGTAACT TECGAGOTGE GCCTGUAGAA. GTTGAARATE ARAGGTCTTA CATACACAAT GTOTGACRAG
GUTTCCEITEC TICATEEICSE ACTTCAGTCU GGTACATTGA ACGCTICCACC CEGRCUTOTT CAACTTITAC PTITCCAGART GCATGTGITA CACACTGTTC

Hyptr £ protein

T K F T W XK R A P T D S & H DTV VM E ¥V T F & G T K P CRKR I P Y OR-
1801 ACCEAGIICA CATUGAAGAC GGECQCTCACA CATAGCGGECT AUGATACTGT GCTOATGOAL CTEACCTITT CTGEGARCARA ACCCTGCAGA ATACTCGTRX
TGETTCAMGT GTACCTTCTC COGERUGTET CTATCECCGE TCTATEACA CCACTACUTC CRCTGEARAA GACCTIGITE TGCGGACETCT TATGGGCALG
. Hypr E protein
- ATV A B G 8 ¥ DV H OV A M L I T P X P T I T N N G G ¢ F I BE N Q-
2001 GGGCTGTARC TCACGGATCT CCLCATOTCA ATGITGUTAT GUTGATTACA CLTAARCCCTA CCATCGRGALR TABCGGTGET GGTITTATTS AGATGCASOT
CCCGRCATCOS AGTCGUCTACA GGGUTACAGT TACRACBATA CCACUTAATGT GGATTGGGAT SGTAGCTCTT ATTSCCACCR CCAAARTARC TCTACGTCORA
Bypr B protesin

P P & D N Y I Y V E E L S Y QW F QX & 8 s8I G Rr VP QKT K K G
2101 TCCOCCUAGGEC GATAACATCA TUTACGTEGG CGARACTCTCT TACUCACIGHT TTCAGAAKRGGE GACTTCAATT COGUCGEETCY TCCRABAMAC GRAGRAGGGR
AGSCGGTCCG CTATTGTAGT ACATGCACTC GCITGAGAGA ATGGTCACCA AASTOITICC CTCAAGTTAR CCOGCCOAGH AGGTTITITG CITCTTCCCT
Hypr E protein
I 8 KL *T V I ¢ B B A ¥ B ¥ 66 8 a ¢ ¢ F »85 585 31 © X A L HET VL G G-
2203 ATLCARCGAT TGACGETTAT CGGCGACCAC QCATGGGATT TTGETICCGC AGGRGGATTC CTGTLrTCrA TTGEGTRAGEC ACIGCATACS STSUTCEGRG
TAGCTTGCTA ARCTIGCCAATA GOCGUTCHETE CGTACCCTAN AACCAAGHCE TCCCCCTAAG GACAGAAGAT BACCRITCLG TCACGTRATGEG CACGACLCCC
Bypr E protein

A FP ¥ 5 I F ¢ ¢ ¥vg ¥ L P XK LH L L &G VA L b W 4L ¢ L KR MRWE P %9y
2301 GCGCATTCAA TICTATITIC. CGGGRCETGE GETTCOTECC TAAACTCUTG CTGGAACTAG COCTEGCUTG GTIGEGACTG AATATGCGEGA ATCCGACGAT
CGCETAAGTT AACGATARAAG (COCCGCACT CURAGGACGE ATTTGAGGAC GACCCTCATE GGGACCGGAC CAACCCTGAL TTATAUGCCT TAGGCIGCTA

Hypr B protein

N8l gene of YFLID
§ ¥ s L LA VL VLA BT LGE VvVa4arn DG a3 N F G X R E L
2401 GTCCATEYCA TTCCTCTICEG COEEUETELT TETANTGRCC ATGACACTGEG GCGTTEGCEC CCATCARGGR TGCGCCATCA ACTITOGUAK GAGRGAGCTC
CAGETACAGT AAGGAGRACC GGUCCCACGEA ACATGACCGE TACTEIGACC CUCAACCGCG GCTAGTTCCT ACGCGGTACT TGARATCHTY CTCTCTCGAG

CV-TBEV Hypr with YFVIWRV chimeric signal (p45}

1 AGTAARTCCY GTOTSCTAAT TCAGCTGCAT TOGTCICCTAR 2ATCGAGTTCC TAGGCAATAA ACACATIIGE ATTAATIITA ATCETTCGTT CGAGCGATTAY
PCRTTTAGGA CACACGATTA ACTCCACETA MCCAGRUGTT TAGCTCAACG ATCCETTATY TETGTAAALC TAATTAARAT TAGCAAGCAA CTCGLTRATC
57 UTR
¢ protein YFL7ID
¥ 8 & R R &2 Q ¢ KB ¥ L & V ¥ ™M ¥ R R G V R & I &8 ® K I K-
101  CAGAGRAUTG ACCAGRAIAT GTUTEGTCGT ARAAGCTCACGGE GARMAAUCCT GEGUGTCAAT ATGGTACGAC GAGGAGTITCG CTCCTTGTCA AACAAALTAA
GTETCTTGAC TGEETCTTCTA CAGALCAGCA mcc;’mx‘cc CTYTTTEEGA COCGCAGTTA TRACOATGETE CPCCTCAAGC GAGEAACAGT TIGITITATY
C protein YFITD

g X T X ¢ I € N R P g P S8 R G Y Q G F I ¥ ¥ F L ¥ ¥ I L T G K X I



' 99

201 AACAARAARC ARARCARAATT GGRARCACGAC CIGGACCTIC ZAGAGUGTGTIT CAMGGATTTA TCTTIITICTT TITGTTCAAC ATITIGACTS GRAAAARGAT
TIGTTTITIC TITIGTTIAA CCTITQYCTGE GACCTGGRRAG TTCTCCACRA GTTCOYIAAAT AGADARAGAAR ARRCRAGTTCG TARAACTEAC CTTITEICTA
C protedn YFLTD

T A H L K R L ®w X ®¥ L O P R GG L AV L R XKUY K RY VYV A 3 L #® R G
301 CACRGCCCAC CTRAAGHRESET TOTECAABRAT COIGEACCCA AGKCARGGCT TCEUIETTCT RAGEAAKGTC AARGAGACTGE TRGCCAGTIT GATCAGAGGA
CPETLEEETE CATTICTCCR ACACCITITA CEACTAGEET, TCIGTICCGA ACCGRCAAGA TTOCITTICAG TICTOTCACC ACCHETCORAR CTRCICTCCT

¢ protein YFLTD WHV partial signal

YF 17D partial sigaal Hypr pri# protein

* 8 §$ R X R R $ B D VvV L ©®» % Q F L I L 6 ¥ L A C VvV & A KR TV R K B R-
401 TTETCCTIAA GGAAAUGCCE TICCCATGAY GYTCIGACTG TGCAATTCOCT AATITIGGGC ATGCTGECTT GTGICGGAGC AGCTACCGTG CHARMAGRAC
ARCAGGAGTT CCTTTGCEGC BAGEGTACTA CAAGACTGAC ACGTTRAGGAE TTAAMACCCG TACGACCGAR CACAGCCTCE TUGATGGCAC GCIITICTTG
Rypr prM protein

D ¢ § T ¥V I R A EBE G K D& AT Q ¥RV E KR4GT CV I L AT DB BG 8-
S01  GCEACGGAAG CACCGTGATA AGRGCTCAGCHE GTAAGCATEC GGCTACGUAG GTGAGAGTAG ACBATGGCAC TTACGTAATE CTCGCEACTG ATATGGGATC
CEUITGCCTTC GTGGCACTAT TCCUCGACTUC CATTCCTALG CCGRIGCGTC CACTCTCATC TCTTACCETG AALGCATTAT (AGCGCTGAC TATARCCUTAG
Hyps pr# protein

¥ ¢ ®» p § L § Y EC VT I P HE E E PV PV D CF OCR N VD G VY
601 CIGGTCETGAC GATAGCTTCA GTTATGAARTG COTAACARTA GACCAGEGCE AAGRACCIGT GGACGTTGAC TGITFUTGTA GARATGETCBA TGGCGTTTAT
GACCACACTG CTATCGGAGT CABTACTTAC GCATTGTTAT CTGUTCCCET TICTTEGACA CCTGCRACTE ACARAGACAT CTITTACRCCT ACCGCARATA
Hypr prl protein
L E ¥y 8 R C 6 K.Q B 8 8 R T R RS VvV L I P & HA QG ¥ L T & R G H K-
701 CTEGAGTACE GCCOCTETGHE AARACAGGAG GGCTCACGRA CTCGERAGATC TGICCIGATT CCARGTCACE CGCAAGGAGA GTTCGACCGGT AGAGGCUAUA
GACCTOATAC CGGCEATACC TTITSTCCTIC CCRAGTGOTT GAGCTTCTAC ACACGACTAR GGITCAQIGT GCETTCCTCT CARCTGGCCA TCICCGGTGET
Hypr prM protein
¥ L E & p 8§ L R T H L TR ¥ 26 WV ¥ K FRIL L AL AMVTIT VVW-
801 AGTGGCTTCA AGGGEGEACTCA TTGAGGACCC ACCTGACTAG GOTGEAGEGT TCEGTTTGHA AGAATCGETT GUICHECECTIC GCTATGETCA COETLGTETAR
LCACCGABCT TCCCCTGAGT BACTCCIGGE TGGACTGATE CCACCTCCCA ACCCAAAUCT TOITAGCCAA CCAGCGLGAG CGATACUAGT GGCAGCACAC
Hypr pr¥ protein

Hypy 8 protein

L Y L OB 8§ VY Y RV AV L VYV L L C LKA PV Y A SRS T HEL ENR
901 GUTGACACTS GASAGTETCG TEACTCGEST TOCTETGTIV GPIRTLUTCC TCIGTTICEC CCCAGTETAC GCRTCCAGRT GTACTCATTT GEARAACAGA
COACTETEAL CTCTCACAGE ACTIGAGUCCA ACGEACACARC CAACAGEAGE AGACABACLE QCGTCACALG CCUAGGTCCA CATGAGTARA CCOTITIGTCY
Hypy E proteln
oy vV T & T L G T T R VT L VLE L EgGE ¢V T I T ARE & K-P S§ B D V-
1001  CGATTTIGTEA CCOGCACCCHR CERGACGACT CCGATAACCC TEGYSCTTEA ACTEGETIGST TGCGTITACTA TTACCGCTEA GGGCARACCC TCTAIGGATE
CTAARACAGET GGCCGTAGET CCCCTGCTAER GUUTATTESS ACCACGBACT TGACCCACCA AUGCRATGAT AATGGCGALT CCCGTITGESE AGATACCTAC
#Hypr E protein

'WLDAIYQEN?AQT-REYCLHAKLSDTKVAARCPT-
1101 TGTEGCTEEA TGCAATCTAT CAGCAGAATC CCGCACRAKC CAGGGBATAT TQCCYTCACG CAARGCTETC CCGATACAARG GTCGCGGCTA GCTGCCCAAL
ACARCCGACCT ACETTAGARTE GTCCTCTTAG GGCOTETTTG GTCCCITATA ACGGRAGTGC GITICCACAG GCTATGTITITC CAGCGCUGAT CCACGGGTIIG
#ypr E protein

P It et i e

- ¥ G P A T L A ® B E Q B ¢ TV C K R D g & DR 6 W W H CG L F G



L9

1201

1301

140%

1501

1801

1701

21801

1801

2001

2101

2201

PATGGGACCG GUCACCCTGE CGGAGGAACA TCAGGGARGGT ACAGTGTGCA AACGGGACCA GAGTCATAGAR GGUIGHGEGTA ATCACTGCGE CCIGTTCEGC
TTACCCTEET COGTGREACT GCOTCCITCY AGTUCCTCCA TEICHLACGT TIGUOCTEET CTCACTATCT CCOCRCCCCAT TAGTHACGHC GGACARGCCS
Eypr R protein

X ¢ & I va ¥ K A A C B A X K K A T G H v ¥ p A N K I v v T vV X v -
RAAGGAAGTA TTGTCGCTTC CGTUARGGCA GCCTGTGRGG CCAARRRGAA GUCTACTGEGE CRCGTCTATEC ACGCCAACAA GATCGTTTVAT RACAGTGAAAG
TTICCTICAT AACAGCGARC GCAGTICCET CGOACACTOC GOTTITITCIT CCGATEACCE GTGCAGATAC TOGCSGITGTT CTAGCAAATA TETCACTTIC

Bypr B protein
E » B T G D ¥ ¥ A A N E T H & ¢ R X % 3 3 F 7 v 5 8 B K T I L T oM -
TGGARCCACE CACAGGGGAT TACGTIGGEQEG CCRACOAGALY TCATTCCGGT CECABAACGE CCAGCTTCAC COTGIUATLC GAAMAGACCA TCCTCACTAT
ACCTTGGTGT GYGTICCOCTA ATGCACCEUC GETIGCTICIG AGTAAGECCE GOEYITTISCC GGICSRAGTG GCACAGTAGE CITTTCIGGT AGGAGTGATA
Hypr B protein

-6 B ¥ & BV 5 L L C X Vv 2 § G v D L A @ Tov L L 8 L D K 7 v E H L
GGGGGAGTAT GECGRCGTTT CTUTECTCIC CORGETGGCT AGCGGAGTCS ACCTGGCTCA GACAGICATC CTGCEACTGS ATAARACAGT TGAGCATCTE
CCCCCTCATA CCECTCCAAN GAGACGAGAC GGUUTACCGA TCGCCTCAGT TGGACCGRET CISTCAGTAG GACCTTGARCT TATTTTGTCA ACTCUTAGAC

Hypr B protein

P T A W Q v H R b # F N D L AL P W ¥ 8§ E QG B R R W XN ¥ A B R L v H
CCTAOCACTT GGCREETGCE CARGGATIOS TITAACGACC TIGCCCTACC ATGCAARCAT GRAGGAGCGA GRAMLTGGAR TAATGCAGAG CGACTCGTAG
GOATGECGAS CCOTCCALET GUCCCTRACC BARTTECTGS RACGGCACGSE TACCITTGTA CTROCTCGECT CTTTGACCIT ATTACGICTC GCTGAGCATC

Hypr B protein
F & A P H A vV XK # D vy ¥ W L G B Q T G v L L X A L B G VvV P ¥ A KR I -

ATYOEETAC CCUTCATGCC GTGRAGATGS ACCTCTACAA TCTGGGTG&? CAGRUCGENE TOCTOCTTAA AGBCIUTCGLT GOCETACCAG TTGCCCACAT

TTARECCACS GGUAGTACGE CACTTOTACC TGCAGRTGTT AGACCCACYA GICTGROCEC BAGAGGALTT TCGAGAGUGA CCCCATIGETC AACGGGTGTA
’ Hypr £ protein

B G T K ¥ H L K & & H Vv T cC 2 v G L B K L K ¥ K ¢ L 7 ¥ 7T M ¢ D K

COAAGGARCE AAGYAUCACC TORAGTCAGG CCATGTAACT TECGAGGTGE GCCTCGAGRA GTTGAARRTG AAAGETCTTA CGTACACALT GTGTGATAAG

GCTTCLTIGC TTCATGGTEE ACTTCAGTCC GGTACATIGR ACGCTCCATC CGBACCTCIT CARCTTTTIAC TTTCCAGAAT GCATGTGTTA CALACIGIEIC
Hypy E protein

T K ¥ T W K R A ¥ T D 8§ G H D TV ¥ M E v T ¥ 8 ¢ T K P C R I P ¥V R -
ACCARGTTCA CATCCAAGRG GGUCCCCACA GATASCGGCC ACGATACTGT GGTGATGEAG CTGACCTITT CTGGAALRAR RCCCTGCAGAR ATACCCEIGC
TEETTCAAST GTACCTTCIC QCGGEGGTET CTATCGCCEE TGUTATGALA CCALTALCTC CACTGGAARA GACCTTGTTYT TEGGACETCT TATGGECALG
Hypr B protein

- A ¥ A B & 8 & D Vv N v A # L o1 T P N P T i B N " G G G F I E M Q L -

CEGCTGTAGT TCACGEATCT CCCGATGICA ATGITGCTAT GCTGATTACA CCTABCCCTA COATCGAGAA TAACSSTGHT GGTTTTATIC AGATGCAGCT

COCERCATOG AGTGCCTAGE GOGCTACATRT TACAACGHATA COACTAATGT GGATTGGGAT GGTAGCTCTT ATTBCCACCA CCRAARARTARC TCTACGTOGA
Hypr E protein

St 0 b1 e ot s oy =¥ o A 20 A i e e i S8y o ot A S S W R i o P P

P PG D N I I ¥ v ¢ ®E L 8 Y Q W F 2 XK G & 8 I g g v F Qg K T K K €@

TCCECCACGET CATAACATCA TCTACCTGEG CGAACTCTCT TACCAGTGGT TTCACABAGE GAGTICRATT GGCCCGGETCT TCUAABARAC GRRGAAGGLA

AGBCCETOCS CTATTGTAGT AGATECACCC GUTITBAGAGR ATGGTCACCA ARGTCTTICC CTCARGTTAR CCOGCCCAGA AGGTTITTTG CTTCTTCCCT
Hypr E protein

I BE R L T ¥V I G E H A W DL F e 5 B G 6 F L § 8 I G K A L. H ¥ v L & 6 -

ATCGRMCRAT TGACCGETTAY CGGCGAGCAC GCATGEGRTT TIGETTCCGC AGGESGATIC CIGILTICTA TTGETAACGHEC ACTGCATACC GTGCTCGGEG

TAGCTTGCTA ACTGCCAATA GCCOCTUGTE COETACCCTAA AACCAAGGCG TCCCCCTAAG GACAGAAGAT AACCATTOOG TEACGTATEE CACGACCCCC
Hypr B protein




89

2301

2401

101

201

301

401

501

801

- A F ow®
BCGCATTCAR
CECETARGTY

-8 M 8
GTCCATGTCA
CAGETACRGT

s 1 ¥ & ¢ V6 F L P XK L L LGV A L A W LU L ¥ M ORI P OT M-
TICTATITIC GOEGECETEG. GETTCCOIGCC TARACTCCOTG CTGGEAGTAG CCCTCGLCTE GITGEGACTE BATATGURGH ATCCGACGAT
ARGATARARG CCCCCGLALC CCRAGRACGG ATTIGAGGAC GRCCCICATC COGACCGGAC CAACCTTGAC TTATACGCCT TAGGCTGUTA

Hypr B protein

HN81 gene of YRL7D
F » L A &6 VL V L & ®W T LG ¥V G A D GGG CA I N F G X R E L
TTCCTCTIGE CCBACETECT TETACTSECC ATGACALTGG GUETIGGCEC COATCBAGEA TGUGCCATCSA ACITIGRCAA GAGAGAGCTC
BARGUACGAACC GGCCECACGA ACATGACCGE TACTSTGACC COLRACCGCG GUTAGTTCOT ACHCGUTAST TGAAACCETT CTCTCTCGAS

CV-LGTV E8 with YFVITBEY chimeric signal {p43;

AGTABRRTCCT
TCATTTAGGA

5 UTR

GTETGCTART TGAGGTGIAT TGGTCTGECAR ATCGAGTTGC TAGGCAATAR ACACKNITICE ATTAATITIA ATCCOTTICGTT GAGCGRYTAG
CACACGAITA ACTCCACGTA ACCAGACGTT TAGCTCARCG ATCCGTTATT TOTCTABACC TBATTARAAT TAGCRAGCAA CTCGCTAATC

5t UTR :

CAGAGRACTG
CLOTCTTEAL

¢ protein YFL7D

¥ & 6 R K A Q&6 K T L ¢V ¥ ¥ vV RR &V ® 85 L § N X I X-
ROTAGAAUAT GTCIGETCET AAAGCTCUAGE GAARRMCCCT GGRGCGTCAAT ATGOTACGAC GAGGAGTICE CTCCTIGICA ARCRAAATAA
TECTCTIGTA CAGACCAGCA TITCUAGTCC CITITIMUCGR CCOGUAGTITA TACCARTGCTE CTCCTCAAGC GAGGARCAGY TYGITITATT

¢ protein YF1L7D

X ¢ I ¢ ¥ R P G F & R GV @ ¢ ¢ I F ¥¢F ¥ L F E I L T & K X X
ABRARCAAATT GGARACAGAC CIGGACCTIC ABGAGGTGIY CAAGGATITA ICTITTICTT TIIGTTCAAC ATTITGACTGC GARABRARGAT

AL 3N

T G
CACAGOCTAC
GTETCOEETG

TITIGTTTAA COTTTGTCTG GACCIGGARG TTCTCCACAA GTTCCTARAT AGARRARGAR ARACAKGTTG TRABRACTGAC CTITTITCTIA
¢ protein YF17D .
L XK R L ¥ ¥ ¥ L D P R Q G L AV L R KV K R ¥ Y A S L N & @
CTARAGRGGT TGTGCAAAAT GCTEGACUCA AGACAAGGCT TOGCTIGITCT BAGGARAGTC RAGAGAGTGGE TEGCCAGTTT GATGAGAGGA
SHEITICTCCA ACACCTITEA CORCOCTGGRGT TCTGETICCGA ACCGACAAGA TTCCTITCAG TTCTCTCACC ACCOGTCABRA CTACTCICCT

C protein ¥YF17D TEEV partial signal

v e ot o o e b e e o e A S 07 e o e P o A P BT VO P o T R Y e M

TE 172 paccial signal pr¥ protein Langat BS

oy o e sy g R A ALt om P b ——— e L ettt

L $ 5 R E R R 8 D VL TV ¥ L L G B L @M TIA ATV R BRER-

TTGTCCECRA
AACAGEAGTT

- b g 8§
GREACGGLTC
CTCICCCCAC

GRCCACADTA

GEAARCECCG TTCCCATGAT CITCTGACTE TGCAATTCCT ARITTIICEHC ATGCTIGGEGA TGACGATCGC AGUTACTGTS (GRAGGGAGA

COTTICCGET AARGEETACTA TAACAUTCAC ACCTTAACGA TTARSACCCG TACGRLCCOT ACTHCTAGEE TCEATEACAL GUTTLCCTCT
pri protein Langat ES

¥ ¥ ¥ ® A EBE ¢ R B A & T ¢ V RV E ¥ ¢ 7T €WV I L &8 T D B G 8

TATGCTEATLY AGAGCLGAAGC CTAGGGACGC TGCGACCCAG CTGAGEETIG ARAATGGCAC CTUTCGTITATT CIGECGACIG ACATGGGECTC

ATACCACTAG TCTCEGUITCE CATCCOTELE ACGTICRETC CACTCOCLAGE TITTACCETG GACACBATAZ GACUGCIGES TGTACCCGREG
prM protein Langat E3Z

D & L A ¥ % £ vYv T I D g G BE ® p V DV D CF C R € V B K VT
GRTECTCIGE CTTRIGAATS TGTTACTATY GATCAGGETG AAGAGCCTET GCACCTGGRAL TCTITCIGTA GAGGCETUGA GAAAGTGACLT
CTARGAGACC GAATACTTAC ACAATGATAR CTAGTCOCAC TICTCGGACR CCTGCACCTE ACABAGACAT CTCCGCAGCT CTTTCACIUG



69

701

501

1001

1101

1201

140%

1503

1601

pr¥ protein Langat ES
L B Y G R € G R R E G 5 R § R kR & v L I P & R A Qg R D L T 6 R G ﬁ Q
CTGGARTRYC GACGATGTIGGC CCGGUGAGAA GOCTCCAGGA GTCCGAGATC CGTGTTSATC COTTCACATG CGUAGCGCGE TCTBACAGES ACGGGTCACT
GACCTTATAC CTTGCTACACC GECCGCTCTY CCGAGETCCT CAGCCTCTAG GLACAACTAG COAAGTGTAC GCGTCGCUCT AGACTGTICCC TCCCCAGTGG
pr¥ protein Langat ES '

- W L E @ E A V R A H L TR V E G WV H X WKL ¥ T L 5§ L V.M ¥V B W

AGTGGUTUGR AGGCGAAGTA GTCRAAGECCC ATCTBACTCE CCTTGARGEC TGGUTEIGEA BAARCARACT CTTTACCCTT AGUOIGATSE TRGTOINATE

TCACCOAGCT TCCGCTTCGET CAGTTCCGGE TAGACTGAGC SCAACTTCCE ACCCACACCT TITIGTTTGA GARATGEGAA TCGGACCACT ACCAGCGCAL
pr¥ protein Langat ES

£ protein Langat E5

LMV G L L P R I L I Vv ¥ vV A L A L A P A Y A & R C T H L E #§ R
GCTGATGETA GACGEACTCC TICCCCGCAT LCTCATTGTT GIGCTSECTC TCGLGCTCEC COCTGCATAL GUUTCCAGET GTACGCACCT COABAATCAA
COACTACCAT CTGCCTCAGG ARGGGECGTA AGAGTARCAD CACCACOGAG AGCRCGRGCG GGRACGTATH CGCAGGTCCA CATGCATGGR GCTTTTAGCT

¥ protein Langat ES
oo® VvV T G v @ g T T R L T L v L E L G G c v T Vv T A D g K P s L D W
GRTTICGICA CAGECGTOCA AGGTACTACC CCGCTCACCC TCGTGOIGEA GCTGCGAGEC TGTGTCACTE TTACAGCCGA CGGAARACCT AGTCTGEATG
CTAAAGURGT GTCCGCAGET TCCATGATGE GCCRAGTEGGE AGUACGACCT CGBCCCTCCR ACACAGTGAC AATGTCEGCT GCCTITTGEA TCAGACCTAC

£ protein Lapgat B5

- ¥ L b 8 I Y QE S P KA QT R BEBY L HA K LT 6 TX ¥ A B3R C P T

TETGECTEER CTCCATCTAT CAGGAGAGLC CCGCACAGAL CAGGEAGTAC TGCCTCCACG CTAAGCTGAC TGGGACHKAMLG GTAGUCGUAR GATGTUCCAC

ACACCGACCT GAGGTAGATA GITCTCTCEE GUCETGICIY GTCCLTCATE ACGEASETINEC GATTCGACTG ACCCTGTTTIC CATOGSGCCTT CTACAGHGTS
# protein Langat BS

+#® @ ¥ A T L P B E H ¢ 8 & TV ¢ X RDQ & D R 6 W E N HC G L P G

RATGGGGCTT GUCACCTIGE CCCGAGGARCA CCAATCCGGT ACGETATGCAR AGCGAGATCA GTCTEATCEU GGATGGGGGA ATCATTGCGE CCTCTTICGGT

TLACCCCGER CCGTGEAACE GOCTCCTIST GETTAGGUCA TGUCATACGT TCGUTCTAGT CAGACTAGCG CCTACCCCUT TAGTAAUGCL GEAGAAGCCA
E protein Langat BB

XK 8 58 I v ot ¢ v K vV T ¢ B D X K X AT G # vV ¥ D v ¥ K I T Y T I K V
AARGECAGTA TTCTCACTIC COGTGARGETG ACATGCUGRAGE ACAAGRAGARA GGCCACAGGT CATGTATATG ATGTGAACAA AATCACATAT ACCATTARGG
TITUCETCGT AACAGTGAAC GCACTTCCAC TETACGCTCC TGITCTTCTT CUGGTETCCA GTACKTATAC TACARCTIGTT TTAGTGTATA TGETAATTCC

E protein Laogat BR

- E P OH b S T F OV A A N 2 7T # 8 @ R K & & § F T v & 3 E X T I L T L
TAGRACCACA TACAGGOGAR TTCATCGGECAC CAAACGAGAC TCATAGCCREA CGABAGTCCG COTCCTTCAC CETCTCCICC GAGAARACRA TCCTGALCCT
ATCTIGGIST ATGTCCCCTT AMGCACCETS GLITGCTCTE AGTATCGOCT GOTTTCAGGC COAGGAASTS GCAGKGGAGE CITCTTITHTIT AGGACTCGGA

E pretein Langatbt ES

« G DY 3 D V 8 L LT R V A 5 G v D LA Q T vV ¥ “# A L D K T H® E H L

CGGAGACTAC GRCGACGTAT CTTTGCIGTE CAGGRGTGECC AGCURCETEE ACCTIGCTCA SACAGTCOETE TTGGUCCTGE ACAAGACACR TGAGCACTTG

SCCICTEATY CCECIGUATR GAAACCACAC SPCCCACCEE TEGCCGCACC TGGARACGAGT CTGTCAGCAC AACCEGGACC TOTTCIGIGT ACTCETGAAC
E protein Langab BS

P T AW ¢ ¥V H R DWW ¥ NDIL AR LPF W XKH.DGAE A ¥ N EAEG R LV E
CCAACAGCCT GOCAUGTGCR CAGGGACTGE TTTAACGACC TCGCUGCTLCC GTGGAAACAT GACGEUGECTE AAGCATGGAA TGAGSCAGGS AGRCIGHETER
GETTGTCGEA CCBTCCACGT GTCCCTGACC ABATIGUTCS ACCGCUAGES CACCTTIGTA CTGCCGUGAS TTCRTACCTT ACTCCUTCCL TCTGACCACT

E protein Langat ES



8L

F €T ¥ H A VvV EXK®¥D VFR L 88D ¢ TGV L L K 8§ L& 6@V P VY » 8 Y-
1701 AATTTGERAAC CCCACACCGCC GTARAGATGE ACCTITTCAA TCTTGGTGAC CAGACAGEGE TGECTCCTEAA ATCACTOGCG GECGTECCTE TAGCCAGCAT
TTAARRCCTIE GOOTGIECEE CATTTCTACC TGCAAMAGTT AGRACCARCUTG GYCIETCCCC ACGAGGBACTT TAGTCGACLGC CCGCACGEAC ATCGGTCETA
E protein Lengat E5

-E &G T K Y H L X 8 ¢ H VY T € EV ¢ L ¥ X L KM K8 LT Y TV ¢ D R
1801 COAGGUCACA AAGTAITACC TGARGTCTEG GCATGTAACC TGCGARGTGS GCCTIGGAARA GUTGAAGATC ARAGOACTTA CGTACACTCET TTGTGATAAG
GCTCCCETGT TILATAGTEE ACTTOAGHCC CETACATISG ACGCTTCACC COCACCITYT CGRCTTCTAC TTTCCTGAAT GCATGTGACH AARCACTATTC

® protein Langat ES

T XK ¥ T ®W¥ X R A P T H & G H D TV VK E ¥ ¢ PFP &8 G T R PR I PV R
1801  ACCRRGTTIA UATEEARGCG AGCCCCRACG GATTUCEECC ATGATACCET CGTGATGEAG GTTGCTTICT COGGCACCAS ACCATGTAGA ATACCAGTGR
TGETTCARAT GTACCTTICGC TCGGGETTICC CTRAGGCCGE TACYATGGUA GRACTACCIC CAACCARAGAR GGCCGTGETC TCGTACATLT TATSGTCACT
E prutein Langat E5
RV R M OB Y P OE VR OV A M L I T P W P YT M ENXN ¥ GG 6 F I E M OQ L -
2001  GAGCISTCGC CCACGETGTA CCCGAGGTAR ACGTGGCCAT CGCTGAYTACA CCGAATCCCA CTATGGAGAA CARTCGCGGH GGETYCATCS AAATGCAGCT
CTCGACAGLG GETGCCACAT GECSCTCUATT TCCACCEHTA CGACTAATGT GGCTTAGGRT GATIACCICTT CTTACIGCCT CCCARGTAGC TTTACGICGA
E protein Langat ES
- £ G D K I I Y ¥ & D L D H Q® P QK G & 8 I © R YV L Q K T R R &
2101 GCCGCCTGGA GACAACATCA TTIATGCLCGE CGACCTCGAT CATCAATGGT TCCAGAARGE GTCTTCCATC GRCCGUGTCOC TTCABAAGAL ACUAMBAGGC
CHECEGALCT CYGTTGTAGT ABATACAGUC GOTGRAGCTA GTaGTTACCA AGGICTITCC CAGAAGETAG CCESCGCAGG ARGTCUTTICTG TCECTITTICCG
B protein Lasngat BS
I ¢ R L TV L ¢ B H A ¥ DF @ 8V g 6 V M T $§IT & R A M HT V L G G-
2201 ATTOARREAC TPRCAGTCCT GGGCGARCAT GUCTGRGACT TOGGGETCAGT TGGCGGEEGTA ARTGATAAGCR TRGGCARGAGC TATGCACACC GTICTCGUIG
TAACITTICIC AATCTCAGEA CCCGCTTGTR CECACUCCTGA AGUCCAGTCA ACCGCUCCAT TACTGTICGYT ATCCEICICE ATACGIGIGG CAAGAGCTAC
2 protein Langab ES

- A F B O L L €6 GV ¢ F L P K I L LGV A M A¥ LG L ¥ HRUF g T L -
2301 GGGCATITAR TACTCTGITE GGTGGCGTCS GIITTCITCC GRABATCUTG CICEGIETCE CANTGECCTIC GCTTGRACTG RATATGCGCA ATCCTACACT
COCCTRAATT ATGARGACAAC CCACCGCACC CAABAGAAGG CITITAGGAC GAGULCACAGC GTTACUGGAC CERACCTGAC TTATACGCET TAGGATGTGA
¥ proteain Langat ES ’ .

HS1 genme of YFLITD

-85 ¥ & F L L 8 € 6 L ¥ L. A M T L 6 ¥ &6 AR DG C A I N F G K R E L
2401 CGAGTATGGGE TITCTTUTCT CAGGAGGLCT GOTCCTERCA ATGACTCIGGE GAGTGGECGT CGRTCAAGGA TGCRCCATCA BALTITGECASR GAGAGRECTC
CTCATACCCD AAAGAAGACA GIUCICCEGA CCRGGACCGT TACTGAGACT CTCRCUCCGCS GUTAGTTCCT ACECGHTAGT TGABRACCGEIT CTCICTCGAG

CV-TBEV Hypr with YFVITBEY chimeric signal and JdCZ deletion in C protein {(p89)

AGTRRATCCT GTGTGCTAAT TGAGGTGECAT TGETCTGCAA ATCGAGTIGC TAGGCAATAA ACACATTITGG ATTAAITITA ATUGTICGTT GAGCGATTAG
TCATYTTACGA CACACGRTTA ACICCACGTA ACCAGACGTY TAGCTCARCG ATCCGTIATT TETGCTARACC TAATTAAAATYT TAGCAAGTAA CUTCGCTAATC
Bt UTR .

T P P P Vg g

poy

¢ protein

o e 508 B A1 P P R S0 £ A S 0 41 S A A o A P P e S B0 e A e Sl P O P P ok 9 0 L b 4 S0 W o A T b e R 424 P RPN e Mt VR B B TR Y AR AT S5 o AL et oy e 0 Y P T T



i

101

201

301

40

&01

70k

801

301

M ‘8§ ¢ R~ X A ¢ ¢ X T L GV N ¥V R R @€ V R 8§ L 8§ N XK I ¥-
CAGAGRACYEC ACCAGAACAT GTCTCGTUGT ABAGCTCAGH CGARAAACCCT GGGCOTCAAT ATOGTACEAC GAGGAGTTCE CTCOTIGTTA AACAARAATAR
GYCTCTTEAC TEGYCTTETA CAGACCAGCA TTTCEAGTCC CITITIGCEA CCCECASTTA TACCATGCTE CTCCTCAAGC GAGGAACAGT TTGIFTTTATT
ac? delstion (PSR)

C protein

Qg X T XK g i & ¥ R P G GV O G F I P ¥ ¥ L F ¥ I L T G KIKI T A H-

AACARKARLC ARARCARATT GGAANCAGALD CTGGRGGIGT TCARGGRATIT ATCTTITICT TTITGTICAA CATTTTGACT GGAAARRAAGA TCACAGCCCA

TTETTTTITGC TYITTGTTTAA COTTTGYCTG GACCTCCACA AGTTCCTAAL TAGADABAGA ARAACAAGTY GTAAAACTCA CUMPTTTICT AGTGETLOGRT
C protein

L ¥ R L W K ®©® L R Q G L A V L R XKV K RV VvV 2 38 L M R G L & 8
COTAMAGRGS TTGTGGAAAR TOCTGGACTCC ARGACAAGGC TTGECTECTTC TAACGGAAAGT CAAGAGAGTG GTGECCAGTT TEATGAGAGE ATIGTCCTCA
GUATTTCTCC AACACCTITT ACGACCIGEE TICISTICCG ARCCGACARG ATTCCITICA GITPCTICICAT CACCGETURA ACTACTCOICC TALOAGOGAGT

YFLYD partial sigunal
TBEY partial signal
£ protein Hypr prM protein
R XK R R 8 HD ¥ L T VvV @ P L I L & M L& ¥ T I A A TY R X E R DG 8
AGGARACGLC GTICCTATGA TETPCTCACT GTGCAATICC TARTITIGHG CATGCTEGGC ATEACAATCG CAGCTACGET TUGUAAGGRAA ASAGACEGCA
TCCITICCGE CAAGEGTACT ACARAGARCTGA CACGTTAAGGE ATTAMRAACCE GTACGACCOG TACTGTIARC GTCGATGCCA AGCETTOCTY TCTCIGULGT
Hyor prM protein
- T v I R A E G XD AR AT VRV B NG T ¢V I L & 7T D MGS W CD
GTACGETCAT RUGCGCGEAAR GUTARGGATG CCGCTROCCR AGTGAGAGIC GAMRATGETA CUTGLETCAT TCTGGCCACC GACATERCCLT CITGETGIGA
CANGCCAGTA TOCECOCCTY CCATTCCTAC GGUGATGHET TCRUTCTCAR CTTITACCAT GORCGUAGTA AGACCGATEE CTGTACCOGR GAACCACACT
Hypr pxr¥d protein

D 5 L 8§ Y EBEQC OV Y YX ODQKE B R PV ODVYVD OCFC REY D 6V Y L EY

TGEATAGCCTT TCITATGAGT GCCTAACCAT ACGATCARAGGT CGAGGAACCTCG TTGRCGTIGA TIGCTTCTAC CGARACGTGE ATGGBGTETA TCTCGBATAT

ACTATCGUAR AGAATACTCE CGCATTGGTA TCTAGTTCCA CTCCTTGGAC RAACTGCAACT ARCGAAGACE GCITIGCACC TACCCCAUAT AGAGCYIATA
Bypr pri protein

¢ R C G XK g E & &8 R T RR S VLI P S H K Q¢GE L TG ® 686 8% K W L B -
GEACGEISTE GTARRCARGA AGGAAGCAGA ACCAGARUGUT CAGTGCTTAT ACCCTCCCAC GCTCARGGRE AGCTGACCGSE ACGGUOGACAT AARTGGTIGS
CCTGCCACAC CATTTIGTTCY TCCITCGYICT TCGGTCTECGA GTCACHARTA TCGGAGRGTE CGAGTTCCTC TCGACTESCC TGCLCCTIGTA TTTACCAACC
: Hypr prM protein

- Bp &$§ L R T B L TR ¥ B & WV W K ¥R L L A& L A MV VvV W L T L-

AGGRCEACTC ACTCUGAACKE CATTTGACCC GUGTCGRGSEG CIGGGTOTES ARRAATOGHEC TGITIGGECCCT CGCTATGGTG ACAGTCGITT GGCTCALGCT

TCCCGCTCAG TGABGUITEY GTARACTERG CUCAGCICCC GACCCAGALC TITTTAGCCE ACARRCCGGCA GCGATACCAC TWITAGCARA CUGROTECGA
Hypr B protein

Hypr pr¥ protain
B 8 ¥V VT RV A YV L ¥ VvV L L CL A P VY Y A &R C T H L ENR D F V
GGAGTOTGTG GTTARCTCGCE TGECAGIGCT GETGHTGUTC CTUIRTCTTS CCCCTGTCTA CGCGTCCAGG TGTACTCATT TGGAAAACAG AGATTTIGIC
COTCAGACAC CRATGAGCGC ACCGTCACGA CCACCACGAG GACACAGARAL GCEGACBLEAT GUGCRECTCC ACATGACGTAA ACCIITIGTC TCTRAAACAG
Hypr E protein




1001 ACCGGCACOC ACHGCACGRC TCGEGTARCC CTGUETGCTTE ARCTGEOTGE TTCCGTTACT ATTACCECTE AGGGCRAACT CTCTRLGEAT CTUTGCUIGG
TEECOETCEHE TCOOCTGCTE AGCLCATTGS GBRCUACGAAC TIGACCCACC AACGUBATEA TAATGECHEAC TCCCGTTTGE CAGATACCTA CACACCGACC
Bypr E protein
AT Y § BE H ® A QT R E Y ¢ L ¥ A XK L S DTZX VB8 A 88 CPT B 6 P -
13101 ATGCRATODA TCAGEAGAAT CCCECACHAL CCOBGGHAATA TTGCCTTCAC CGCAARGCTGT CLGATACAAR GOTCECOUGECT AGQTGCCCAA CAATGGEGACC
TACGTTAGAT AGTCCTCTTA GGECATGTTT GETCCCTTAT AACGGAAGTG COTITCGACA GGCTATETTT CCAGCCCCGA TUDACGEETT GTTACCCTGE
Hypr B protein
A T L A B E H Qg & G T Y C XK R DB Y 8 PR G W G NHRCEG L F G K G 8§
1201 GECCALCCTGE GURGAGGAARC ATCAGEERGE TACAGTCTGEC AAACGGGACC AGAGTIGATAG AGGBCTCGGET AATCACTIGCG GCCTGYTCGCE CAARGGAAGT
CCEETEGERC COCCTCCTTE TAGTCCCTCC ATETCACACE TITECOLTISG TCTCACTATC TCCOGACCUCA TTAGTGACGC {GGACRAGLC GTTTCOTTCA
Hypr B protein

A e e O ot e it e A M B oy T S P o o S A et o 1k It b P ¢ S o S b o g A e e i i St o 48 B 4

e A g i g s o o e e

IVACVK?\ACEA-KKKAT'GHVYDANKIVY‘E‘VKVEPH'
1301 ATTCTCECTT GOOTCAAGEC AGCCIGTCACG CUCAAAAAGE AGGUTACTGE GCACGTCTAT GRCGCUARCA AGATCGTITA TACAGTGAAR GTGGARCCAC
TAACAGCGRAA COCAGTTOCE TCESACACTC COGTTIVICT TCCGRTGACT CGTGTCAGATA CTGCEETINT TCTAGUARAT ATGTCACTTT UBCLTTIGGTG
Hypr E protein

. T & P Y VA A N E Y H &8 G R KT A S ¥ T V S S8 EXT T LT M G E Y-
1401 AUCACAGECGE TTACGTGGCG GCUAACGAGA CTCATTCCGGE TCGCSAARCE GCCAGCTTCA CCGIGTCATC CCGARAAGACC ATCCTCACTAE TGGGGGAGTA
TETCTCCOCT RRTGCACCEC CGGTIGCTCT GAGTAAGGCC AGCGTITTIGE CGGTCGAAGT GGCACAGTAG GCTITICTGCE TAGGAGTEAT ACCCCCTCAT
Hypr B proteinm -
-G PV &8 % L T R VA $ 66V D L AQ TV I L B L DX TV E R L P TA
1601 TOGOGATSTT TCTCTGCTCT (BCCCCETEEC TACCGEGAGTC GACCTESCCS AGRCAGTCAT CCTGGAACTS GATARARCAG TTGAGCATCT GUUTACCECT
ACCOOTGUAN AGAGACGAGA CGGECCCACCE ATCCCCTCAG CTGGACCEGE TCTETCAGIA CGGACCTTGAL CTATTIIGTC AACYCCGTAGA CCGATGGUGA
Hypr B pgotein
% Q ¥ H R D W ¥ ¥ I L & L P W K H B & & R N WH W A EBE R L VvV B F G A-
1601  TORCAGGTGC ACRGCHATTE STTTAACGAC CTTECCCTGC CATGGAAARCA TGAARGCAGCG AGRAACTGGA ATAATGCAGA QCGACTCSTA GRATICGETG
ACCGTCCACE TGTC;CTARC CABATICCTSE GRACGGGALE GTACCTITGT ACTTCCTCGRC TCTTTGARCLCT TATTACGTCT CGUTGAGUAT CTTARGCCAC
Hypr E protein

av i e s A fam by e s o P e e e P e e PR 8 A o S AL i Bl A 47 VA A P o e S ey g 38 Ak e

P K A ¥V KM DV YH® LL@EgD ¢ TGE VvV L L K AL A 6V P ¥ a2 HI E G T:-
1701  CCCOTCATEC CGTGAAGATGE GACGTCTACA ATCTCGEGTCA TCAGRCCGGE GTTCTCCTIA AAGCTCICGC TCGCUTACCH GTTECCCACH TCGRIAGGHRAC
GGGGAGTACG GUACTTCTAC CTGCAGATGET TAGALCCACT AGTCTGGCCG CARGAGGAAT TYCGAGARGCG ACCGOAIGGT CABLEGEIGCT AGQTICCTIG
Hypr % protein

- et s e B 09 P . e e o 8 0 A e .t

- R Y H L ¥ 8 ¢ #H# v % ¢ B V ¢ L B K L XM X 6L TY TMHM C DK T K F
1801 GBRAGTACCAC CTCGARGTCAG GUCATETARD TTGCGAGHTG GGCCTEGAGA AGTTCAAAAT GARAGETCTY ARCCTACACAA TGTIGTGACAR GAUCAAGITC
CTTCATEOTG GACTYCAGTC COGTACATTG ARCGCTCCAC CCOGACCTCT TCAARCITTITA CTITCCAGRA TGCATSTGEIT ACACACTGTT CIGGITCAAG

Hypr E protein

T W X R & P T DS G H P TV VM E ¥ TFOF § G T X P g R I PV B AV A-

1901 ACATEGRAGH GCECCCCCALC ACATAGLCETS CACGATACTCG TEETEATEGA GCTGACCTTT TCUTGEAACAR MACCCTGCAG AATACCCGTE CGHGCIGTAG
TETASCTTCT CCCGGEGHETE TCTATOGUCE GIGUTATEAC AUCACTRUCT CCACTEGARA AGACCTTETT TIGEGACETC TYATGGELAC GCLCGACATT

Hypr B protein

HGSPDVNV!&MLITPN?TAIENNGGGFIEHQLPPG'

2001 CTOACCEATT TCCCSATETC AATCTTCCTA TECTGATTAC ACCTRACCCYT ACCATCGAGA ATAACGEIGE TCGTITIALT GAGATGCAGC TTCCGUCAGAE
GAGTOCUTAS AGGECTACAG TTACRACGAT ACCACTARTG TEGATTGGGA TCGTAGCTICT TATTGCLACC ACCAARATAR CTCTALGTCG AAGGCGGICC

Hypr E protein




2101

2401

201

3061

EERC I B 4 I ¥y v ¢ B L 8 Y Q W F Q X ¢ 8§ § X G R V ¥ g X T X K G I B R

CGATAACATC ATUTACGTIGS CGCGRACTCTC TTACCRAGTGE TITCAGAAAG CGGAGTTIUBAT TGGGCGGGTC TTICCARRANA CGAAGAAGEE BATCGRAALGA

GUTATTGTAS TAGATGCACC CGOTTGAGAG AATGGTCACC ARAGTCTTTC CCICARGTES ACCCGUCCAG ARGGTTTITY GCTTCTTCCC TrAGCTTGCT
Hypr E protein

TV AL S ki ot i o ok e St b e e . 4G+ o 4 T i P g T e ek . itk R 23 A T e Ak . e S 2 8 ot o oy PO A Pk TNA P s A o b A bt e 17 T s o b e b A e . VR P b e e et e o

L T v I G B H A WD F ¢S A G 6 F L 5 8 I & ¥ B oL KT V¥ 1, & BT OR®-

TTGACGGTITA TCGGUGAGCA COUATHGGAT TTTGETTCCS CAGGGEGATT CCYGTCITCT ATTGGTAAGG CACTGLATAC COTGUIGHGG GGCGCATTCA
AACTGCCAAT AGCCGCTCET GCETACCCTA AAACCAAGEC GTCLCCCTAR GGACAGAAGA TARUCATTCC GTGACGTATE GUACGACUCC CCOGCGTBAGT
Hypr B protein ‘

- $ ¥ F 6 G V ¢ F L P X L L B GV A L A W L &L N MZR B BT M § M 8
ATICTATITT COCCGECETE GOUTITCCTEC CTARATTCCT GUTGGEARBTA GCCCTGGCCT GETIREGALT GARTRTGCGE ARTUCGACGA TGTCCATOTC
TAAGATAAAR GCCCUCECAC CCCRAGGACE GATTTGAGGR CERCCCTCAT COUGACCGEEA CCAACCCTEA CTTATACGCC TTAGGCTGCT ACAGGTACAG
Hypr E protein
N81 gene of YFL7D
F L L A & VvV L V L A ¥ T L &V G B B g GG C A I H F G XK R E L

ATTCLTCTTIC GCCBGCETEC TIGTACTERC CATCACACTE GOCETIGECS CCGRTCAAGGE ATGCOCCATC ARCTITGGCR AGAGAGAGCT C
TRAGERGRAC COGTCGCACS ARCATGACCE GIAUTGTGAC COGOAACCGC GRTTAGTICC TACGCGGTAG TTGARACCGT FCTCTCTCGR G

Sequence Appendix 3

PIV-WNITBEV Hynr with TBEY signal {p38)

deleted

M s
AGTAGTITOCC CTGIGTEAGC TOACRAACTT BQTACIGTIT GTGRGEATTA ACAARCAATIA ACACAGTGCG AGCTIGYTICY TAGCACGAAG ATCTCGATAY
TCATCABGCG GACRCALTCE AUTGITIGAA TCATCACARR CACTCUIAAT TETIGTTAAT TCTGTCACGC TCEACAAAGA ATCGTGCTTC TAGAGUTACA

WAV deleted C protein

K XK P ¢ G- & K S & AV Y L L X KR & H® P RV L & L I ¢ L KR § 8 K-
CLRAGARACC AGGAGEGCCC CGOUARGAGCC GGECTGTCTA TTIGCTAARA CCCGGAATEC CCCGUGTGIT GTCCTTGATT GGARCTTARGT GOAGCICCAR
GATTCITIGE TCCTCCCGGET CCGTICICGE CCCGACAGAT ARACGATITT GUGCCITACG GQEUGCAUAA CAGGRACTAR CCTGRATICE CCTCEAGGTT

TBEV signal

deleted © prd Hypx
- K K R & G T D WX & WL LV I & ML G ®¥T I AR ATV R K E R DG
ACAABAGAAR CHCGUEGEGAR CAGALTEGAT CGAGCTGGLTE UPCETAATCG CGCATGUTIGHG CATGACAATL GCAGCIACGHE TTCGCABGCA AAGAGACGGC
TOTTTICUYS GQCCCLCCUTT GTUTGACCTA CTCGACCGAC CEGUATTAGC CGTACSACCC GTACTGTTAS CGTCGATGUC RAGCGTITICCT TICTCTGLOG
pri Hypxr

S_TVIRHEGKD&ETQV&VBNGTCVILATDF?GSWCD-
AGTACGETLA TACGCGUSGA AGGTARGEAT GQUGCTACCC BAGTGAGAGT GERARATGET ACCTGCGTCA TTCTEGICAC CGACATGGGE TCTIGGIGTS



bL

401

501

01

-70%°

801

$01

1601

1101

1201

1301

TCATGCCAGY ATGCCLBUCT TCCATTCOTA COSCGATGES TTICACTCTCA CCITTTACCA TGGACGCAGT AAGACCOGTE SCIGTACCOG AGAACCACAT
pri Hypr

< D8 L § Y E cC.v T I B ¢ & E B ¥ v B VvV D ¢ ¥ C R K ¥ D G Vv Y L E Y -

ATGATAGCCT TTCTTHIGAG TCCOTAATCHE TAGATCAAGS TCAGGARCCT CSTTGACGTTE ATICCTICIC CCCARACGYIC GATGGESTST ATCTCHAATA

TACTATCGEA AASAATACTC ACGCATTCST ATCTAGTTCC ACTCCTIGEA CRACTGCARC TARCHEBAGAC GGCITYGCAC CTACCCCACA TAGAGCTTAT
prM Hypr

B R € C K Q E G .8 R T R R 8 vV L I P 58 R A2 Q G E L T & R ¢ H K w L
TOGACSETGT GOTARACARAG AAGGRAGCAG AACCARGACGC TCAGTGCTTA TACCOTCOCR CGCTCARGGA GAGCTGACCE GACGGGGACA TRAATEGTTIGC

C ACCTGUCACA CCATTIGTIC FTCCITCETC TTGGTCTGCS AGTCACGAART ATCOCGAGGET GCGAGTTCCT CTCGACTGGC CTGCCCCTGT ATTTACCARC

pri4 Hypr

EE¢ D 8 L R YT H L T R Y E®& WV W X ¥R L L AL ANV T VV WL T L:
GAGRGCGEACT CAUTCCGAAC ACATTIGACC CGRCGTCGACGE GCTCEGTCIC GARRARTCGE CIGITIGGCCC TCGCTATGGT GACAGTCGTT TGGUITACGC
CTCCCGCTIGA GTEREGECTTG TCTAARCTGS GOGCAGCTCC COACCCAGAC CTTITTTAGCC GACAACCGGSE AGCGATACCR CIGICAGCAR ACCGAGTGCG

. E Hypx

prd Hypr
- E'S8S ¥V V' T R.V-A V L ¥V L L ¢ L A PV Y A § R ¢ T H L E N R D oF V-
TEEAGTCIGT  GGTTAECTCGC GTGCUAGTGC TGGTGETGLY CUTUTGTIT GCCCUTGTOT ACGCUTCCAG CTEPACTCAT TTGGARAACA GAGATTITTIGT
ACCTCAGACA CCAATGAGOE CTACCGTICACG ACCACCECGA CGAGACEOAR CGGGEACACA TEUGCAGETC CACATGAGTA AACCTITTGT CTCTAAAACK
E Hypr .

r 6 T Q 6 T T R VYT L VL B L GG C VT I T A EG K P 8 ND VW L

CACCGGCALC - CAGGECEACEA CTUGECTARC COTGETGCTT GRACIGUCTE GTTGUCTTAC TATTACCGCT GAGGGCAAAC CCICTATGGA TGTGTGGCTG

GTEECCETGE GTCCCCTACT GAGCCCATTG GGACCACGAR CTTGACCCAC ChRACGCAATS ATAATGGCGR CTCCCGTITS GGREATACCT ACACRCCGHC
# Hypr

oD B I 0¥ 48 W P.oA Q T R B X ¢ L H A K L § DT K VvV A A R © ¥ T M G P
GATGCAATCT ATCAGGAGRA TCCCGCACAR ACCRGGEUAAT ATTOCCTTCA CGCAARGCTE TCCCATACAR AGGTLGCGEC TAGGIGCCCA ACAATGGAAC
CTACGITAGR TAGTCCICTT RGGGUGIGTT PGGTCCCITA TARCGGAAGT GCOTTTCGAC AGGCTATGIT TCCAGCGCCH ATCCACGGET TETTACCCIC

- B Hypr

- A T L A E BECH Q G G T v ¢ X R D Qg & © R G W ¢ ¥ B C & L P G K G 8
CGGCCACCCY -GEUGEAGEAA CATCAGGGAG GTACAGICTG CAARCGEGAL CAGRGTCATA GAGGCIGSEG TAATCACTGS GRCCUIGITCE GCAAAGREAAG
GCLGETEGER CCOCTTUCTT GTAGTCCCTC CATGICACAC GYTIGCCCTE GICTCACTAY CTCCGACCCS ATTAGTGACE CCGGACRAGC CGTTICCTTIC

. ¥ Hypr
I v a8 ¢V KA A CDE 8 K X K 2 7T G H Vv ¥ D A R X I v XY TV K ¥y B P
TATTGTCECT TOCHTCARGG CAGCCTGTGA GGCCARARAG ARGECTACTE QGCACETCTA TGACGCTRRC RRGATCOTTT ATAUAGTGAR AGTGGABLCA
ATABCPROQER ACGCAGTTCC STCGGACACT "CCGGTTITIC TTCIGATEAC CCGTGCAGAT ACTGCGGTTG TTCTAGCAAA TATGTCACTT TCACCTESGT
< & Hypr

H T g/ Y'V'A A ¥ B T H S8 G R X T KR & F T VS S B KT I LT MGE Y-
CACACAGEGE ATTACETEGC GGCCRAACGAG ACTCATTCCE GTCGCARARC GGCCAGCTTC ACCGTGTCAT CCGRAARGAC CATCCTCACT ATGGGGGAGT
GTGTIGTCCCC TRATGCACCG COGGTTECTC TAAGTABCOS CAGCETITIC CCOGTCGAAG TGGCACAGTA GUCTITICTG GTAGGAGTEA TACCCCCTCA

B Hypr

- & bV § L L-C RV A 8¢V DLA TV I L EL KT V BEHL ® T -
ATGGCGACET TTEICTGCTC TECCEGETEE CTAGCEGAGT TGACCTEGCC CACACAGTCA TCCTGGAACT GGATBARACA GTTGAGTATC TGCCTACCGE
TACCGETGCA ARGAGACGAG ACGGCCCACT GATCECCTCR GOTGCACCGE GYCTUTCAGT AGSACCTTGR CCTATTTIGT CAACTCGTAG ACGGATGECS

B Rypr




1401

150l

1801

(1701

1801

1201

. 2601

2101

S 2201

Wog v #H.RD W FoN oD L A L. P W X H E & A R N 7 ¥ B A E R L. Vv E F G
TICGCAGETE CRCAGGGATT GOITTAACGA CLTIHCULCTG CCATGGARBC ATGAAGGAGC GAGABRARCTGE AATAATGCAG AGCGACTCST AGARTTCGET
ARCCGTCCAC GTGICCCTAA CCARATIGCY GGARLGGEAC GETACCTITG TACTITCCTCE CTCITIGACT TTATTACGTC TUSCTGABCLE TCTTRAGCCA

E Hypr -

A F.H A V.K # DOV Y ¥ L g » ¢ T G vV L L K a L & G VvV P v A H I B G T
GCCCCTCATE CCETCGRACGAT GGALGTCTAC AATCTCLETE ATCAGACCES £GTTCTCCTT AAAGCICICE CTGGCETACC AGTTECUCAC ATCCASGGAA
CEGGGRGTAC GGCACTICTA CUTGCAGATE TTAGRCCCAC TAGTCIGGCC GCABGRGEAA TTIUGAGAGE GACCOCATEE TCALCGGGTE TAGCITCUTT

E Hypr

K ¥ 5 L'X § ¢ H v ©n ¢C°'®E VvV "G L E K L XK M X ¢ oL T Y T ¥ OO B K T K ¥ -
CERAGTATCR CCTGAAGTCA GQCCCATGTAR CTTGUGAGST GGGCCTGHAG MAGTTGARAA TGAAAGGTCT TACGTACACA ATGTEIGACA AGACCAAGTT
GCTTCATGET GGACTTCAGT CCGGTACATY GRACGCTCCA CCCEGROCTC TTCARACTTIT ACTITCCAGR ATGCATGTGT TACAUACTGT TCTCETIVHA

B Hypr

.?'%W X' R A B T B S G H DT VVHE VTF £6°T KPP SR I P Y KBV

CRUATGGAAG AGGECCCCCA CAGATRAGOGE .CCACGRTACT GTGRIGATSE AGCTGACCTT TTCTGGAACA ABACCCIGCA GRATACCCGT GCUSGCIGTA

GIGTACCTIC TCCCGEGEAT GTCTATCGOC GETGUTATOR CACCACTACC TCCACTGGAA ARGACCTTET TITCGRACST CTTATCGECA CGCCCGACAT
E Hypr

A H 8 858 P DY .N VA ML £ r p ¥ P T I E W N GG 68 I B M g L P P @G
GCTCACGEAT CTCCCEATCT CARTGTIGCT ATGCIGATIA CACCTAACCC TACCATCGAG AATAACGETG GYGETTITIAT TCAGATSCAG CITCUGCCAG
CGAGTGCCTA GAGGGCTACA GTTACAACGA TACGRCTAAT GTGGATIGHG ATGGTABCTC TTATIGCCRAC CACCABRRATA ACTCTACGTC GRAGGUGGTC

E Bypy

. p N I I ¥V G EL § Y QW P QK € 8s.8 X ¢ RV ¥ ¢ K T K K G I B R-
GCCATAACAT CATCTACGTG GGCGAACTCT CITACCAGTG GTTTCAGAAA GGGAGTTCAA TTGGECGGET CTICCRABAR RCGAACGAAGG GAATCGABCG
CGCTRITGEA CTAGATGCAC CLOGCTTGAGA GAATGGTCAC CAARAGTCTIT COCTCAAGTY ARCCCGCCCA GRAGGTTITT TGCTTCTICC CTTASCTTRC

. E Hypr

LTV I 6 & B B W D ¥ G 8 A G G F L 5§ & I 6 K AL B T v L @ & A ¥

ATTGACGETT ATCGECCAGC ACGCATGEGA TIITGGTTICC GURGBGGGAT TCCTGICTTC TATTGGTARG GCACYCUATA CCGTECTEGG GEGCCUATIC

TAACTCCCAA TACGCCOGCTCG TGUGTACCLT AAMAUCARGGE CGICCCCCTA AGEACARGAAG ATARACCATTC CGTGACGTAT GGCACGACCC CCCGCSTBAG
E Hypr

N 8 I ¥ G Q@ vV G F 5L P K L L L & vV A L A ®W L & L N M R ® P T M 8§ H § -

ARTTCTATIT TCOGEGRCET GEGGTTCCTE CCTAARACTCC TGCUTGEGAST AGCTCISGCC TGGTIGHEGAC TGAATATGCC GAATCCGACE ATETCCATGT

TTARGATARA AGCUCCUGCA CCCUARGGAL GGATTTGAGE ACGACCCTIA YCCGGACCGE AUCAACCCTG ACTTATACGC CITAGGCTGC TACAGHETACA
E Hypy

WNV RSL protein
- F L L A GV ‘L v L A M T L e vV G E D T G A X B I 8 R Q

CATTCCTLTT GGUCRECETE CTTETRACTGE .CCATGACACT GGGCETTGEC CCCGACACTS GOTGYGUCAT AGACETCAGC CGECAR
GTARGGAGAR CCGECCECAT SARACATGACC GGTACTGTEA CCCGCAACLG CGGCTUTECAC CCACACGGTA TUIGTAGTIIC GOLETT



oL

igqy

201

301

401

Bl

601

Fo1

PIV-WRITBEY Hypr with WNY signal (p40)

delered ©

5¢ UTR

o e e e g e i 2 A 8 i 800 0 5 At i I S A 4 g o o . e et . . o e o ot P Y P U 1 o T 28 % T P o P ok e o e 2 58 st o o o o o e o o oy e o ek e . e o g g

M 8§ -

AGTACTICGC CTIGTGICAGT TGACRARCTT AGTAGTETTT GTCGAGGATTA ACAACAATTE ACACAGTGUG AGCIUITICY TAGCACGAAS ATCTOGATGT
TCATCAAGCG GACACACTCE ACTGYTIGAA TCATCACAAA CACTCCTART TGTTSTIAAT TGYGTCACGC TCGACABAGA ATCGIBCTIC TAGAGCTAUA
. - WiV deleted C

XK XK » 6 6 P 6 XK § R AV Y L L K R& MM P RV L 85 % I G L KR & 8 K-
CTAAGAAARCC AGBAGGGCCC CECARGRGCC GGECTETCTA TTTSCTARAA COCESAATAC CCOGCETGTT GTCCTTGATT GGACTTARSS GGAGCTCCAAR
GRTTCTTIRE TCCTCCCGGE CCGITCTIGE CCCRACAGAT AMACGATTTT GUGCCTTACG GUGCGECACAA CAGGAACTAS CCTGAATICE COTCCAGGTT

WNV pignal
WV  deleted C : prH Hypr
-9 K K R G G ¥ T 6 I AV M I G M L ALV ¢ A A& TV R K BERD G B8 T
GCAANAGRARA CGCGEOGGAR AGRCAGGUAT AGCTETGHTE ATAGGCATGC TGGCTISTET CUECGAGCAGCT ACCGTGCGAA ARGAACGCSGA CEGEARGCACC

LGTTETCTIT GUGCLLCCTT TCTGTCCETA TCGACACTAC TATCCGTALS ACCGRATACA SCUTCETOER TEGCACGUTT TIITTGCGCT GCUTTCGTGE

prid Hypr

v isga B G6X PAA TGQVR VEN GTC VI LA T D ¥ GS§HW C DD S

CGTGATAMICE CTGAGGGTAR GCATGUGECT ACCCRGGETGAR GAGTAGAGAA PGRACALTIGC GTAATACTCG CGACICATAT GGGATCCIGS TGTGACGATA
CACTATTCCC GACTCCCATT CCTRCGCCGA TOCETCCACT CTOATCTCTT ACCETGAACG CATTATGAGE GCTGACTATA CCCTAGGACC ACACTGECTAT
. prM Hypr
. L & ¥ B CV T I B Q ¢ B E PV D VR PP CRN V De ¥ ¥ L B Y G R-
GCCTCAGTTA TGAATGCGTA ACRATAGACC AGGGCGAAGHR ACCIHTGRAC GTTGACTETY TCTGTAGAAA TCTGGATGGC GITTATCIGCE AGTACGGCCS -
COGAGTCARYT ACTTACGTAT TGTTATCTCS TCCCECITCT TEGACACCTG CRACTGACAA AGACATCTIT ACACCTACCSG CRAATAGACT TCATECTGEC
pPrM Hypr

-C 8 K Q B ¢ & R TR R SV L I P S HAG CEL T ERE H KW L B G

(CTGTGGEARDD, CABGAGEGCT CACGAACTCG AAGATCTGYS CTGATTICAD GTCACGCGCA AGGRAGAGTTG ACCGGTAGAG GRCACARGTG GUTIGRAGGE

GACACCTTIT ‘GTPOCTCCCER GTGUTIGAGC TTCTAGACAC GACTARUGTT CAGTGCGCGT TCCTCTCAAC TGGCCATCTC CGETGTTCAC CUAACTICCT
DIM Hypr :

D & L 2 T ®H L T R V E G W ¥ ¥ X ¥ R L LY A LA M VTV V¥ L T L B 8
GARCTCATIGR GGACCCACCT GACUTAGGGTG GAGGGITGEE TIrIGGAACAA TCEETTCCTC GCGUTCGLITA TUCTCACCAT CETATGGCTE ACAUTGGAGA
CTGAGTARCT CCTGGETGEA CTGATCCCAC CTCCCARCCC ARACCTTCTT AGUCAACGAG CGUCAGUGAT RCCAGTGGUA GCACACCGAC TGTGACCICT

’ B Hypr :
x4 Hypr

-V VvV R VA V L VYV L L C 3P V¥ A S RCT BEL E B RDF V T G-
GIGTCETEAL TCEEETTGCT GIGTIGETEE TCCTCCICTE TTTEECCCCA GTETACECET CCAGGTGTAC TCATTTGEAA AACAGRGATT TTRTCACLGH
CACAGCACTE AGCCCAMCGA C‘ACAACC}LAC RGGAGGAGAC AAACCOHGHET CATATGCGCA GGTCOACATG ACGTRAACCTT TIGTCTCTAR ARCAGTCEGECC

B Hypr :

- —— 2 et it i e e 8 i e A o0 e 4 = 2 o o 08 A A 28 A S g Ak e e A g S e o A g A S i R T A B b o AT T i i I A eS80 P Ot P e e o o 0

v



L

801

801

1001

1101

1201

3301

1401

1501

1601

1701

1801

T QG TTRV T L ¥ L BL GGCYV T IT AEBG KPS M DV E L D A

CACCCAGGEG ACGACTCOSE TAACCCIGST GOTTGAACTG GGTGATIGCE TTACTATTAC CGCTEAGEEY ARRCCCTCTA TGGATGTGTG GCTGGATGCA

GTGEETCCCC TECTGAGCEE ATTGGGACCA CGAACTTERC CCACCARCGC ARTGATAATG GCGACTUCCG TTITGGGAGAT ACCTACACAC CGACCTACGT
E Hypr

Y g B H P A g T R E ¥ C L # A K L 8§ D T K ¥ a A R C Y T M G P A T -
ATCTATCAGGE ABAATCCCGL RCAARCCAGE GRATATTGOC TTCACGUABRA GUTGICOGAT ACABRGCTCG CGHBCTAGETIG CCUARCARTG GGACCGGCCA

. TAGATAGTCC TCUITAGURGCE TGTTIGETCC CTTATAACEE BAGTGCETIT CGACAGECTA TCTTTCCRGC GCCGATCCAL GOGTTSTIAC CCTGGCCEET

E Hypr

- L A B E B Q & 8 v ¥ ¢ K R D Qg 8 o R G W G N H cC 8 L F G R G g ¥ v -

COCTEECGEA GGRACATCAT (GGAGGTACRG TETGCAAALG GOACCAGAGT GATAGAGGCT GURGTRAATCA CTECEGECCTE TTCGGCAAAG CGAASTATIGST

GEGACOACCT COTTOTASTC COTCCATETC ACAQGITIGC COTGCETOTCR CTATCIUCGA CCCCATTAGT GACGECLGEAL AAGCCETTTC CTTCATAACA
# Hypr

- A LV X A 2 ¢ BE A K X K & T 6 H OV ¥ B oA ¥ K I v Y T v X v B P E T

CECTTECOTC ARGGCAGCCT GTGASSCCAR AAAGRAGGECT ACTCEGCACG TTUTATGACOC CAACARGATC GTTTATAUAS TGABAGTGGAR ACCACACACA

GCEAACHECAL TTCCCTCEER CACTCCEETY TITCTTCCEA TOACCCETGC AGATACTGCG GUTIGITCYAG CAAATATGTC ACTTTCACCT YTGGIGTGTGT
E Hypr

G D Y Vv A R N E T H § @ R K T & S F T VvV & 8 B K T I L T M G E Y 6 D

GECEATTACG TGGUGECCAA COAGACTCAT TCUSOTCGUA ARACCGCCAG CITCATCETE TCATCCEARA AGACCATCCT CACTATIGGE GAGTATGGCG

CCCUTRATGC ACCGUCGETTY GCTCTGAGTA AGGCCAGSCET TITGCCGETC GRAGTGRCAC AGTAGGCTTT TCTGEGTAGBA GTGATACCLC CTCATACCGC
E Hypr .

CO - T L ¢ R v A 8§ G ¥ D L A QT v I L % . B K T Vv E H L ¢ T A W Q-

ACGTTICTCT GUTCTROCRE GTGGOTAGCE GAGTCEACCT GGUCCAGACA GTCATCCTIESE AACTGHEATAA RACAGTTGAG CATCIGUCTA CCGCTTGEGCA

TGCAAAGAGH CCAGKCOECC CACCGATCGC CTCAGCTGEA CLGGGTCICT CASTAGGARCC TTGACCTATT TIGICARCYTC GTAGACGGAT GGCUGBACCGTY
B Hypr

v H R D W F XK DL A L P W K HEG A RN WHNDN & EBEZRUL V EBEF & A P

GQTGCACAGG GRTIGGTTIA BCGACCTTGC CCTGUCATGG ARACATGRAGC GAGCGAGAAA CTEGAATAAT GCAGAGUGAC TCGTAGAATT CSGTGCCCCT

COACETOTCC CTRACCAABT TGOTGGAACG CGACGETACS TTTGTACTTC CTCGCICTTT GACCTTATIA CGICICACTG AGCATCTTAA GCCAUGHUGA
E Hypr '

¥ & v X M DV ¥ ¥ L ¢ DgGOT 6V L L XA L B GV P Y A HIE & TKY

CATGCCGTGA AGATGGACCT CTACAATCTG GHTGATCAGA CCGRCETICT COTPABAGCT CTCGCTGGLE TACCAGTTIGS CCACATCGAR GGAACGARGT

GTACGGCACT TCTALCTGCA GATGTTRGAC CCACTAGTCT GGCCGORAGR GGAATTTCGA GAGCGALUGC ATGGTCAACE GETETAGCTT COTTGECTTCR
E Hypr

. ¥ L X $§ ¢ ¥ VTCE VvV GL B KL KHHMNEKO G LT Y THC BKEKTZEK F T W-

ROCACCTGAR CTCAUGCCAT GTAACTTGCG AGUTOGEOCT GOAGABRGTTE ARAATGARAG GTCTTACGTA CACARTGTGT GBCAAGACCR AGTTCACKTG

TQETGEACTT CAGTCCGSTA CATIGAACEC TCCACCCGGA COTCTTUAAC TTTTACTTIC CAGAATECAT GIGTTACACA CTETTCTGET TCAAGTETAC
B Hypr

.K R A P T D S ¢ ®H D T VY M EVT £ S§G¢ T K®P?P CRTI®P VRA V A H

GAACGRGGECE CCCATAGATA SCGECCACCA TACTETGGTE ATSGAGGTGA CCITITICIGE ARCARBACCC TGCAGRATAC CCGTIGCGRGLC THTAGCITAC

CITCTCOCCGE GEETETCTAT COUCGHIGOT ATGACACCAC TACCTCTACT GGAARRGACC TTGTTITGEGG ACGICILATG GUCACGCCCHE ACATCGAGTG
¥ Hypr

o v Ay A o e o Rk 8 e o o o e s o o i o ot ek g e K oy e O A RS A 4 S A kP Ak A A A e M0 A i i D41 ek SB HR SA TY  5 A  e T A) h  2a th  m A. m b1 S At U T

G % ¥ D V. ¥ OV A M L I T »P oW BT I # ¥ ¥ G G ¢ F f B M Q L P T G D N -
GOATCTCOCE ATCTCAATGT TGCTATGCTS ATTACACCTA ACCCTACCAT CGACGCAATAARC GUTCEIGSTT TTATTGAGAT GUAGCTTCCE CCAGGCGATA
COTAGAGEGC TACAGTTACA ACGATACCAC TAATGTEGAT TEGGRTGETA GCTCITATUC CCACCACCAA AATRACTCTA CGTCGRAGGC GGTCCGCTAY

B Hypr



R

1801

2001

21073

2201

.1 1.¥Y v & EBE-L S YO W¥FrQ KGS $IGR Y F Q KTEK KGTIE RILT:-

ACATCATOTA CGTGCGCGAR CTCTCTTACS AGTCUTTTCA (GAARRGGEAGT TCARTIGGEC GGETCTTCCA ARABACGARG AAGGAEAATCSE AACGATTGAC

TUTAGTACGAT GQCACCCECTT GRGAGAATGE TCACCHAAGT CITICCCTOA AGTTBACCCG CCOCABAAGGT TTITIGCTITC TTCCCTTAGC PTGCTAACTG
B Hypr

- V.16 E B2 A W L F G 8 A 4 G F L o8 5 I @ X A L H T V L G 6 A F ®H 8

GGTTATCGEC GAGCACGUAT GGGATTTICG TTCCCCAGEE GOATTCCTGT CPTICTATIGCE TARGGUACTG CATACCGTGC TGGGGGGLGC ATTCAATTCT

COAATAGCCE CTCRTCUETR CCCTAAAACC AAGCCGTCCC CCTARAGGACA GAAGATARACC ATTCCETGAC GTATGUCALG ACCLLCCGCS TARGTTAAGR
B Hyor

e S 1 s S P o e o — —_— e e 4 ot o s o e o s e e T P d P Ay e o i AP o8 o A A0 s S sy e A A T 0 Tt o 20 P S 8 A O P

I P G G ¥ OGTF L P X L L L G V A L A W L G L N M X X p T WM 8 M & F L -

ATTTICOGGE GUGTAGGETT CCTGCCTAMS CTCCTEOTRG GAGTAGCUCT GGCCIGHTIC GGACTGRATA TGUGGAATLC GACSATETCC ATETCATTCC
TABRAAGCCCS CGCACCUCAR GAACGGATTIT GAGOACGACC CTCATCGGGA CCGGACCAAC CCTGACTIAT ACGCCITAGS CTGCTACAGG TACAGTAAGE
£ Hypx

: WHNV NB1 protein
L & G ¥V L VvV L A HT L ¢ v 6 A D T ¢ C A T b I 8 R @
TCITGECCEE COTCCTTATA CTGGCCATGR CACTGGGCET TEGCECCEAC ACTGUEGTEYG CCATAGACAT CAGCCGGTAR
AGARCCBECE GOACCAACKAT GACCGGTACT GTGACCUGCR ACCCTEGUTGE TGACCCACAC GUTATCTGTA CGTCGGCCGTT



Sequence Appendix 4. WN PIV constructs expressing rabies
virus G protein.

i1

Z02

30%

403

501

501

AR

BO"i.

203

ey

WN (ACprME)-Rabies PIV sequence (partial)

N-rerminus of C

prpT—

“ g -

AGTAGTTCEC CIGTGTCAGC TCACARALTY ;&G‘rmm*r*r GYCRGGATEA ACRALCAATTA ACACAGTGG AGCIGITYCY TRGUALGAAG ATCTCGATGT
TOATCRAGCE G,?\C}:_,,AC"TC{; ACTEYTTGAA TURTCACARA CACTCCTAAT TCTIGTIRAT TETCTCACEC TCCACARAGA ATCCTGCTTC TAGAGCUTACA
H-terminug of €
¥ X P & &G P G ¥ § R AV Y L L K R&G #®¥ P R VL &8 L I 6L X ¢ KX R-
CTAAGBAALC AGGAGCGICC GOUARGAGCT G(";\:CTGT"‘I‘A TTTGCTARAA CECGGRATEC CCCGCOGTGYT GTCCTTGATT GEACTTALGC AARAGAAGLG
GATTCITTEGE TCOTECCEas CReTICTIGE ‘..CCL:ACAGAT ARARCGRTTTT GUGCCTTALE GUOCGCACAA CAUGRACTAA CCICAATICE TTTICTTCGS
N-terminuvg of © Rabiea & signal

9arcia}. ¢ éignal Rabies-0 protein

.gg;{TGI}x'J}ZVPQﬁ3‘4-3’.»5"{?LhVFPLCFGKFPIY'!‘

A(,{;acqmc ACTGETATAG CIGTEATUGT TCCOICAGECT CTTTTGITIO TACCCTTGLT GGTATTC{CLC CTLTGECTTIC GTARATITCC TRICTATACC

TLCCCCETTC 4 uACChTATf‘ GACRCTAGCA AGGACTCOGHE GHEARACARAAL ATGGARAACCR CCLIRAAGEG GAAACGAAARL CATITARAGG ATAGRTATGG
Rabien-G protein

I DK LGP WS©P ID'IH KLS CPNNLVY BEDE GCT KL S G-
ATCCCTGATA AGCTCCLGOC TTGGAGTTCC ATTGATATIC ACCATTTGAG CIGCCCARAC ARCCTOGTCG TIGAGGATGA AGGGTGIROT ARTCTTTCTG
TAGGRACTAT TCGAGCCCOS AACCTCAGGG TAACTATAMS TGGTAMCIC GACGGGTTTG TIGGAGCAGC ABCTCCIACT TOCCACGTGA TTAGRRAGAC

Rabies-G protein
- P 5 Y M ¥ L KV &Y I §a I KK NGFT CT G YYVYT EAET ¥ T N-
GRPTITCOTA CRICGAGYTG ARAGTGGGER ATATITCAGE CATTAAGATG AACGOGTTIA CTTGTACAGS AGTCGTGACT GAAGCORRGA CATATACARA
OTEABRGGAT GTACCTCAMC TTTCACCCGA TATARAGTOG GTAATTCYAC TTGCCGAART GAACATGTUC TCAGTCACTES CCPCHOCTOT GTATATCTTT
Rabies~G proteln

AP VY 6 Y ¥ O YTYTT T F XK R X H F R PTYT P D AR CR A B Y RNRE ¥ MA &DP

TEECGTGEGA TACGTLACCH CCACCITORA GAGA&MC&Q TPCUGLCCAA CACCIGALGE TICTOGRGCE CUTTACAACT GRARGATGHC ASSAGATCCT

ARRGCAGCCT ATGCAGTEGT GOTGGARGTT CTOTTTIGTS ARBGCOGETT GURGACIGOG AACAGCCCGEG CGRATSTTGA CCYTUTACCS TUCTCTAGGA
Rabiee-G protein

RYEBSLHNPYPDYHﬁLLRTVI{TTKESLVIZSPSVJQ,~

CEATATGAAG AATCICTIGCOA CRACCOE Tl‘ll‘ CCI‘GATTAC.‘C 'ATTGGCTGUG GRCAGTCARG ACTACCAAGS AGAGTCTOGBT CATTATATCR CUARGCETGS

GCTATACTIC ‘TTAGRGACG’F STTGOGCATH GUEACTAATGE TARCOGACGC CIUTCAGITE TGATGELTIC TCICAGACOR STARTATAGT GOTTUECALC
Rabien:G proteify

ot e e - P o e e ———n

L p v ¥YDp RS LH SRV P PG GCHOCS 6V A ¥ §6 T FY¥YOCS T N H-

COGRTCTICR, TOOTTATGAT RGATCOCTER ACACI‘AGC;G‘I‘ TTTTOCTRER GOEARTIGTA CGCGETATIGC AGTATCRAGT ACCTACTECT CCACTARLCH
GOCTAGARCT AGGRATACTA TOTAGGGACG TGTCATCLCA AABAGGACCS CCOCTTAACAY CGCCACRACKH TCATAGTYCA TEGATGACEA GOIGATTGET
Rabies«& protelin

W s o e e o e - -

-DY‘TI'r'!}’;"n?ENI’QLGMﬁcﬁﬁ‘é“TﬁSRGi(RhSKGSET

CGACTACACT ATATEGATEC CTEAGAACKCC TOGACTOGRT M‘G%GTTGCG AC&M"M‘TAC GRACTCRLOG GOCARBUGEE CATUTARGGE Gic‘"&ma
GOTGATETGA TATACCTACG GACTCITGEEE AGCTGRGCCA TACTUAACGE TOTARAMATG CITGAGTGCC COGTTCOCCC GTAGANTTOOC CAGRUTTTIGT
Rabies-G protein

0 - e 8 b 0 e Bt Bt e T

CGFVDERGLYK'S'LKGACKLRLCGVLGLRLHDGTW<
TGCEGOTTEG TTOATGRGCG GEGGTTGTAT AAATCICTTA ARGGOGCLIG TAARGCTGAAR CTCICTGCCE TACTGGGGCT GCOGTCCTIGATG GACGGCACAT
ACGLCUBAAC ARCTACTORC CCCUARCATA TTTAGAGAAT TTCOGOGGAC ATTUSACTTY GRGACACCGE ATGACCUOGR COCGEARCTAC CIGUOGTHTA

Rabies~G protein
¥ A ¥ O ¥ S8 W B THKRK ¥ C P PGS Q LV KL KD ¥ KB S D EBE I BEHE LV V-
CUGTEGCTAT GCRGACAAGE AATGARACAA AGTCGEPGTON COCTGETCRAG CMEGTTAATC TOCACGACTT TAGGCTCIGAC GARATCOMAGC ACCTTGTGGT
CCCACCORATA COTLTETTOS TYACTTTICTT TCACCACAGE GGGACCAGTC GACCAATTAG ACGTGCTGAA ATCCRGRCTS CITIAGCICG TOCARCALCA
#abien-G protein
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1161

1201

13401

1431

1503

1701

EA-1151

1901

B EL VKKR EBC LDA L ESI MT'T XK § ¥ 5 ®» R R LSH L ® K

COAGGAACTS GTGARGARAC GOGRAGAGTS COTGRACOCA CTTGAGRGTA TTATGRGCAC CAARTCCGTT TCOTTEAGAR GACTOAGCCA CCTGCGAARG

COTCCTIRAC CACTTCTTTG CGCTTCTCAC GGACCTGUGT GARCTCTCAT RATACTGGTR GTTTAGGCAR AGSAMITCIT CTGACTCGGT GOROGCTITC
Rabies-G protein

L vV P & F G R A Y T I F R X T L M E A D AR Y X S5 Y R T W N EBEI I B.

.......... - ERpepea. ] e e et

| CTGGTGCCAG GGTTCGGGAR GOCTTATACT A’ITT'I’CAACA BERDTCTTAT GGAG\.:&GAT GOOCATTATA AGTCAGTTAS GACTTGGAAT GAGATARTTC

GACCACGETC CCAAGCCCTT COGAATATGA TAAAAGTIGT TCUTGAGAATA CCTCUGCCTA CRGGETARTAT TCAGTCAATC CTERACCTTA UTCTATTAAG

Rabies-G protein
S K B T L R ¥ &6 R CH P H VN GVFF ¥ G I ILG PDGN’ v L I-

CCTCOCRARGS RTGTICTGAGA ﬁ’!’CGGTGGG& GAT'GCLMCC‘. CCATOTTAAT GGGGT&TTC‘E TERRACGEANT CATCCTGGGA t:crc;amc;ga AUGTGUTPGAT

BOAGETIYCC TACAGACTCT CAGCCACCCT CTACCGTGES SETACAWITA CCLCACAAGA ARTTOCCTTR GTAGGACCLY GHACTECCCT TGCACGACTA
Rabies -G protein

-S’I—?MQSBLLQQHMELLVSSVIPLMHPLADPSTV?

TCCLGAGATG CRATOTTOCC TTCIGCAGCA ACACATGUNA C‘I‘CC"I‘GG’PGT CTTCAGTGRT ACCCITGATS CROCLY RCZGG CCGACCOCAG CACTETETTS

AGGGCTCTAC GTTAGAAGGE ARGALNICGT TETOTACCTT GAGGACCACA GARBTCALTA TCGGHEACTAC GTGCGTOACC GGUTGGLGTS GTUACACANG
Rabige-G protein

KNGDE{\EDF"SVHLPDVHERISGVDLGLPNHGI(Y-

BT T L T T L Ty e ep— R - v ko A v e

AAAAATGEUE ATGAGGCOEA AGACTTIGCTG GARGTYTUACC TGCCOGATGET ACACGRAAGY ATATUTGGAG TAGATCTGGS CCTICCTAAT TGCGGTARGT
TTTITACCGE TACYCLGHCT TCTGARACAT CITCAASTES ACGGGLTACE TGIGCTTUCC CATAGRCCY( ATCTAGACCC GIAAGGATTA ACCCCATTCA
Rables-G protein

g o 1 T ) o A

ACFTCLTCCT GAGTGCGGET GCOTTEACTS C‘I"I‘TC‘J'E‘GC.'T GATCATTTTT C’}‘GATGACC’“’I‘ GCTGHIGHRAG GETERATCGC TCLGAGCCGR CATAGCALAA.

TFGCACGRGGA CYCACGCCLA COGAACTGUT GABACTACER CTAGTAAMAR GACTACTGHA CGACURCCTL CCACTTAGUG AGGCTUGRCT GTGILOYETT

Kebies-G protein

[SOPRRER N e e e b e e s e A e 80 e ek 1 1 A e 4tk o o St et Do e bt e o ot

LR E T SR E VSV T E QG S8 E X I I & s WB B YR BG OG R T S LN
TCTCAGAGGE ACAGGUOHES AAGTARGTGT GACTCOBCAA TCTGGCARGA TTATTAGTAG TTOGLAGAGT TACAAGTING GAGGAGAGAS TGCGTIGAAT
AGAGTRICEC TGTCCEGCOC TTCATTCACA C“"GRGDC‘G'PT AGRTOGTTEY AATAATCATC ARCCCYCTCA ATETICWGAC CTCCTCTCTG ACCCAACTTA

preNSl sigosl

FMDV 27 RS1 signal

_______ 8 1 o 1 o 4 0 o A A ks o e e 2 s S 4 P — [Uppw— RS-

#F o L L K L & & 2 ¥V B € ¥ P 6 P A B DR § I A & 7 ¢ L &V & &V L L
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TTIGATUTCC TCARBRCTYCC AGGCGATETA GABTCARAYC CTGEACCIN. COGGGATAGSE TUOATACCIC TCAQ&‘I’T‘"C.‘I CCCAGTTGGA GCAGTICTGC

ARRCTAGACG AGTTIGAACSG TCCOUTACAT CTTAGITTARG GACCTGGGNG GECCOTGETOL AGCTATCGAG ACTGCAMGA BCGTUARCCT CCTCRAGATG
W& signal

~~~~~~~~~~~~~~~~ o ) HS1L

o - e T T TP

P L & ¥ ¥V ¥ aAaDT G CA I DI § R QF L RC 6 5 & ¥ ¥ I H KD V-

L T o T ST P e e b

TCIPCCTCTE CETEARTETE CRCGUTGRCA CYECGTETGC CATAGACATC ACUCGGUARS ACCTGAGATE TCGAAGTGSA (YIGTTOATAC ACRATGATGT
AGCKARCGAGAG GCACTTGOAC GTGCGACTGT CGACCCACALG GTATUTGTAG TCGGUCGTTC TCGARTCTAL ACCTICACCT CACAAGTATE TUTTACTACA



WHN (AC)-Rabies G PIV sequence (partial).

10%

30t

402

503

H03

701

%03

100%

1303

5UTR

-

rarmiong of C
¥ 5
AGTAGTTCGC CTGISTGAGT TGACRAACTT AGTAGICTIY GTGAGGATTA ACAACAATTA ACACAGTOUG AGCTGTTICT TAGCACGAAG ATCYCGATGT
TCATCAAGLE GACACATTCR ROTGTTTGAA TCATTACAAM CACTCCTRAT TOTIGTTAAT TETGTCACGC TCOGACRAAGAR ATOSTGUYTC TAGAGCTACA
N-terminug of C

JU— o e e b o o e e g v e e e B ottt b i et i 4 e - ke e S i

KKFGGPGKSRAVHMLKRGMPRVLSLIGLKQKKE
CTHEGAARCCS AGSACERCLC GRCARMIACS GOSCTETCAN TATECTARA CCCOGRATAC COOOUunaTy GreCTICATY GGR&.{:?TMGC ARARCARGUS
GATTCTIPEG TCEOTCLCCEEG COGTTCTECS CCOSACAGTT ATACGATTITT GUGCCITALG GOGCOCACAR CAGGAACTAA CCTGANTTIOR TILICTTOGC
Necerminug of O Rabies~G protein

partial C signal RAbies-¢ aignal

st i - vt o A o 5 e e 0 b e ol e e o o s e w -

'GGKTGZ.RVIVPQALX;:’:‘VPLLVFPLCFGKFPIYT

- —— e s o o e o e o e o bt LIRS Rp - RO

R oo o

AGGGORBCAAG ACTGHTATAS CICTGATOST TCOTCAGGLT CETTITTGEITSE xac:ctmcr GGIRTTTCOC CETIGOITIC GTARRTTICC TRATCTATACE
TCCCOCETTC TGACCATATC GACACTAGUM AGGAGTCCLGA GARAACARAC ATGGSAACGHR CCATAAMRGEG GAARCGARAC CATTTAAAGS ATAGATATCS
Rakies-0 protein

——— e e e

I P DK L O P WS P I B I H ®H L S ¢ PN N LVNY BDE GOCT ONL & O

RTCCCTGATR AGCTCEGGCT TTEEAGTCC ATIGATATTL ACCRTTIGAG CIECCCRAAL AACCTC‘?"I‘OG TICGAGGATEA AGGHTECACT AATCTTTLXG
TAGGEACTAT TCGAGCCCEE ARCCTCAGGS TAACTATAAG TGGTABALTC GAUGEGTTIC TTRGAGCAGC AACTLCTACT TCCCACGTGA TTAGRAAGAC
Rabies-G protein

o e o 4 et R B 88 B s 2 Y A 5P 08 30 8 B 88 8 i o Ak S o ot ot e .

¥ §8 Y ®H E L KV &6 Y ¥ 8 A I KM ® &6 P T €T G V VT E A& ET Y T N-

poon o v~ g o W S0 o ek o b R AR BB 0 A I Pt

CATTTTCCTA CATGGAGTTE RAAGTGEECT ATATITCAGC CATTARAGATGC AMCCGUTITA CTTGTACAGE AUTCOTGACC GARAGCCGAGA CATATAUAMA

CTAABAGGAT GTRCCTCAAC TITCACCOGA TATARAGTOS GTAATTCTAC TIGOUGARAT GAACATETEC TCAGCRCTGE CTTCGRCTCT GUATATGTTT
Rabies-G protein

“F Y G YV T®™T®T TP KX R XH FRPT PDAL CRUAE AYNEK¥ KMNA GD P

PRSP o e 0 e e e e e

— oyepn -

TTTOCRGEA TRCGTCACCA COACCTTCAR GRORAARCAL TTUCGCCOAR COUCTGALGE 'KTGTC‘GOGCC GUTTACAALT GUAMEATEGC AGBAGATCCT
RARGCACCCT AYGCAGTOGT GETEAAACTT CTCTTITGETG AARGGLOGGETT GCOGACTGCSG ABRCAGLOCGE CGAATGTTGEA CUTTCTACCE TCCTCTAGEA
Rabries-G prosain

............... ko e g 0 o ket e o b ) e [ [ Ry [ReR——

Y BB ¥ LE B PR Y P D Y¥YH W LR TV K T TIXE S LvVv ¥ I B P8V A
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CEARTATGAMG RATCTCTGCA CAACCCGTAT CCIGATTACC ATTGGCTGUS GACAGTCAAG ACTACCAAGG AGRGTCIGET CATTATATCA CCAACCETES
GUTATACTTC TTAGAGACGT GTTCRGUATA GGAUTAATGE YAACUGACEC CTOTCAGTTC TGATGGTTON TOTCAGALCHA GTAATATAGT GETTCECACC
Rabies-G protein

P A O 90 8t e AP B S D bl ot A AN U7 o g A ek o o e 2 0 4 A et 22 it s

oo - PRomwES

D LD P Y D R S§ LH S RV ¥ P & 66 % C S ¢V A V¥V 858 S T Y OO S T NBEH:
CCGATCTTGR TCCTTATGAT AGATCCCTGC ACAGTAGEGT TTITTCCOYGEC GCGAATTGTA CGUGGTSTTGC AGTATCAAST ACCIACTGCT CCACTAACCA
GROCTAGARCT AGGRATRCTR TLTABGGROG PETCATCCCR ABARGUACCG CCCTTAACAT COCCACARLG TOATAGTTCOA TOUATGRCEA GQTGATIGET

Rabiep-G protain

__________ ous Sy —— o m et - . -

R Y T Oy WM P E NP R L E& M S OCDHD LT F T N SR 8 K R A S5 K G S5 BT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ——— v I —————

CCACTACRLT ATATGHEATGEC CTGAGAALCC TOGACTOGHT ATGAGTTIGCS ACATTTETAC GAACTCACGE BRCAMGOSGS CATCTARGHS GT"I\:MC?\
GCTIGATGETGA TATACCTACG CGACTCITGGE RAGCTGAGCCA TACTCAACGS TGTAAAAATE CTTGAGEGCC COCTTLGCCC GTAGATICCC CAGACTTIGT
. : Rabiles-& protein

- b PR -

- T e 1 b ot

¢ 8 P ¥ p E R & L Y K 8 L K 6 &8 C X L XK L COG VY L &G L 8 L M DG % W-
TEOGCETYTE TTGATGAGCS GGGGTTGTAT ARATCTCTTA ARGGCGUCTG TAMGCYGARAA CTCTETEOCE TACIGAGECT GOGCCTIATS GACGGCACAT
ACGCCCARAL ARCTACTCGC COCCAACATA TTTAGAGCAAT TTCCOCHHAL ATTOGALUTTT GAGACACCHC ATEACCCONA COCSGACTAL CTGCOETGTA

Rabies-~G protein

,,,,,,,,,, e o o 5 A AL W B Y et W 4 4 e O 8 o e o 0 A S A Pl A8 o i 43 0 —-———

- ¥ A M g T E$ N B TK WLP PG Q L V¥V ¥ L HDF R S5 B EIE‘H L Vv V-

GUGTGGCTAT GCAGACAAGL AATGAAACAR AGTGGTGTCC CCCTGGTCAG CTGOTTAATC TGUACGACTT TAGETCTGAC Gmimsc ACCTTETGET

COCACCEATA COTPCTGTITOS TTAUTTTGTT TCACCACAGE GOGACCAGTC GACCAATTAG RCGTOCTHEAR ATCCAGAOTS CTTTAGCTUS TCGAACACCA
Rabiss-G protein

-BE B L ¥ K K R B E L R WA L E S Y M YT T XK £ Y 8 F R R L S E L KX

GEAGGAACTE r;"amw.zxc GUGAAGRGTE CUEGGACGEA CTYGAGAGTA TIATGAOCAC CRARTCCGTT TCCTTCAGAA GACTGAGCCHA CUTGCOAAAG

CCTCLTIGAS CACTTCTTIG CGUITCICAL GGACCTGUST GAACTCTCAT AATACTGGTS GTTTAGGCAA AGGAAGTCTT CTGACTCGCT GGACGCTTTC -
Rabies-( protein

— - it - -
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LVPGFGKAYTIFEKTLMBAbAHYKSVRTWNE:IIP-
1201 CTGETACCAG GETTOSEGAA GGUTTATACT ATTTTCAACA AGACTCTTAT GGAGGCGERT GOUCATTATA AGTCAGTTAG G&m’r@m‘r GAGATAATTC
GACCARLEETC CCAAGCCC'I"I' CCGRATATGA TAABAGTICT TCTGAGARTA CCTCCGCCTA CGGCTAATAY TCAGTCAATC CPCARCCTTA CICTATTAAG
Rables~G protein
~SKGC£;RVGGRCHPHVHGV?PHGIxLGPDGNvLI~
1301 CCTCC:AAAGQ ATCTCTGAGR GTOCOTERBEA GATGCCALCC CCRTETCRAT GOESIGTTCT T’I’MCGGAAT CATCCTGGEA CC'Z‘GACGGGA ACGTGCTGRT
GUAGRTTITUL TACAGACTCT CAGCCACCCT CTAOGGTIGOG COTACAGTTA CCOCACANGA BATTOCCOTYTA CTAGHRACEST OOACTONUCT TQCACCRUTA
Rabies-G prohein
P EM Q 5§ 8§ L L Q H M E L LV S & WV ¥ P L M H P LA DB S TVTF
14801 TCCCGRERTE GRATCTTCCC 'I‘TCI‘GCAGCA RCACATGGAA CTCCTGGTGT CTTCAGYGAT ACCCCTGATG CACCCACTGS COGANCOCAG CACTGIGTTC
AGEECTCTAC GITAGRAGGS AAGAROGTORT TEIGTACCTT GAGGACCACA GARGTCACTZA TGGCGSACTAC GBIGGGTEMC GGCTGGGETC GIGACACABG
Rabies-G protein
¥ N G R B A E D FV E Y R L P BV B B R I 86V DL G L PN W8 K Y-
150% ARAAATCGOG ATGAGCCCGA AGACTTTOLS SAAGTTCACC TGUCCGATOT ACRCOAARGE ATATCTCGAG TAGACCTGGG CCTTCOTAAT TERGGTARGT
TITTTRCLGC TACTOCGGCT TCTGAARCAT CTTCRAAGTGG ACGGGCTACA TGTGUITICE FATAGACCTE APCTGGACTL GEAAGGRITA ACCOCATICA
Rables~G protein

uuuuuuuuuuu I O e 2 42O S St o Ay Y B P — ——— - ~

VL L S A G AL T AR L ML I I ¥ LM T L WRR VN2 5 B P T B N-
160L ALGTGUICCT GRUTECGEET GUCTTCACCS CTTTGATGRT GRTCRTITIT CISATGRCCT CCTOGOGHAT GUTGANICHD TCOGAECCEA CACAGCALER

TGCACGRGEA CRUALGCUCA CGGAACTGGC GARACTACGA CTAGTAARAA GACTACTHGR COACCGCOTC CCACTTAGCE AGGCTOGGCT GTGIOGTGETY
TR 2h

Rabise -G protein

L 28 T G R E OV S5 W 2 88 ¢ XK I ¥ g 8 W E S Y K S5 6 G ET G L N

170 TCTCAGAGEG ACAGGCOGEE BAGTAAGTST GACTCOGCAR TCIBGCAAGA WTATTAGTAL TTGEGAGAGT TACAAGTCTS GAGGAGAGAC TGGCTTGAAT
AGASTCTOCC TGTCIBGLOT TYCATTCACA CTGABGCETT AGACCGTTCT AATAATCATC AACCOTCITA ATGTICAGAC CTOUTCTOTE ACCUAALTTA.
ClprM gignal

v o e et Pkt i e e e e ————— po——

FHDV 2A
F B L L X L A G DV E‘SNP ¢ P 6 G K T G ¥ AV B I 6 L I A CV G A-
1893 TYTGRICTGC TCMAACTIGC AGGCOATGTA m’rcmm’c CTGOACCOGE AGGARAGALC GOTATTACAG TCATGRTTHG CCOTGATUGLS TGCCTAGGAG
AAACYASACG AGTTTCAACG TCCGCTACAT CITACTITAG GACOMIGECL TCOTPTCOTGE CCATAACSTS AGTACTAACC GGACTAGCGEG ACGCATCCEC
C/pr# signal

pri
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1501 CAGTTACCCT CTCTAACTTC CAAGGEAAGG TOATGATGRAL GGTAAAIGCY ACTGACGTOA CAGATGTCAT CACSGATTCCA ACRGCIGCTG GARAGAALTT
GTCARTGGGA GASATTEANG GTTCOCTTOC ACTACTACTG CCATTTACSA TGACTGCACGT GTCTACAGTA GTOCTAAGEY TOTCARCGAC CPTTCTTGRA
Pry
‘CE'VRI&MDVGYMCDI}TIJ‘YECPVLSAGNDPEDID
2001 ATGCATTIGTE AGAGCARTGG ATOTEGEATA CATGTGCGRT GATACTATCR C’I‘I‘}\TGAATG COCAGTCCTIE POAGUTEETA ATGATLCAGA AGACATCEAC
TACGTAKRCAG TCTCETTACC TACACCOTIATY GTACACGUTA CTATGATAGT GARTACTIAC GEGTCALGAC.AGCLGACCOAT TACTAGETCT TCEGTAGCTG
prid

CWC'I:KSAVYVRYGRCTE{TRHSRRSRRSL‘E‘VQTI&G-

23103 TEETGCTONA CAMAGTCAGE AGTLTAUGTE AGGTATGGAR GATGUACTMA GN:ACGCCAC TCRAGACGCA GTOOGRGGTC AUTGACAGTG CASACRLACG
ACRACCACGT GTTEOAGTOS TCAGATGCAG TCOATACCTT CTACCTGRTT CTSICLGETS &L:m TCTGUET CAGCCTCOCAG TGACTGTLAC GTCTBIGTGC
P
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220 GhGARARGCAC TCTAGCGALC ABGARGEGEGE UTTGEATGGA CAGCACCAAG G!‘:CACARGGT ATTTEGTAAN ARCRERATCA TCGRTCTTGA GORALCCTGGE
CYOTTTCETE AGRITECTIC TIOITCCOrC GARCCTACCT GTOSTGETTC COGTCTTCCA TABACCHRITY TIOTLYIAGT ACCTAGRACT COTTGRRANS
oYM

e e b o e o et S 2 B e e 50 o 04 - - e

¥ A L Vv A AV IG??MLGSRTMQRVVP‘JVLL&LVA]?h‘l
230 ATRTEOCCTS GTHGCRGCCS TCATIGGLTG GATGCTTGEG AGCAACACCA TOCAGAGAST wmc;'i“m‘rc GIGCEATTO! TITIGEIGEC CCCAGCTTAC
TATACGEGAC CATCCTCEGC ACTARACCRAL CTACGARCCS TCETIOTERT ALGTUTCTCA ACACAAACAG CACGATARCG ARAACCACCG GUGETCGARTS -
B

pri
%FNCLGMSNRDFLEGVSGA?WVDLVLEGDSCVTI-
240 BUCTITARCT GCC"(“Z‘GGAA‘T GAGWC‘A&A VACTTOITOG ARGHAGTGID TOGAGCAACA TCGGTGEATT TCOTTCTCGA AGGLGACAGC TUCGTGACTA
FCGAAATTGRA CGGAACCTTA CTCGETTGTCT CTARAGAACT TTCCTCACAG ACCTOWITGT ACOCACCTAA ACCAARGAGCT TOLCCTUTOC ACGCACTGAYT
)
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2501

2602

2701

2801

2801

2001

2101

3201

23401

3501

3601%
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g0k

MSKDKPTIDVRMH}JHEAAK‘L&EVRSYCY&A?VS*
TCATGTUTAA GGACAAGCTT ACCATCGATS TGMGR’E‘G%T GHRATATGGAS GUOHRCLARIX TGGUAGARGT COGCAGTTAT ‘MCTA‘L‘TI‘GC CITACCETCAG
AGTACAGATT CCTSTTUGHA TOGTAGCTAC ACTTCTACTA CTTATACCTC CGOCGEITGS ACCGICTCCA GOCGTTAATA ACGATAAALC GATGGCAGTLC

4

[ N L ———— P o PO

s L T X AA C P A KM E E A B H® D K RA DP A FVCR OGV ¥ DR

i T o o A3 s 8 s ok 0 e e it Wt e b e o0 B e W P

CEATETCTON ACCARAGCTG CETGCCCEGE CATGEGAGAL GCTCACAATE ACAAALCTGC TGACCC&SC";‘ TITCTCTECA GACARGGAGT CGTGGACRGE
GCTABAGAGS TGETTTOGRC GUACGGGCCE GTACCOTOIT CGAGTGTTAC TOTTTGCARS AUTGUGTOGA KAXCATACGT CTGTTCCTCA CUACCIETCC

GWGHGCGLPC;KGSIDTCAKFACST}(AIGKTXLK“~

GECTEGEECA ACGECTGLES BC"‘ATTTG#C ADPGERAAGCA TTCACACATG CHBCUARATTT GCOTGCTCTA CCOAMECART AGGAMGAACC ATTTTGARAG
CCEACCCOGT TCCCGACGEC TORTAAACCG TTTOCTTCST AACTGTGTAC GOGGTTTIARA COGACGAGAT GGTICCGTTA TUCTTCTIGS TARRACTTIC

——— - - ot 0 b et o i ot W 04 o 0 - St bk i e S - -—
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AGAATATCAR GTACGAACTS GUCATTTTIG TCCATGGACC AACTACIGIG GAGTOGUALE GAAACTACTC CACACAGETYT GGAGBCCACTC AGCGCAGGGAG
PCITATAGTT CATGCTTCAC COGTARAMAL BGCTACUTSG TTGRXGACAC CTCAGCGIGS CYUTSATCAL GTETCTCCARA COTOGHIGAS TOOGTRCOOTC
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ATTCRGCATC ACTCCTGCGE CECCTTORATA C‘AC&CTAAEG C_“I"I‘GC%:»CM'.F ATCCAGAGGT GATAGYCGAL TGTOAACCAC GHTCAGGRAT TEATACTRAT
TAAGTTOTIAC TEAGGACGCLC GCCGGAAGTAY GTGTCATTIC GAACCTCTYA TACCTCTCCA CTGYCACCTG ACACTTGGTG CCRETCCCTA ACITGIGUTTA
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GCATAC‘I‘?CG TEATGALTGT TGGAACRAAG ACGTPTCTTEG TCCATCOTGA GIGGTTCATG GACCTUAACC TOCCTTGAAG CAGTGUTGOA AUTACTGTGT
CETATEATGC ACTACTGACA ACTTIGTTTC TOCAAGRACS AGCTAGUACT CACCAAGTAC CIGGAGTIGE AGGGAACCTIC GTCACGACCT TUATGACACKR
]
.RNRETLNEFEEPHATKQSVIALGSQBGAL}IQAL
GGAGEAACAG AGAGACGTTA ATGOGAGTTTC AGGRACCACR CGUCALGAAG CAGTCTIGTGA 1AGC?&T"GGG CTCACAAGAG GGRECTCTGC ATCAAGCTTY
CCTOETTIOTE TOTCIGCART TACOTCARLS TCCTIGOTEY GCGETGOTTC GICAGACACT ATCOTAACCC GAGTOTICTC COTCGAGACG TAGTTOSABA
B
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GECPEGAGCC ATTCCTSTGE AATITTCAAG CAACKCTGTC AAGTTGALGT QNG“CK"‘TT GRAGTGTAGR GTGAAGATGGE AARMATTIGCA GTTGARGCGA
COGRECTOBG TAAGGACACC TTAAAAGTYC GTTGTGACAG TTCAACTGUA GUCCAGTAAA CTTCACATCT CACTTCTACC TITYTAACGT CAACTYCCCT
8

T'TYGVCS!’{AFKFL‘GT?)’.DTGHGTV\ILELQYTGTD-
AUAASCTATS GOCTOTGTTC AAKRGRCTTEC AAGTITCITTC GGACTCCCHC AGACACAGET CACCGCACTG '{‘GGTG’!‘TGGA ATTGCAGTAC ACTGGUALGG
TGTTGCATAC QGCAGACAAG TTTCCGRAMG TTCARAGRAC COTCGARGECS TOIGTGRICCA GTGUURTGAC ACCACARCCT TAACGICATG TGACCHIGLD

. B

.gPC’KVPISSVASLNDLTPVGRLVTVN‘PFVSV}\T~
ATGGALCTTG CAAKGTTCCT ATCTOGTCAGC FERCTTCATY GRRCGACCTA ACGLCAGTGE GCAGATTEGT CRCTGTCAMS CCTTTTGTTT CAGCTEGCCAC
TACCTEGARC GITTCAAGEA TABAGCAGTC ALCGARAGTAR CTTGCTYGGAT TGUCETCACT CSITCTAACCH GTCGACAGTTS CEARAACALR STCACCHNTS

B
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GGCCAKCECT BAGGTOCIGK TTGAATTOGA ACCACCOITT GOARACICAT ACATAGYGET GGGCAGA(@GI& GRRCARCAGA TUAATCARCCA CIGGBCACARS
CCGETTGOGA TTCCAGSACT AACTTAACCT TGETGGGAAA CCTCTGAGTA TGTATCRCCA CCOGSTCTCCT CITETIEICT AGTTACTGGT GACCOTGETTC
. h:4
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TOTGCRAGCA SUATTGGCAR AGCCTTTACK ACCACCCYCA AAGGAGCOGTA GRAGACTAGCC GCTCTAGGAG ACACAGOTTG SCACTIIGSGA TCAGTIGEAG
AGECCTTCOGT CGTAACCGTT TOGGAAATGT THETGRGRGT TICCTOGLET CTCIGATOGE COAGRITCTE TGIGTCCARC COCTEARACCT AGTCAACCTC
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GOGPGTTOAC CTCAGTTGCEE ARGCCTETEC ATCARGTEYT CGGACGGAGCA TILCCHIIFCAC TETTCGCEAGE: CATSTCOTGS - ATAACGLAAG  GATIGCTGGE: - -
COCACRAGTG GATTCAACLC TTOCGACAGE TAGTTCACAR GCOTCCTCET AAGGCGAGTGE ALAAGUCTCL GYACAGGACC TATIGOETIC C’!‘\R{XEACC'C
B
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GRCTCTCCTG T’!‘("”‘&akmu GLERTTRBTON TCGTGACN‘;G PECRTAUCTC TORCRTTICT CRCAGTTGGA GORGTTCTIOO TCITLCTLIC OGTEARCOTS
COGRAGABEAC AACACCTACC CGTAGTTACG AGCACTGTYCC AGCTATCGAL AGTOCUAAAGA GOGTCAACCT CUTCAAGROE AGRAGGAGAC GCACTTGCAC
B
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3901  CACGCTGACA CTGGETGIGE UATAGRCATS AGCLGHCARS AGUTGASATS TCGAAGTGGA GIGTTCATAC AUAAYGATGT GGAGGOTTRSG ATGRACCGAT
GYGCGACTGT GACCCACACG GTATCIGTAG TCGGCCGTEC TOGACTOTAC ACCTTCACCT CACARGTATG TGITACTACA COTCUBARCE TALCIGHCCA

W (AprME)-Rabies G PIV sequence (partial)

¢ protein

e o ~ A e S o e e e 2 i ————— [FOUUIU.
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1 AGTAGTTORC CTETETGREC TAACARACTT RGTAGTOGYTT QIGAGGATTA AUAAUAATYA ACALAGTSCS ABCTETTICT TAGCACGAAG ATCTCGATGT
- TCATCAARGCG GRCACACICG ACTGTITTIGAR TCATCACAAR CACTCCTAAT TETLGTTAAT TGTGICACGC TOGARCARRGR ATCOTROTIC TAGAGOTACA
£ pratein
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101 CTAAGRARCC AGGAGGGCCC GOUAAGAGLC GGECTGTUTA TTTCCTAAAA COCGGRAATES CCCOOGTSTT GTUCTTGATT GGACTIAAGA GGGCTATGTT
T GATICTTTOR TECTOLCEGE COGTTCTOOE COUGACAGAT ARALGATIVT GCOSCCTTALG GGGUGCACAA CAGGAACTAR CCTGRATTLST CCCGATACAR
C protein
.8 L I PG XG P IR FY L AL LA F FR FTA I & BT R AV % B R
201 GRGCCYGATC GROGOCARGE GCCCRATACG BTTTGIGTIS GUICTCITES CETTCTTCAC CTTUACAGSCA ATTGUTCOCA CCUGALCAGT GUICGATCSEA
CTCGGASTAG CTECCSTICE CCGETTATGC TAAAUACAAC CGAGAGAALC GCAAGAALTC CRAGTETONT TAACGAGECT GGGOTODTOA UGACCTAGCT
o protein .
W R 8 0¥V ¥ K @G T A M K H L L 8 F K X B8 v 6 T LY & A I ¥ RR B 5 K Q-

301 THGOAGAGSTE TGARCRARCA AACAGCGATG AAAJAQCTTC TCAGTTICAR GAAGGRACTA GOGACCTTOA CCARTGCTAT CRATCGGLGS AGCTUAAAGC
ACCTLTCCAC ACTEGTTEGY TTGTCGCTAC TITGIGGAAG ACTCRAAGTT CTTCCTTGAT CCCTGGAACT GOTCACGATA GTTAGUOGCC TCGAGTTTLS
Rabies-G gignal
C protein partial C signal RADIOB -G
protein
¥ K R ¢ ¢ X ¥ 6 1 35 VvV I ¥ P Qs L L FV P L L VPP L CPFGB K F p-
%01 AAARGARGOG AQGGEGGCAAS ACTGETATAG CTGTGATOGYT TCCTCAGEUT CITTIGITTS TACCCITTECT GCOTATTTLCC CTTTECTTIC GTAAATTTCC
TTTTCITOCC TCCCLCSTTC TEACCATATC GACACTAGCA AGGAETOCEA GRRAACAKAL ATGGGAACGA CCATABAGGG GAAACGRALC CRTTTAAMGG
RAbiea-G protein
I Yy T 1 2 D X L ¢ P w & P YT DI H H RS P ¥ ¥ LVYVVY B E ¢C7T
501 FATCTATACC ATCCCTGATA AGCTCOGGCC TTGGAGTLCC ATPGATATTC ACCATTTGAG CTCCCCRAAL MACCTOOIOS TYGACGATERA AGOGTGUACT
ATAGBTATCE TAGSUGACTAT TCOAGCCOGE ARCCTCAGHE TAACTATARG TECTAAALTY GACGSOGTTTS TTGOAGCAGE ARCTCOTACT TCCTACGTGA
Rabies-G protein
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6501 ARTCTTTCTG GATTTTCOCTA CATGGASTIC AMAGTGHGCT ATATTTCAGC CATTAAGATC ARCGGCITTA CTIGTACAGS ABTCSTGACC GRAEGCCGAGA
TYACGAARGAC CTAARRAGGAT GTACCTCAAC TITCACCOGH TATARAGTCE GTAATTCTAL ITTGCOGAAAT GAACATGTCC TCAGCAUTCE CITTOGAGCTOT
RApiea-G pretein

Yy * N F OV B YV TTYT ¥ F X R KHE PR PT P D AR CRA A Y NW KM A-

0% CATATACAAA $TICGTE0EA TACGTRACTR CCACCITOAA GAGAARRACRT TICUGCCIAK CGCOTGACES TTGTOGGRLE GOTTACAACT CGOARGATEGC

GTATATGTTT ARAGCACCCT RIGCAGTOGT GETGGAAGYT CTCTTTTGTG PAGGCGGGIT GUUGACICCS MACANCCCNS CGANIGTTHA UCTILTACCS
Ribies~G protedn

e p P R Y B ® S L B W P Y P DYH W LR TV X TTKE S LV I I 8

23133 AGGAGATOCT CGATATGAAG AATCTCTGCR TRACUCGTAT COTGATTACC ATTGOCTHOR GACRETCAAE AUTALLSAGE AGAGTCTGGT CATTATATCA ’
TCCTCTAGEA QOTATACTTC TTAGAIALGT GTTCGELATA GGACTAATGE TAACCGACGC CIGTCAGTTL TGATUGTICC TCTCAGALCH GTARTATAGT
RAbiesg-C protein
P 5 v.A D L D P ¥ D R 8 IHH 8 R Y 7§ P & & R C 8 & % A ¥ 8 & T ¥ T 8-
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41 CCARGOGTEE COGATCTTOA. TCCTTATOAT AGATOCCOIGC ACAGTRAGCGT TITECCTCGC COGAATTOTA GURUIGCITSE AGTATIAAGT ACCTASTCCST
GOTICEOACT GORTAGAACT AGGAATACTA TCTAGGGRCS TGTCATUULA ABAAGOACCS CCCTTAACAT CGCCACRALG TCATAGTTCA TGGATGROGA
AAbies-G protein
T ¥ R D Y T I WM P BENP® R L G M S CDp I FT N SR 66 EU®R=3&® &8 K g
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1001

2101

1201

1301

1401

1503

1701

1801

1801

2003

2101

CCRCTAALCA CGACTACACT ATATGGATGD CYGAGAACLC TCGRCTCGOT ATGAGITGUS AUATTTITAC GRACTOACGE GGCAAGCGGG CATCTARGGG
OEFIGATTCET SCTCRTENE TRIACCTALE GACTETIGES ASCTGAGCCA TACTCAACGC TGTAARMATG CTTCAGTECC COGTINGLEC GTAGATICCC
RAhien-G protein

P L L - o i

.8 BT CG PV P ER G LY XS5 LE GAEC XL X L CG6GV & 6L B L HK

GTCTGAAACA TECEGETTTS TTGATCAGNG (GOGTIGTAT ARATCTCTTA ARGGOGOCTG TAMGCIGARA CTCTGTGO0E TACTOGOGCT (CBCCTOATS

CAGACTTTGT ACGCCCRRAC AACTACTCGC COCCAACATA TTTAGAGAAT TTCCGCGGAT ATTCGACTTT GAGACACCGD ATGACCCCGR OGOSGACTAC
RAbLeR-G protein

] -t o

DGT?‘!VJ&P’QTSNETK‘WCPPGQLV)ILHDI‘RSDEIEH-

GACGGCACAT GGGTGGCTAT GCAGACAAGC AATGA.AAC)\J\ AGTOETETCC CCC’I‘GG”‘CAG CIGGEITAATY TECACEALTT T&CGTC’I‘GAC GRAARTCGAGC
CTECOGEETR COUACCGATA OOTCTATICS TTACTTIGTT TCPC‘CACJ‘»Gu GEBACCRETC GACCARTTAG ACCTGUTGAA ATCCRGACIC CTTTAGUTCG
RAbies-G protein
LVVEEL?KKQEECLDALESIMT?stsi?RRLSH
ACCTICTEOT GGAGGRALTE GTGAAGARAL GCGMGP.‘"TG COTGEACGECA UTTORGAGTA. TTATGACCAS CRAATCCGTT TCCUTTCAGAR GRCTGAGCCA
TGGAACACCA CCTCOTTGAC CACTICTTIC CGUTTCYCAC GGACCTGUGT GRACTCTTAT AATACTCHETG GBTTTAGGCAA AGGRAGTCTY CTGACTOGGT
BARies-G protein

CCTQCGRAAG CTGETGCCAG GLTITCGGAA CGUTTATACT ATTITCARCA AGACTCITAT GOAGGUGERT SCCTATTATA AGTCAGTTAG GACTIGRAAT
SEACGUTTTC GACCACGETC CCARGOCCTT COSAATATEA TAARRAGTTUT TCUTGAGAATA CCTUCGOCTA CGOGTAATAT TCAFTPCARTC CTGAACCTTA
RAbies-G protein -

uuuuu s ek 2 1 B 5 P A A P e B o e = e ——— i s i e e e

¥ ¥ » % K6 €L R VEGGR CH P HV N GGV F P ¥ ¢ I ! L ¢ P DG WH-

~ —— s e e A S 0 s P e et e g e o P —

GREATRATTC CCTCCARASE NPETCTEAGA GTOGETGEGR GATGCTACCC CUNTGTCAAT GGGGTIGTICT TTAACGGAAT CATCOTGGGE CCTGACGAGA
CTC;[A'I“"AAG GGAGCGTTTICC TACAGACTCT CACCCACCCT CTACCETCSG GETACALTIA CCCCACAAGA AATTGUCTTA GTAGGALCCT GOACIGLCCT
Ribies-G provein
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ACGTSOTERT PLONERGRTE CRAYCTTCCC TTOTGCAGCR ACACATGERAA CTCC"‘SG’TCT CETCAGTERT ACCCCTCRTS CACCCACIGE CCGRECCCAG
TECACGACTA AGRGCICTAL STTAGRAGEG ARGATGTLGT TGTGTACCTT GAGGACTACA GRACTUACTA TOULGAUTAC GTCGUTSACT SGTTIGAEGGTC
Rabiss-~G protain
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CACTCTGTIC AAAAATGECG ATGAGGCOGA AGACTTITGTG GAAGTTCACC TGUCOGATGT ACACGARAGG ATATCTGGAG TAGACCTGGE CCTTOCTAAT

GTEACACARG TTPTTACCGT TACTCCGACT TCTGRARCAC CTTCARGTGEE AOGEGCTACA TETCGCITTICS TATAGACOIC ATUTGGACCC GUARGGATTX
Rabiep-G protein

W ¥ X Y VvV L L S A G AL T A LKL I P L ¥ TC WRR VNZER 8§ B8P T-
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TGBEGTARGT ACGTC;(‘I‘CQT GAGTGCRRET GCCTYGACOR CTTTERTGUT CATCATTITT CICATGACCT GUTGGCGCGAG GOTGRATINS TCCHRGCLEA
ACCCCATTCA TGCACGAGCR CTCACGCCOA CGGAACTGEGC GRARCTACGA CTAGTARAAAR GACTALIGBA COACCGEOUTC CCACITAGCG AGGUICGECT
RAsies-G protein

@ H N L R G T B R E VY ® V T PHFQ &G XK I I 5 WES Y X &G G BT

CACAGCACRA TCTCAGAGGE ACAGGCCHGE AAGTARGTST GACTCOGUAA TCTIGHCAAGA TTATTAGTAG TTGGGAGAGT TACAAGTCTG GAGGAGAGAC
GTGTCOTETT AGAGTCTCUC TCTCOSECCC TTCATTCOACA CTGAGGCGTT AGACCGTYCT AATRATCATC ARCCCOTCYCA ATGTTCAGAC CTCOTCIONG
MOV 27 WSL signal
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RAbies-§ protein preNsi aignal
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TGEGTTEAART TTTGRTCIGC TCABACTIGE AGGCGATGTA GAATCAANTT CTGEACCCGC CUGHBACAGKE TOCATAGCTC TCACGTTICT COOACTTEGA
AUCCABLTTR ABACTMIACE AGTITGANG TCCGUIACAT CITAGITIAG GACCIGGHCE GOCCCTGICE AGGTATCGAG AGTOCAARGA CGUGTCARLCE
NS1

NE1 signal
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GGRGT‘I‘C’E’GC TOPECTCTC COTERARCHTG CACGCTGATA CTGCGTGTGC CATAGACRTC MCMWG AGCTGRGATS 'S‘GGAAG“GGB\ GTETTCATAL
CCOTCAAGACG AGAAGGAGAG GCACTTACAC GTGCGACTGT GRUCCACACS GTATCIGTAS TOGGUCETIC TCRACTCTAC ACCTTCACCT CACRAGLATG




98

101

201

301

501

501

0L

Sequence Appendix 4 {continusd)]

PIV-WNV heiper ANS1

AGTAGCTTCEC CIGTETEAGC TEACABACTT AGTHGTGTTT GTGRGGATTA ACAACAATTA ACACAGIGCS AGCTGTTICT TRECALGRAG NICTCGATGT
TOATCAAGCE GACACACTCGE ACTGTTTGAA TCATCACEAR CACTCCTAAT TGTTGTTAAT TGTGTUACHC TCGACARAGA ATCGTGCLTC TAGAGCTACA
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CTASACRAACT AGGAGEGCOD GRUAMIAGLS OGGGCTETCAA TATGUTAARA CCCEGRATEC COCGCETGTT GICCITEATST GGACTTAAGA GGRCTATETT
GATTCTITEE TCCTCCCGEG CCGTTOTCGE CCCGACAGTT ATACGATIIT GQGCCTTACG GGGCGCACAR CAGGRACTAR CCTGAARTICT CCCGATACAR

g &+ ! ¥ ¢ X 6 » I R ¥ VL AL LA P FR T TR I AP T R A8 V¥ L B R
GAGUCTEATC GACGECANGE CGUCRATACG ATTICTSTTS GUTCICTIGE CGTTICTICAG GTTCACAGTA ATTGCTCCGR CCCGRGCAGT GCTGGATCGA
CTOGRACTAD CTGOCGTICC COGGTTATEC TAALCACAAC CGACAGARCE GCAAGARAGTC CREGTOTCGT TAACGAGGCT GGGUTCETCA CGACCUTAGOT

o}

W R G V W X ¢ T A ¥ XK H L L § P K .-X B L G T L T § A I N R R g 8 X Q-
TOGAGAGETE TUAACARACA AACAGUGATE AARIACCTTC TOAGTTICAA GAAGGAACTA GGGACCTTSA CCAGTGUTAT CAATCGGCGE AGCTCARAAC
ACCTUICCAC ACTIEITTCT TIGTUGCIAC TTTETCHARSG ACTCARAGTY CTICCTTGAT CCCTGGAACT GOTURCGATA GTTAGCCACC TCGAGTTITS

Signal peptide
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ARARGHKALLG ACGAGGAARG ACCOGARTTE CAGTCATGAT TGGCCTGATC GUCAGCETAG GAGCRGTTAC COTCTUTAAC TTCCARAGEED AGHTGATGAT

TTYTOPITTC TOCPCOTITS TEECCTTAAC GTCAGTACTA ACCGEGACTAG COGTCGCATC OTCETCAATG GOACAGATIC AAGSTICCCT TCCACTACTR
pri

- ¥ VvV N A T DV T DV I T I P T A A ¢ X W LoCor VvV R a ® D v G Y M C

GACGGTAAMAT GCTACTCACE TCACAGATGT CATCACGATT CCAACAGCTG CTGGAARGAR CCTATGCATT GTCAGBRGCAA TGCRTHTGGC ATACATGTGT

CPGCCATTTA CGATGACTEC AGTETCTACA GTAGTGCTAA GGTTETCGAC GACCTTITICYT GGATACGTAR CAGTCTUGTT ACCTACACIC TATGTACACG.
prH
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GATGATACTS TCACTTATGA ATGUCCAGTE CTCTLGEITE GTARTEALCC AGRAGACATC GACTGTTGGYT GCACAMAGTC AGCAGTCTRC GTCAGGTATG
CTACTATCAT AGTCGAATACT TACGGRTCAC GRCAGCCGAC CATTACTAGGE TCTICTGTAC CTGACRACCA CRIGITICAG TCGTCAGATG CAGTCUATAC
prH

- ®R ¢ ¥ ®¥ T R H & R R & REB S$ L T WV Q T H G B S T L A N K X G A W M-
GAAGATGCRC CRAGACACGC CACTCAAGAC GCAGTUGGAG GTCACTGACA (TGCAGACAC ACGGAGAAAG CACTUTAGRCHE ARCAAGABGG GGGCITGGAT
CTTCTALGTG GYTCIGIGCE GIGAGTTCTE CGTCAGCCTIC CAGIGACTGY CACGTCTGIG TECCTCTTIC GTGAGATCGC TIGTITUTICC CCCGAACCTA
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881  GGACAGCACT RAGGCCACRR GGTATTTCGT ABAAACAGAA TCATGGATCT TGAGIAACCC TRGATRATGCC CTGETGGCAG CCGTCATISG TIGGATGLTT
COTETCETEE TTCCGGTETY CCATAMACCA TITTTGEICTT AETACCIAGA NACTCOTTCGE ACCTATACGG GACCAUCGTC GUCAGTAARCC AACCTACGAR

G 8§ B T M Q R v v ¥ vV VvV L & L L VvV A ¥ R ¥ 8 F N C L @G M 5 H R o F L -
201 GGGAGCAACK CCATGCAGAG AGTTICTETTT GTCOTEUTAT TGCTTTTISET CGCUCCAGET TACAGCTTTA ACTOCCTTSG ARTUAGCAAC AGASACTICOT
CCCTCOTIET GGTACGTCTC TCAACACAAA CAGCACGATA ACGAAARACCA CCGGGATCGH ATGTUGABRAT TGRCGGAACC TTACTCOTTG PCTCTRZAAGA
®

¥ G OV 5 & A T W VvV D LV L E G 0 s ¢ v T I M 8 ¥ p X P T I D v K ¥ -
1001 TGGAAGGAGT GTCTGGAGCA ACATGGETGE ATTTCGTTCT CGSACGGCGAC AGCIGCGTSA CTATCATGTC TANGGACAAG CCTACUATCE ATETGAAGAT
ACCTTCCTCA CBGACCTCET TCTACCCACC THRABRCCAAGR GUITCCGCTG TCGACGCACT GATAGTACAG ATTCUTGTTC GEATGETAGC TACACTTOTA

* M ON M E A A N L A B v R & Yy ¢ Yy . A& TVY g p L & T X 5ABAE A CP A MG
1101 GATGAARTATE GBEGCGGCCA ACCTEGCABA GETCCGCAGT TATTGCTATT TEGCTACCET CAGCGATCTC TCCACCAAAG CTGCETGLCC GGLLCATGGEA
CTAUTTATAC CTCCBCCGET TGGRCCETCT CCAGGUGETCH ATAACGATAR ACCGATOGCA GIUGCTAGAG AGGTGGITTC GACCCACGGE CCGGTALCCT

E 3 B ¥ D K R A D P A FP YV C R QG v v b R 6 ® & ¥ G C & L F G X ¢ 8 -
1201  GAAGCTCACE ATGACAAACGE TGUIGACCUCR GCTTTIGIGT GCAGRCAAGG AGTEGTECAC AGGGGCTGESG GCAACGGLTG CGGACTATTT GGCABAGGAA
CTTCEAGTCET TACTETTTET ACGACTEGET CGRARACACA CGTCTGITCC TCACCACCTE TOCLCEALCC CGTIGCCGAC GCCTGATAAR CCGTTTCCIT

. I T ¢ B K F a ¢ 8 T K & I 6 R T I i K E K I K ¥ B v A I F V"H G
13031  QUATTGACAC ATGCGUCAAR TITGCCTCCT CTACCAARGEC AATAGEAMGA ACCARTTITCA ARGAGAATAT CARGTACGAA GTGGCCATTT TTGTCCATGES
CGTAACTETEG TACGCGGTTT AARCGEACGA GATGRTTCCG TTATCOITCT TGGTARAACT TTCTCTTATR GTTCATECET CACCGGTAARR BACARGBTALC

P T T v B & H G ¥ ¥ 5 T Q v ¢ A T Q A G R F § I T P A A P & Y 1T ou
1403  ACCARACTACT GTGGAGTCGC ACGGARACTA CTCCACACAG CTTGCRGCCA CTCACGGCAGE GASARTTUAGC ATCACTCCIG CGGLGICTYC ATACACACTA
TEETTGATGA CACCTCAGCE TGCLTITGAT GAGGIGTETC CARCCTIGUT GAGTLCATCC CICTAAGTLC TAGTGAGGAC GCUBCGGARG TATGIGIGAT

X & G E ¥ ¢ B v o1 v noc E P R 8 @ I 7 ¥os Y Y v m T v & T K T F L -
1501 AAGCTTGGAG ARTATGCAGA GUTGACAGTG GACTGTGAAC CACGGETCAGSE GATISACACC RATGCATACT ACGTGATGAC TGTIGGAACA ARMGACGTTOT
TTCEAACCTC TIATACCTCT CCACTGTCAC CTGACACTTE GTCCCAGTCC CTRACTIGTGG TTAUGTATGA TGCACTACTG ARCAACCTIGT TTUIGCAAGA

vV R & W F MDY L PW 5 8§A G 8§ %V W RN R E'T L M E F E E P
1601 TEGEYCCATCS TGAGIGETIC ATGEACCTCA ACCTCCCITE CAGCAGTCLT GCAARSTACTE TUTGCACGAA CAGAGACACG TTARTGGAGT TIGARGGAALC
ACCARGTAGC ACTCACCAARCG TACCTGGAGT TGGAGHRGAAL CTCETCACEA CCTITCATGAC ACACCTCOTT GICTCTCIGC AATTACCTCA ARCTCCTTGE

u N

cH A T K Q 5V I & L G 5§ ¢ B & AL H QA L AG A I P Y EF S 8§ 0©n§T
1701 ACACEOCRUG AAGCAGYCYG TGATAGCATT GGGCTCACAA GAGGGAGCTC TGCATCRAGT TTIGGCTGGA GCLATTCCTG TGGARTITIC ARGUARCALTY
TGTECOGLGT TICGTCAGAC ACTATCGTAR CCCERGTATYT CTCCCTCGAG ACGTAGTICE BAACCGACCT CGETARGGAC RCCTTARRAG TTCRTTGTRA



88

v K v 7T § & H L K ¢ R vV X ¥ E K L g L K ¢ T ¢ ¥ G v C 5 K & F K F L -
1801 GECAARGITEN CGETCGEETCA TTTGARGTGT AGRGTCGAAGA TGGAARAARTT GCAGTTGBAG GUAACBACCT ATGSCGTCTG TTCARRGGECT TICAASTTTC
CAGTTCAARCT GCAGUCCAGY AAACTTLACAR TCTCACTICT ACCTITITAR COQTCRACTTIC COTTGITGEA TACCSCAGAC ARSTTTCCGH AAGTICAAARG
: B

G T P A D ¥ G H G T ¥ ¥V L E L Q Y T ¢ T n G p T KX v P i 8 8 v A 8 -
1901  TTEGGACTCC CGCAGARCRCA GRTCACGGCA CTGTSGTGTT GGAATTGCAG TACACTGGCA CGGATGGACE TYGCAARGTT CUTATOINGST CAGTEGCYTC
AACCCTGAGE GUGTCTETGT CCAGTGCCET GACACCACAA CCTTARCGTC ATGTGACCET GCCTACCTGS MACGTITCAA GGATACAGCA GTCACCGBAG

s L ¥ OD L T P ¥V @G R L Vv TV ¥ PF ¥ 8§ VvV A T A R A K V L I B L g P P
2001 ATTGRACGAC CTAACGOCAG TGGGCAGATT GOTCACTGTC AACCCTTITC TTTCRGTCGC CACGGCCAAL GUTARBETCC TEATTGAATT GUAACCACCC
TAACTTGCTG GATTCCGETC ACCCGTOTAA CCAGTGACAC TICCOAMKAC ARAGTCACCS GTGCCEGTTE COATTCCAGE ACTAACITAA CCTIGETIGG
B
F G D & ¥ I VvV ¥ 6 R G B @ @ I ¥ H H W H X & & 5 g I ¢ K A F T T T L -
2101 TTIGEAGROT CRTACATACT GUTCGGLAGA GOAGARCAAC BAEATCARTCA CCACTGGCAL ABGTUIGGAA CCAGCATTGG CAAAGCCTTY ACABLCACCC
ARACCTCTGR GTATGTATCA CCARCCCOGTCT CCTCITETITG TCTAGITAGT GGTGACCGTS TTCAGACCTT CGTCGTAACC GITTCGGAAR TETTGETESG
E

K 8 & Q R L B &2 L G B *T A WDVF G S§ V ¢ ¢ V F? T 8 V & XK A YV H Qg V-
2201 YCAAAGGAGC QCATAGACTE GUCGUTICTAGC CGAGRLACAGC TTGCGAUTTIT CGAYCAGTITG GAGGGRTETT CACCTCAGTT GUEGRAGGCIS TCCATCARGTY
AGTTTCCTCG CETCICIGAT QOGCGAGATC CTCTIGIGTCG AACCCTGAAA CCTAGTCAAC CTCCCCACAR STGLAGTCAL CCCTTCCGAC ARGCTAGTTCA
®
P ¢ & A F R S L PG ¢ M S W I TQ B8 L L 6 AL L L W K & I BN AR D
2301  GITCGCAGGE GCATICCCLT CACTGTITCOE AGGCATGTCC TAGATAACGEC AAGGATIGCT GEGCGUILTC CTOTTEIGEA TCGGCATCAL TEUTCETGAT
CRAGCCTCCT CGTARCGGCCA GTGACAAGCT TCCOGTACAGE ACCTLATICCG TTCUTAACGAR CCCCTGAGRE CACAACAUCT ACCCOOTAGTT ACGAGCROTS
deleted ¥S1

E
R & I & LT F L & ¥ 6 48V L L F L 5 V HKE VYV HAD T 8 I H R & P A T R -
2403 AGGTCCATAG CTCTCACHTT TCTCGUAGTT RGAGGAGTIC TECYICTTCCY CICCETGAAC GTEUACHCTE ACACTGECAT CCACCETEGA CCTGCCACTC
TCCRUGTATS GREAGTECAR AGAGCGTCAA CCTCCTCAAG ACGAGAARDGA GAGGUACTIC CACOGTGOGAC TGTCGACCCTA GGTGGCACCT GUACGGTSAG
deleted NSI
T T T E & @ K & ¥ 7 5 W C c R 8 cC T L p ? L R ¥ ¢ T 8 G C W ¥ @G
2501 GCACCACCAC AGAGRGCGGA AAGTTGATAA CAGATIGGTG CTGUAGGAGE TGCACTTTAC CACCACTGCS CTACCAARRCT GACASCGGCT GIIGGTATGG
COTGETGETE TCICTCRCCT TTCRAACTATT GTCTAACCAT GACGTCCTCC ACGTGGAATE GTGGTCACGEC GATGEITICH CTGICGUCGA CBACCATACC
daleted NSL

- M B X R P QR ¥ & B X T L VvV Q & Q V ¥ a2 ¥ N A DM I P P F g L G L
2601 TATGOAGATC AGACCACAGHE GACATGATGA ARAGRCCCTC GTGCAGTCAC AARGTGAATGEC TIATAATECT GATATCATTC ACCCTTITICA GITGGGCCTT
ATACCTCTAG TCTGETGTCT CTCTACTACT TITUTGGEAG CACGTCAGTG TTCACTTACG ARTATTACGH CTATACTAAC TCGUARAAGT CAACCCOGAA
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201

301

403

501

501

701

Sequence Appenhdix 5
PIV-WNV{AprMEYRSV-F

C protain

M 8

ASTAGTTCGC CTOTCTGAGU TGACHAACTT AGTAGTGTTT GTCACGANTA ACAACAATTA ACACAGTECC AGCTGITITICY TAGCACGAARG ATCTCGATGEY

TCATCARGCE GACRCACTCS ACTGTTTGAA TCATCACAAA CACYCCTART TOTIGITALRT TOTGTCACHEC TCGACAARGA ATCOTCUTTC TAGAGCTACH
T protein

- R K ¥ G G P & K 8 R AV Y & L X R G M P R Vv L § L I G L K R A # § -
CTARGAARRCC AGGAGGECCE GGCAAGAGCC GRGCIGTCTA TTIGCTAARA CGCGGAATGC CCCGCGYGTT GTCCTTGATT GGACTTAARAR CGUCUTATGTY
GATTCTTICE TCOTCLCGRE (CETTCTCGE CUCCACAGAT AAACUGATTTT GCGCCTITACE COUCGUACKA CAGGAACTAA COUTGAATTLY CCCGATACHRA
¢ protein
g L I L ¢ K @G P I R F ¥ L A L L A F F R FT B I 2 F T R A ¥ L U R
GAGCCTGATT CACGGCAAGE GGCCARTACG ATTICTETIC GUICTCTITGE CGTTOTTCAG GTITCACAGCA ATTGCTCCGA CCCGAGCAGT GUIGGATCGA
CTCGRACTAG CTGCCGTTCC CCGOTTATEL TAAACACAAC CGAGAGAACC GCARGRAGTC CAAGTGICGT TARCGARGGCT GCECTCGTCA CGACCTAGCT

H83 gleavage

¢ protein
W R G V ¥ XK g T A M K # L &L g ¥ K K E L g T L T g A I ¥ R R g 8 ¥ Q
TGEAGAGETG TCAACAARACA ARCAGCGEATG ABACACCTTC TGACTTTCAA CAAGGAARCTA GGGACCTIGA COAGTGCTAT CAATCGGLEE AGUTCAPAGC
ALCTCTCCAC ACTTEITICT TIGTCECTAC TTIGIGCARG ACTCARAGTY CITCOTIGAT CCCTGGRACT GGTCACGATA GTTAGCCGCC TCGAGITTCG
F signal
W83 cleavage . . ’ F1

B T o o 4 o e

¥ X R G G E L L I L X AN A I T T I L T A ¥ T » ¢ F R 8 G Q¢ ¥ I T
ARBAGARGCS ARGGSGLGAG TTECTAATCC TCAMARCARAR TECARATTACC ACAATCCTCA CICCAGTCAC ATTTICITIT GCTICIGGIC ARARCATCAL
TITECTTCEC LCCCCCEUTC ARCGATTAGE AGITTCETTT ACCTTAATGG TGTTAGGAGT GACSITCRETG TAAAACAAAA CGAAGRCCAG TTTTGTAGTIG

F1

-E B F Y Q 5 7 o8 A v 838 K ¢ ¥ L 8 A L R T G W ¥ T s v I T 1 E L 8

TGHRAGKATTT TATCAATCAR CATGCACTGC ACTTAGCAAR GGECYATCTIA GIGCTYCTGAG AACTGGTTES TATACCAGIG TTATAACTAT AGARTTAAGY

ACYTCTTARL ATAGTTASTT GTACGTCACG TCARTCGTTT CCGATAGRAT CACGAGACTC TTGACCARCC ATATGETCAT AMTATTGATA TCITAATICA
Fi

N I K B ¥ X C ¥ G T D A K V ¥ L I XK Q4 » D X Y X ¥ A v T E Lo L Lo

AMTATCHAGG AAMATABRGTE TAATGGAACA GATGUTAAGG TAARATICAT AARACAACAA TTAGATARAT ATARABATGC TGTAACAGAR TTGUABTIGC

TTATAGTTCC TITTATICAC ATTACCTYCT CTACGATTCC ATIZTTAACTA TTTIGTTCIT ARTCLATITA TATITITACG ACATTGTCIT ARACGTCAACG
ri

M Q 8 T P 7P T B BN R A R R g L P R F M N YT L N N A X K T KN vy 1T Lo
TCATGCARAG CACACCACCA ACAARACBATC GAGCCAGAAG AGAACTACLA AGGITTATEA ATTATACACT CARCRATGCC BAAAAARACCA ATGTAACATT
ASTACGTTTIC GTIEIGETEET TETTTCTITASR CTCCGTICITC TCITGATGET TCCARATACT TAATATGYGA GTTSTTACGE TTEITTTTEST TACATTGTAL

1

T L vy
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801

1901

1101

1201

1301

1401

1501

1601

1701

1801

& ¥ ¥ R K R R ¥ L & F L L G Y G $ A I A& 85 GV A YV § K V L H L E &
AAGUAAGAAL AGGAARAGRA GATTTCITEG TITITTGITA GGTGTTGGAT CTGCAATCGC CAGTGCCHTYT GCUTGTATCTZ AGGTCCTGCA CCTAGAAGGG
TTCETTCTIT TCOTTTTOIT CTAAAGAACT ABAAARACAAT CCACAKCCTA GACGTIAGCE GTCACCGCAR CGRCATAGAT TCLAGGACGT GEATCTTCCC

¥z
E VvV ¥ ¥ I K 8 A L L 8 T ¥ K BB VYV ¥ 8 L 8 W gV 8 V L T & XK V L D L KX
GARGTGAACRA ATGATCHRAZRAG TCOYICTACTA TCCALRAACA AGGECTGTALT CAGUTTATCA AATGOAGTTA GUTGTCTTAAC CAGCRAAGTG TYARBACCTOA
CTTCRCTIGCT TCTAGTTTIC ACGACGATGRY AGETGTITCT TCCEALATCA CTCGAATAGT TTACOTCAAT CACAGRATTG GTCOTTICAC AATCIGGAGT
2
- ¥ ¥ ¥ D X ¢ L L P I ¥V KR X £ 8 ¢C & I 8 N I E T ¥ I B P ¥ Qg K N K R:
ABAACTATAT ACGATASACAR TTCYTTACCTA TIGTGAACAA CCARARGCICL AGCATATCAA ATATAGABAC TETGATAGAG TTCCAACHAR AGAACAACAG
TITTOATATA TCIATTIGTT AACARTAGAY ARCARCTIGTY CETTICEALG TCETATACTT TATATCITTE ACACTATCYC AAGCTIGTIT PCIIGTIGIC
F2
L L B I T R E F S ¥ N ARG VT TP V¥V E® TPT Y ML T N E&E L L S8 L I N
ACTACTAGRG ATTACCAGGGE AATTTAGTGT TAATGCAGGT GTAACTACAC CTGTAAGCAC TTACATGTIA ACTARTAGTG AATTATIGTC ATTAATCAAT
TEATGATCTC TAATGHTCCC TTAAATCACA ATTACGTCCA CATTGATGIC GACATTCGTE AATCTACAAT TGATTARTCAC TTAATARACAG TAATTAGTTA
. FZ

t

P M P ¥ P N D Q X K & ¥ & ¥ XV QO I VR g S ¥ 8 I M & I I X B E V-
GATATGCCTA TRACARATGEA TCAGABARACZ TTAATGICCA ACARTGTTCA AATAGTTAGA CAGCAAAGTT ACTCIATCAT STCCATAATA ARAGRGEARG
CTATACOGAT ATICTITACT BETTUITIVIC ARTTACAGST TETTACAAGT TTAICARTCT GTCCTTTCAA TGRGATACTA CAGGTATTAT TTTCTCCTTC

¥2

- L A Y ¥ ¥ ¢ L ¥ L Y €V I DT P ¢ ¥ K L H TS P L C T T HT K E G-
TCTTAGCATA TCTAGTACAR TTACCACTAT ATECTGTTAT ACGATACACUC TCTTISGABAC TACACACATC CCCTCTATGYT ACARACCBACA CRARAGAAGG
AGAATCETAT ACATCRTOIY AATGGETGATS TACCACAATA TCTATGTESGC ACARCCTITE ATCTCTCTAG GGECARGATACA TEYIGETIST FTTITCYITCC

¥z

-% N f ¢ L TR T DR G WY C¢CDUHNOAB &SV 8FF P Q@AE T CIK Vg8
GTCCARCATC TOTTTAACRAE GAACTCGACAG AGGATGETAC TOTGACAATS CAGGATCAGT ATCTTTCITC CCACAAGUTS AARCATGTAA ACTTCARATCA
CAGETTETAG ACKMATTCIT CITRACICTL TCCTACCATG ACACTGITAC CTCCTAGTCA TAGARAGARE GOTGTTCGAC TTIGTACATT TCAAGTTAGT

F2

¥ R ¥ ¥ ¢ p 7T ¥ KNS L4 YT L P 8 E I W L NV DLDI F NP KY¥Y D €KX I M-
ABRTCCRAGTAT TTICIGATUAC RATGAACAGT TTAACATTAC CRRGTGARAT ABATCTCTGC AATCTTGACA TATTCAACCC CAAATATGAT TETAARATTA
TTAGCTCNTR ARRCASTOTE TIACITHICA AATTGTAATE GUICACTTTA TTTAGAGACE TTACAACTGT ATBAGITEGG GTITATACTA ACATTTTAAT

F2 -

T 8 X T BV S 8 &V I TS L&A I VS C YGEK T KC ¥ A & N K NR-
TGRCTTCASA AACAGATSTA AGCACCTCCE TTATCACATC TCTAGGAGCS ATTGEIGTCAT GCTATGGCAA AACTARATGT ACAGCATCCA ATARBARICG
ACTGRAGTTT TITGTCIACAT TCQTCGAGGLT AATAGTIGTAG AGATCCICGG TAACACKRGTA COATACCGTT TTGATTTACA TCTCCTAGGT TATITITAGC

F2

g I I X T §F 8 N G C DY WV & N KG ®W DT VSV ¢ NN T L Y ¥V ¥ K@
TGCAATCATA ARGACATITY CTAACCGGETE CGATTATGTA TCAARATARAG GGATGGACAC TCTGTCTGTA GGTARCACAT TATATTATGT AAATAAGCAA
ACCTTAGTAT TTCIGTARAR GATTSCCCAC GUIPARTACAT AGTITATTIC CCTACCTGTG ACACAGACAT CCATTGIGTA ATATAATACE TITATTCGTT

¥2 .

T ¢ XK $§ L Y VY K @6 £ ¢ I I N F ¥ D P LV F P 8 D B F D A S I S§4Q V N
GRAGETABAA GTUTCTATET ABRAGGTGAA CCAATAATAA ATITCTATGA CCCATTAGTA TTCCCCTCTG ATGRATTTGR TCCATCAARTA TCTCAAGTCA
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CTTCOATTTT CAGAGATACA TITTCCACTT GETTATIATT TABAGATACT GGCTAATCAT ARGGGGAGAC TACTTARRCT ACGTAGTTAT AGAGTTCAGT

- B Xt W g S5 L A F¥F I R R SBS5 D EL L H ¥ V¥V B A6 XK ST T H I H I T %-
1901 ACCAGAAGAT TAACCAGAGS CTAGCATTTA TTCOTAAATC CGATGARATIA TTACATALTE TAAATECTGS TABATCCACC ACARATATCA TGATARCTAC
TGETOTICTA ATIGETOTCE GATCCTAART AAGCATTITAC GCTACTTAAT AATGTATTAC ATUTACGACC ATTTAGGIRG TETITATAST ACTATTGATG
TM Domain

Cytoplasmic Tail

¥ ¥ r v 1 1 VvV I L L § I AV 6 L L L ¥ ¢ XK xn R S TP ¥ P L S KX D
2001 TATARTTATA GTGATTATAG TAATATIGIT ATCATTAATT GUTGTTGCAC TCCTCTTATA CTGTAAGGCC AGRAGUACAC CAGTCACACT ARGCRAAGAT
ATATTAATAT CACTAATATC ATTATAACAR TAGTAATTAA CGACAACCTG ACGAGAATAT GACATICCGC TCITCGTGTG CTCAGTGTGA TTCGTTTCTA
FMDV 22

Transmenorane
domain of WHV & (split)

Cytuplasmic Tail pre E/HS1 signal

¢ L &8 ¢ I ¥ N I A F 8 N NPF¥ p L L KL A ¢ DV E 8§ X P G P A R DR 8
2101  CAACTGAGTG GTATARATAR TATTECATTT AGTAACAATT TTGATCTIGCT CARACTIGCA GGUGATGTAG ARTUAARTCC TEGACCCGCC CGGGACAGGT
GTTEACTCAD CATATTTATT ATAACGTAAR TCATTGTITAA AACTAGRCGA GTTTGAALGT CCOCTACATC TTAGTTIAGE ACCIGGGCGH GUCCTIGTCCA

NS51

Transmembrane domain of WNY B {split)

. I A L T F¥F L A ¥ ¢ ¢ Vv L L ¥ L &8 V NN V ¥ A DT 6 Can I 9D I 8 R @
2201 CCATAGCTCT CACHTITCTS GUAGTTOEAS CGAGTTOIGCT CITCCTCTCC GIGAACGTGC ACGCTGACAC TGGEIGTIGCC ATAGRCATCA SCCGGCAR
GOTATCGRGA GTGCRAAGAG CETCARCUTC CTCRAGACGA GAAGGAGAGGE CACTTECACE TCCGACTGTE ACCCACACGSE TATCIGTAGT CGGCIGTT

PV WNYV{ACDrMEYRSY-F

deleted C protein

s

M

1 ASTAQYTCGEC CTCTCTEAGE TGACAAACTT ACTAGTGTTT GTGAGGATTA ACAACAATTA ACACAGTGCG AGCTSTTYICT TAGCRCGAAG ATUTCGATGY

TCATCARGCG GACACACTCG ACTOTTIGAA TCATCACARA CACTCCTAAT TGTTGTTAAT TGTGTCACGL TCGACAAAGA ATCGTGUTTC TAGAGCTACA
deleted C protein

- K K &8 6 P 6 XK & R A VN ¥ L X RE&EMP R VYL &L I G L KJQ K KR-
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101 CTARGAARACC AGGAGGLECC( GOCARGAGUC GUGCTETCAA TATGCTRARE CGURGAATGC CCOCGCOTGETT GTCCTTGATY GOACTIAAGC AASACGAAGCG
GHTTCTITGEE TCCTCCCEEE CCETICTCGE COUSATARGTT ATACGATTTT QCGCCTITACG GOGUGSCACAS CAGGAACTAA CCTGAATICG TTITTITCGC
F signal
NE3 cleavage F1
3 ¢ ¥ L L ¥ » X AaH® A I T T LYLT ARV T ¥ C¥ A S G ¥ I T EBEEF
201 AGGSGCCEAG TTECTAATCC TCAARAGCDAA TOCAATTACC ACBATCCTCA CIGCAGTCAC ATITIGITIT GCITCTEGTT ARAACHTCAC TEAAGBATITT
TCCCCOGCTC ARCEGRTTAGE AGTTTCGTTT ACGTTAATGG TOTIAGEAGT GACGTCAGTG TARAACAARLA CGRAGACCAG TLTTIGTAGTG ACTTCTTAAA
i
¥y ¢ 8§ T ¢ 8 B ¥ 8 X ¢ YL S8 A LR T GW ¥ T S§V I T I BE L 8§ N I KB
303 TATCAATCASZ CATGCAGTIGE AGTTAGCRAA GGUTATCTTA GIGCTCTGAG AACTGETTEC TATACCAGTG TTATAMCIAY AGAATTAAGT AATATCARGG
ATAGTTEGTYT GTACGTCARCE TCAATUGTITT CCCATAGAAT CACGAGACTC TTCACCAALC ATATGGTCAC RAATATIGATA PCTTAATTCA TTATAGTICC
1
NKCNG’E’DAHI{VKLIKQELDKYK&A“JTELQLLMQS~
4G1 RAAATARGTE TAATGGAACA GAUGCTAAGE TAA}&ATTG??T AEAACARAGAR TTAGATARAT ATAAAAATGES TGTAACAGRA TTGCAGTIGC TCATGCAAMG
TYITTATTCAT ATPACCTICT CTACGATTCC ATTTITAACTA TTTIGTICTT ARTCIATTIA TATTITTACE ACATTGICTY AACGTCAACG AGTACGITIC
Fi

FUpNpE T

- P P T N ¥ R A R K B L P R FH XN Y T L N NAZ ¥ KTH VTL 8 XK K
501 CACACCACCA ACARACALTC GAGCCAGAAG AGAACTACCA AGGTTITATGR ATTATACALT CAACAATGUC AXRAAAARCCA ATGTAACATT AAGCAAGAAR
GCTETGEICET TETTISTTAG CTUGGTCTIC TOMTCATEEY TCCARATACT TAATATEIRA STTOTTACGS TITITITEGY TRCATTGTAA TTUGTICTTIT

PL

otk g Al At bt

F2
R ¥ R R ¥ &+ €& ¥ L L ¢ VvV @ 8§ A I A 8 66 VvV AV $§ K ¥ L X L B G E V N K-
601 AGGAARAGER GBRYTICTIGCE TITTTICTTA GGTCTIGEAT CIGCRATCGC CAGTUGCGTT GCIGTATCTA AGGTCCTGCA CCTAGAAGGE GRAGTGAACA
TCOTTTICTT CTARAGRACC ABRABACALY CCACARUCTA GACGTIAGUG CGTCACCECAA CGACATAGAT TCCAGGACHET GGATCITCCC CTTCACTIST
F2

¢« I X 8 A L L 8 T N XK AV VY &L & NGV S Vv LT & KV L D L K R ¥ I
701  AGATCARAAG TGCTCTACTA TOCACABACA AGGCTCTAGT CAGCTTATIA RATCGAGTIA GTGTCTITAAC CAGCAAAGYTG TTAGACCTCA AAAAUTATAT
TOTAGTTYIC BOGAGNTGAT AGGTGTTTOT TCCCACATCA GTCGAATAGT TTACCTCAART CACAGAATIC GTCGITICAC BRATCIGEAGT TITTGATATA

Fz2

D K ¢ & L P I Vv N K £ 8 ¢ 8§ I 5§ ¥ 1 BT Vv I E P g QK H N R L L B
801 AGATAARCAA TTGTTACCTA TIGTHAACAA GCAARQUIGC ACCATATCAR ATATAGAAAC TGTGATAGAG ITCOAACAZA AGAACRACAG ACTACTAGAG
TCTATETGTT AACRATGGAT AACACTISTT COTTTCGACE TCETATAGTT TATATCTITE ACACTATCTIC AAGGTTEITT TCTIGTTGIC TGATGATCIC
. F2

¥ T R B F &8 V N AQG ¥V T TP OV ST ¥HML T W S$E L LS L I N DMPI-
$01  ATTACCAGEG ARTTTAGTGT TAATGCAGGT GTRACTACKC CTGTAAGCAC TTACATGTTA ACTAATAGTG AMYTATIGCYC ATTAATCAAT GATATGCCTA
TAATGGTOCC TTRBATCACA ATTACGTCCA CATTGATCTG GACATTCGTS ARTGTACAAT TGATTATCAC TTAATAACKG TARTTAGTIA CTATACGGAT
P2
T K P £ XK X L M 8 N W VG I VK QS Y § 1 m § I I KEEBV L B Y-
1001 . TARCARATGA TCAGARAAAG TTAATCGTCCA ACAATGTTCA ABTAGTTAGAE CAGCAAAGTT ACTCTATCAT CTUCATAATA AARGAGGAARG TCTTAGTATA
LYTGTITACT AGTCITITIC ARTTACAGET TOTTACARGT TTATCAATCT GTCGITYCAR TGAGATAGTR CAGETATTAT TTICTCCTIC AGABRTCETAT
¥2



$

1201

1301

2401

1563

1801

1701

1801

1301

TGTAGTACAA TTACCACTAT ATGGTGTTAT AGRTACALCC TCTTGCAARC TACATACATC CCOTCTATGT ACARCCRALA CRARAGAAGG GTCCABUATC
ACATCARTGLT AATECTGATA TACCACAATA TOTATGETCEG ACAACCTITE ATGTGIGTAG GTUGAGATACA TGTTEETIGT GTTTTITTCC CAGGTTGTAG
F2

C L T R T I R G W Y T 3 8 A G & V 3 F F P Q A E T C X ¥ g 8 N R V F -
TCITIARCAR GAACTGRCRG AGGATGGTAL TGTGACAATE CAGGATCAST ATCITICTIC CCACRAGOTG ARACATGTAA AGITCARTCA AATCGAGTAT
ACAAATIGTT CTTCGACTGTC TCCTACCATE ACACTQTTAC GILCCTAGTCA TAGAAMAGBRAG GGIGTTCCAC TTTGTACATT TCARGTTAGT TTAGCTCATA

r2

R O > B ¥ M N 5 L T L ? s B I » L < ¥ v I ¥ N P ¥ Y D C XK I & T & K -

TEIGTGACAC ARTGARCAGT TTARACATTAC CAAGTGAAAT ARATCTCIGC ARTGTTGACA TATTCAACCC CARAATATGAT TGTBARATTA TGACTTCAAN

BAACRCRYTE TTACTTGTCA BNITCTAATE GTTCACTEITA TITAGACGACG TTACARCTGT ATRAGTIGGE GTYTATACTA BCATITIAAT ACTCRAGTIT
¥2

- T D v 8 5§ § ¥ T g L @ A i v 5 ¢ ¥ & K T X C T A 8 N XK ¥ R & ¢ I

AACAGATCTA AGCAGCTCCG TTATCACATC TCTAGGAGCC ATIGTGTUAT GCTATGGCAA AACTARRTGT ACAGCATCCA ATAARARAYCG TGGARTCATA

TTGTCTACAT TCGTCEAGGEC ARTAGTCTAG AGATOCTCGS TAACRCAGTA CGATECCETT TIGATITACA TGTCCTAGET TATTTTITAGC ACCITAGIAT
F2

XK T F B ¥ G C P Y v § N X G # Db 7T ¥ 8 vV & N T L ¥ ¥ ¥ N X Q 8B & K 8 -
ARAGACATTYT CYAACGCOTE CUEATTATCTA TCARATAAAG GGATGGACRC TGIPSTUIGTA GGTAACACAT TATATTATGT AAATAAGCAR GAAGGTARAR
TTCPETARLA GATTGCCCAL GUTARTACAT AGTTTATITC CCTACCIGTG ACACAGACAT CCATTGTGIA ATATAATACA TTTATITCGIT CITCCATTIT

Fz
L ¥ v K G B ¥ I I W P Y p P L V F P § B E FP D & § I s Q@ V H B K ¥ -
GTCTCTATET ARRRGGIGAR CCAATARTAA ATTTCTATGA CCCATTACTA TPCCLCTCTG ATGARTTTGA TGCATCAATA TCTCAAGICA ACGAGAAGAT
CAGAGATACA TTTTCCACTT GOTTATTATT TARAGATACT GGGTARTCAT AAGGCCGAGAC TACTTAARCT ACGTAGTTAT AGAGTTCAGT TGCTCTICTA
|

™ pPomain

SN QB L A& ¥ 1 R K 8 D B L L H N V ¥ A G K & 7T T N I M r T 7 I I I

PAAQCAGAGC CTAGCATITTA TICCTARATC COATGAATTA TTACRTBATG TARATGCTGE TABATCCACC ACARATATCR TGATAACTAC TATAATTATA

ATTGGTCHCE GATCGT&ART BACGCATTTAS GOTACTTAART AATGTATTAC ATITACGACT ATTTAGGTGE TGITIATAGT ACTATTOATCE ATATTAATAT
TH Domain

Cytoplasmic Tail

¥y £ i v I L ¥ 8 % i AV ¢ L L LY €K A R S TP ¥V T L 8 %X B ¢ S G-
GIGATTATAC TAATATIGTT ATCATTAATT GOIGTTGSAC THCTCTTATA CIGTAAGGUC AGAAGCACAC CAGTCACACT AAGCAAAGAT CARCTGALTE
CACTARTATC ATTATAACAL TAGTAATTAA CGACAALCTE ACGAGAATAT GACATICOGE TCITCGEIGIC GICAGTGTGA TTCGTITUTA GTIGACTCAC

FMDV 24

bt o S o 0 2 e A o P Pk P 0 S o b P P i o A o e e 2t B S 440 ok o0 Pk ot ot 0t P

membrane domain of WHNV E (split)

Cyroplasmic Tail . pre E/NSL signal
f ¥ ¥ I AR F S5 W N F D L L ¥ LA ¢ PV E 8§KP G P A R DRSS I A& L-
GTATARATAA TATTGCATTT AGTARCAATT TTGATCOTALT CAAACTTCCA GGCGATGTAG AARTCRAATCC TOGRACTCGUC CGGRACAGET CCATAGCTCT
CATATTTATT ATAACCTARA TCATTGTTAA AACTAGACGA GTTTCAACGT CCGCUTACATC ITAGTTTAGG ACCTGEECSG GCCCIGTOCAR GETATCGAGA
Trassmewbrane domain of WNV E (split)
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-T F L AV € Q¢ VvV L L ¥ LK S$§ V¥V H A& O T ¢ CA ¥ D I B R QE L R
CACGITTCTC GUAGTICGAG GAGTTCTGCT CTICLICTCL GTGARCETEC ACGCTIGACAC TGEGTGTGCC ATAGACATCR GCCGGCAAGA GCTGAGA
GIGUARAGRG CATCAACCTC CTORAGAUGA GBACGAGAGS CACTTGCACC TGCOACTGTG ACCCACACGGE TATITGTAGT CEGUOHITOT CGACTCT

PIV-WNV{ACYRSBY-F

1 GATCCTAATA CGRCTUACTA TAGAGTAGTT CECCTGTGIC AGCTOACABA CITAGTAGRTG TTTCTGAGGA TTAACARACAA TTARCACAGT GCGAGCTGTT

CTAGGATTAT GUTGAGTGAT ATCTCATCAA GUGEACACTAC TCOBACTGTTT CGRAATCATCAC AARCACTCCT AATTGTTIGTT BATTSTGTOA CECTUGACKA
H-terminus of C

M &8 K K P &G 6 ® € K & R A VYV N M L K R &€ M P R VYV L & L
TCTTAGCACG AAGRATCTCGA TGTCTAAGAN ACUCAGGAGEG CCUGSCABGA GCUCEGCTET CAATATGCTA ARACECGEGAA TGCOCCRCET GUIGTICTIS
AGRATCGTET TYCTAGAGCT ACAGATTCTT TCEGTCCTCCC GOECCGTTCT CGGUCCGACA GTTATACGAT TIIGCOUCTY ACCGGGGCGCA CARCAGGAAMD
N-tarminus of € 7 signal

W83 c¢leavage - F1

I ¢ L K § &£ K R 66 £ L LI &£ XA ¥ A I T 7T I L TAV T F C F A & G-
ATTGGACTTA ACGCAARRRGAR GUGAGGGEGC GAGTTGCTAA TCCTCAARGC RARTGCAATT ACCACAATCC TCAUTGUAGT CRCATTTIGT TTTGCTTIIG
TAACCYGAAT TCGITTICTT COCTCCCCCG CrCAACGATT RGOAGTTITCG TTTACCITAR TGGIGTIRGE AGTGACGTCH GIGTAAAACA AAACGAAGAC

Pl

QNITEE?YQSTCSAVSKE}YLSALKTGI‘?YTS’&'IT-
GTCABANCAT CACTGRRGAA TITTATCAAT CRACATGCAG TGCAGTTAGC AARGGCTATC TTAGIGUTCT GAGAARCIGET TGGIATACCH GTETTATARC
CAGTITTETA STGACITCTT RAARTAGTTA GTTCTACCTC ACGTCAATCS TYTCCGATAG ARTCOACGAGA CTCTTEACCA ACCATATGGT CACAATATIS

Fi

-IEL$NIKE!\¢'KCN(§ATDAKVKI:IKQELDKLYKZ‘IAVT

TATAGARTTA AGTAATATCA ACGARAATAR GTGTAATGGA ACAGATGCTA AGGTAAMATT GATAAAACAA GAATTAGATA AATATRARRA TGCIGTAACH

ATATCTTART TCATTATAGT TCCITITATT CACAITACCT TGTCTACGAT TCCATTTTAR CTATTIYTGTT CTITAATCTAT TTATATTTIT ACGACATIGY
F1

E L § L M Q 8 7T ¥ P T ¥ ¥ R A R B EBE L P R F M N Y T & N ¥ B KK T.-
GAATTECAGT TECTUATGLA BAGCACACCA CCABRCAAACA ATCGAGCCAG AAGAGAACTA CCAASGITYA TGAATTATAC ACTCARCRAT GCCAAAARAR
CTTARACHTCA ACGAGTACGT TTCGTSTGET GETICTITGY TAGCTICGETC TTUTCTTGAT GUTTCCAAAT ACTTARATATG TGAGTTGITA {GGTTITTIY

¥2

et ot o S 0 ot o A o o o 40 o S . G 20 Mo bk e A 4. 0 P 8 8 T A S0 Y PR A . 8 8 £k o P . e 8 P it Bk Pk

Fi
¥ v L 8 K KR KZR R FF L 6 F L L GV GG & K I A S8 G Vv a v §g KV L.

CCARTGTRAC ATTAAGURAG ARARGGANAZ GAAGATTTICT TGEITITITIC TIAGGIGTTG GATCTGUAAT CGCCAGTGGT GITGCTIGTAT CTAAGHETCCT

GETTACATIC TAATTCETIC TTITCCITTT CTTCTABAGA ACTAARAMAC RATCCACAAC CTAGAUGTIA GCGETTACCE CAACGACATA GRYTCCAGGA

34

-H » B G B VN K I K 8 A L % 8 TN KAV ¥ 8 L 8 N G V 5 V L T 8 K

GCACCTAGAR GUGGRAGTGR ACRAGATUAR ARGTOCICTA CTATCCACAA ACRAGGCTGT AGTCAGCTTA TCAARATGGAG ITAGTGTCTT AACCRGCAAA

COTRGHTCTT CCCCTTCACT TGTTCTAGTY TTCACGAGAT GATAGGTGTT TGITUCCGACA TCAGTCGRAT AGTTTACCTC ARTCACAGRA TIGGICGTIT
¥
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GIGTTAGANC TCEAPAACTA TATAGATAAA CRATTGTTAC CTATTRETGAR CAAGCAMAGC TECAGCATAT CARATATAGA ARACTGTGATA GAGTICCARC
CACANTCIGE AGTITTTIGAT ATATCTATTT GTTAACRATG GATAACACTT GITCGETTTICG ACGTCOTATA GITTATATCT TTGACACTAT CTCAAGGTTS
: F2

¢« X N ® R L L E I T R E F 8§ vy ¥ A 6 V T T P Vv 8 T Y M L T N 8 g L L -

AAARGAACHR CAGACTACTA GAGATTACCA GGGAATTTAG TGTTARTGCA GOTGTAACTA CACCTCTARG CACTIACHIC TTRACTAATA GIGARATTATT

TTTICETETT GTCTGATCAT CTUTARTGET COCTTARATE ACAATTACGT CCACATIGAT GTGGACATTC QTGARTCGTAC BATTIGATTAT CACTYAATAAR
¥z

$ L I N D M P ES 2 g K XK L M § ¥ N Vv g I v R ¢ Q s ¥ g I ® o8 1
GTCATTAATC RATCATATGC CTATAACARR TGATCAGRAA ARGTIANTGT CCAACARIGT TCAARATAGTYT AGACAGCARA GTTACTCTAT CATGTCCATH
CAGTAATTACR TTACTATACG GATATIGTITY ACTAGTCTTT TTCAARTTACA GETTETTACA AGTTTATCAA TCTIGTCGTTT CARTGAGATA GTACAGGTAT

Pz ’

i X E E ¥V L A ¥ v v g L ? L Y 6 v r o 7w P C W K L B T S P L 1T T W
KTRAAAGRGE BAETCTTAGC ATATGTAGTA CAATTACCAC TATATGGTGY TATAGATAUA CCCIGTTGGA AACTACACAC ATCCCCTICTA TGTACRACLCA
TATPITCTCC TTCAGAATCE TATACATCAT GTTAATGEGTG ATATACCRCA RTATCIAICT CEGACAACCT TTIGATGICTG TRGGGGAGAT ACATGCTTGGY

F2

T K B G 8 N i ¢ LT R 1T B R G W Y C ¥ A 6 8 v § F ¥F F Q B E T ¢ -
BORCABARAGR AGGRTCCAARC ATCTETITARA CAAGARCTGH CAGRGOATGE TACTGIGACA ATGCAGGATL AGTATCITIC TTCCCACARG CTEAMAACATE
TEIGTTITCY TUCUAGGTIG TRAGACRAATT GTTICTIGACT GRCTCCUTACC ATGACARCTGT TACGTCCYAG TCATAGAARG AAGRETGTTC GACTTIGTAC

P2
-k ¥ ¢ & ¥ R ¥ F ¢ D T M N $ L T L 2 8§ B ¥ ¥ L C ¥ ¥V D I F N ¥» K ¥
TARRGTTCAA TCAARTCEAG TATTTIGIGA CACAATGARC AGTTTAACAT TACCAAGTGA BATABATCTC TGCAATGTTG ACATATTCAAR CCCCABRATAT
ATTTCARGTYT AGTTTAGCTC ATAAAACACT GTGTTACTIC TCAAATTGTA ATGGITCACT TTATITAGAG ACGTIACAAC TGTATAAGTT GGGGTITATA
P2

D¢ X X M T & K T D v 8 8 8 v i T § L G A I vV s c Y 6 XK 7T K ¢ T A g
GATYGTARAR TTATGACTTIC AAARACHGAT QTARGCAGCT CCATTATCAC ATCTCTAGGA GCCATTGIGT CATGCTATGG CRAAACTAAM TGTACAGCAT
CTAARCATTIT PATACTGRAG TTTTTOTOIN CATTCGTOGE GOCAATAGTG TAGAGATCCT CEGTBACACA GTACGATACC GTTTTGATIT ACATGTCGTA

¥2

- ¥ ¥ # R @ I I R TPF 8 NG €D Y V §WN8N K G MDB T Y § VGN T L ¥ ¥-
COAATAARAA TCGTGGRATC ATARAGACAT TTTCTARCGG STGCGATIAT GTATCARARTA AAGGOATGCA CACTGTGTCT GTAGGTAACA CATTATATTA
TTATTETT AGCACCTTAS TATTTCTGTA AARGATTGCC CACGUIRATA CATAGTITAT TTCCCTACCT GIUACACAGA CATCCATTGT GTAATATAAT
¥z
v ¥ K Qg B & XK § L Y Vv K¢ ® P I I ¥ FY DPL VF PS8 D EF DA S
TGTAAATAAG CAAGAARGETA ARAGTCTCTA TOTABAAGGT GABCCANTAR TABATTTCTA TGACCCATTA GTATTUCCCT CTGATGARTT TGATGCATCA
ACATTTATIC GTTCITCCAT TTICAGRGAT ACATTITICCA CTTCETIATT ATTIAMAGHT ACTGGETAAT CATARCGGGA BGACTACITAR ACTACGTAGT

I 8 Qv N E X I 8 9Q 5§ L A F I R X $ D B L L OB W v N A G ¥ 8B T T B I
ATATCTCALG TCAKRCCAGAR GATTAACCAG AGCCTAGCAT TTATTCGTAR ATCCEATGAA TTATYACATA ATGTARATGC TGHETAAATCC ACCACARATA
TATAGAGTTC AGTTGCTCTY CIAATTHOTE TCOGATCGTA AATAAGCATT TAGGCTACTT AATAMNTCGTAT TACATTTACG ACCATTTAGE TSGTCETTTAT

THM Domzin

Cytoplassic Tail
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TCATGATRAC TACTATARTT ATAGTGATTA TRGTAATATT GTTATCATTA ATTGCIGTIC GACTGCTCIT ATACTGTAAG GUUAGRAGCA CACCAGTCAC
AGTACTATTG ATGATATTAA TATCACTAAT NICATTATAA CAATAGTAAT TRACGRCAAC CYCGARCGAGAA TATEACATIC CGGTICITCGT GIUGTCAGTG
FMOV 2A

Cytoplasmic Tail
L § ¥ D ¢ L 8 6 I R K I A ¥ 8 NN F ®» L L KL A6 DV E S8 ¥ p G P
ACTAAGCRAR GATCABCTGA GTGGTATAAR TAATATIGCR TITAGTRACA ATTITGATCT GUTCARACTT GURGGOGATE TAGARTCARNL TCCTGEACCS
TEATTCGITY CTASTTGACT CACCATATTT ATIATAACGT AAATCATIGT TAAABRCTAGA COAGTITGAR COTCCOCTAC ATCITAGCTIT AGGACCIGES
pr¥

C/ort signal

4 ¢ K 7T g I A ¥ M oOX & L I A v oG A VT L &8 ® F Qg ¢ K v M M T VvV N A -
GGAGEGAARGR CCGOTATIGC AGTCATCGATT GGCCICATCGE CCTGCGTAGE AGCAGTTACC CTCTCTAACT TCCABGGGAR GOTGATGATS ACGGTAAATC
COTCCTTICT GOUCATARCG TCAGTACTAR CCGGACTAGC GGRCGCATCC TCETCARTCE GAGAGATTCR 3CGTTCCCTT CLACTACTAC TGCCATTTAC

prM

- T P YV T DV I T I P T R A G XN L CIXIX YV RAH DV G Y M C-D B TI
CTACTCACGT CACAGATGTC ATCACGBATTIC CAACAGUTGC TGERAAGRAC CTATGCATIC TCAGAGCAAT GGATGTCGOCA TACATGTGCG ATGATACTAT
GRIGACTGCR GYGTCTACAG TAGTGUTAAG GTIGICEALG ACCTTICTTG GATACGTAAC AGTCTCETTA CCTACACCOY ATGTACACGC TACTATGATA

pr

-T Y B ¢ P VvV L 8 A ¢ N D P E DI D T W L T K S A VY Y Y R Y G R CT
CACTTATGAR TEOCCAGTSC TGTCSGCTGE TARLGATCCA GAAGACATCG ACTGTIGEYE (RACARRGTCA GCAGTICTACG TCAGCTATGES AAGATECACC
GTGARTACTT ACGGGTCACE ACAUGCCGACE ATTACTAGET CTTCTGTAGSC TEACARCCAC GTGTTTCAGT COTCAGRIGC AGTCCATALC TTCTACGTGS

pri

K * R H § R R & R R 5 L T v g T H ¢ R B T L A H K XK ¢ A W K D8 T K-
AAGBCACGOC RCTCARGACS CAGTCGGAUG TCACTGARLUAG TGRCAGACACA CGGAGARAGC ACTCTAGCGR ACAAGRAGGG GGCTIGEATCE GACAGCACCA
TYOYGTGCEE TEACTTICTGC GTCAGCCTCD AGTEACTGTC ACGTLIGTIGT GOCTCTITAS TGAGATCGCT TEPTLTTICCC CCGRACCTAC CISTCGTGET

- pxM

- A T R ¥ LV K 7T & 8 € X L R N P G Y A L v A A vV I G W oM LG S ¥ T -
AGGEOCACABE GTATTIGETA AZAACRGAPT CATGGATCTT GAGGAACLCT GGATATCGCCC TGETGGTAGC COTCATIGET TEGATSCITGE GGAGTAACAT
TCCEETGTTC CATAABRCCAT TITIGTCTTA GTACCTAGAA CPCCTTGEGHK CCTATACGEGE ACCACUGTCC GCAGTAACCA ACCTACGAAC COTCETTGTG

prM

M O R v v F ¥ v L L L L v AP A X s F N £ L G ¥ S N R B P O%L E ¢ Vv
CATGCAGAGR GITGTETTRS TCSTGCTATT GUITITGETE GCCCCAGCTT ACAGCTITAA CTGCCTTEEN ATGAGLAACA GAGAUTTCIT GCAAGGAGTS
FIACGTCTCT CABCACAARC AGCACGATAR CGARAACCAC CGGGGTCGAR TETCGALATT GACGGAACCT TACTCGTIGT CTICTGARGAZ CCOTTCCTCAC

pxt .

8 6 A T ¥ v D L Vv L E 6 D 5 c v 7 i M 8 XK p K P T X D v K M H N M B
TCTGEAGURA CATGRETEEA TTTEGTTICTC GRAGECEACA GUTGCETGEAC TATCATGTCY ARGEACAAGT CTACCATCGRE TGTCAASATG ATGRATATGG
BEACCTCGTT GTECCCUACCT ABAUCAAGAG (ITCCGCTAT CGACGUACTS ATAGTACAGA TICCIGITCG GATGETAGLT ACACTTCTAC TACTTATALC

A A K L A B vV R 8 Y T ¥ L A T ¥V & D L =B T X & A C P A M G E A H W
AGGUSRCCAA CCTEECAGRG GICCGCASTT ATTGCTAYIT GGUTACCEEC AGCGEATCICT CCACCARAAGL TGUETGCCUG GCCATGGGAG AAGCTCACAA
TCCGECOGSTT GOACCETCTC CAGSCETCAA TAACGARTARR CCGATGGCAG TCGUTAGAGR GOTRGTTTICG ACGCACGGSC CGGTACCOTL TTCGAGTGIT

B
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b X R & 0D P A gV ¢ R Q G v V. o R G W G N ¢ C G L F G K ¢ 8 R I
TCACARACCT GUTGACCCAG CITTTGIGTG CAGACARGGR GTGSTGEACHA GGEGLTGGEG CAARCGGUTCEC GEACTATITE CGUAAAGCAAG CATTGACACA
ACTGETTCCA CCACTGGETC GAAAACACAC GTCIGTTCLT CACCACCTOT CCLCGACCCC GTTIGCCGACE COTEATAARC CHTTTOCTIC GTAACTGICT

B

o e oy 2 2 220 T PNt 8 2t P 08 i e Y A e A S A8 ey s o e o g 0 e B P o A Pt et o ot o ot e o e A 240 e s A o P o e o e e e Ak i 0t P T ek Bk e o e et P A M T PP

¢ A K F A C B T K A i & R 7% I L K E ® I K ¥ EV A I F V H G P T 7 V.

TGCGCCAAAT TTCCCIGCTC TACTAAGGUA ATAGGRAGAA CCATITITGRA AGRGAATATC AAGTACGAAG TGOCCATITI TGTCCATGGA CCAACTACTG
ACGUECITTA AACGGACGAG ATCETICCET TATCCOTTCET GETAAAACTT TCTCITATAG TTCATGCITC ACCGGTAARA ACAGGTACCT GGTTEATGAC

v

x4

E & H & N Y 8 T Q VvV & A T Q A G R F & I T B A A Pr 8 ¥ T L. K L e = -
TEBAGTCGCA CGCAAACTAC TCCACACAGH TTCGAGCCAC TCAGGCAGGG AGATTCAGUA TCACTCCIGL GRCGCLITCR TACACACTAA AGCTTGGAGA
ACCTCRECGT GUCTIIGATE AGERTGTETCC ABCCICGGTIG AGTCCETCCC TCTAAGTCGT AGTRAGGACG CCGCGGAACT ATGTGTGATT TCGAACCICT

E
¥ G B v or v o € B P R &8 G i T XN A Y Y v ® T vV &6 T K T F L VvV H R
ATATGCRORS GFCACAGTEGE ACTGTGARCC ACCGETCAGES ATTEACACCA ATCCATACTA CGIGATGACT GTICGAACAL AGACGTICTT GGTCCATLGT
TATACCTOTC CACTETCACT TGACACTIGE TGCCAGTCCC TAACTGIGGT TACCTATGAT GTACTACTGA CARRCCTTGTT TCTGCARGAARA CCAGGTAGCA
B

et o e e Pt ok b o 400 . 1l o o o P o e O e o e oy g P e O e e P B i N S o o i o i Sk 8 40 o8 o A B B o o o . kit S g et Yot 08 T ot o 7 10 o

E W F M o L N L 2 W 5 § A G 5 T Vv W R N R B T L % B F BE E P H A T X -

GAGTGETTCA TOGACCTCAR COTCCCOTTGE AGUACTGCTS GAAGTAUTCT GYGGAGGAAC AGATGAGACGT TAATCGAGTY TGAGGAACCR CACGCCACGA
CTCACCAAGT ACCTGRACGTT GEAGGEAACT TCOTCACCAC CITCATGACA CACCICCTITE TCOTCTCIGCR ATTACCTICAA ACTCCTIGGT GTGBCGETECY

g 8 Vv I 3 L @ 8 g E G & kL H @ A L A& ¢ A& I 2 VvV E ¥ 8 § N T V K L 7 -
AGCAGTCTGT GATAGCHTTE GGCTCACAAG AGGGAGCTCT GCATCARECT TIGEUTEGAG CCATTCCTGT GGRATTITICA AGCARACACTG TCAARGTTGAC
TCETCAGACH CTATCETARC CCGAGTGTIC WCCCTCGAGA CCTAGTTCGA ARCCUACCTC GOTAAGGACA CCTTAARRAGT TCGITGTGAC AGTICRALTG

s ¢ H L X € R v K M £ R L g L K G T T Y G ¥ ¢ 8 R a #® X F L ¢ T F
GTCOGEETORT TTEGAACTGTA CGAGTGAAGAT GGRAAAMRTTG CAGTTGAARGS GAACARUCTA TEECCETCICT TCAAAGGCTT TCAAGTTICT THGEAOTCCC
CAGBCCCAGTA BACTTCACAET CTCACITCTA CLTTTITAAC QTCARCTTOC CITGTTGGAT ACCGCAGACKR AGITICCGRA AGTTCARAGAR ACCCTGAGGG

=
A D T & H 6 T v v L 2 L g Y T G 7 L G P C XK v P I 8 8§ ¥ a B L N D L -
GCAGRCACAT @TCACGGCAC TUTGGTUTIE GAATTGCAGT ACACTGCUAC GGATGGACTY TECAAAGTTC CTATCICETC AGTGGUTTLA TTGARCGACLT
CETCTGIGTC CAGTGCCETE ACACCACAAT CTTRACETCH TGTGACCETG CCTACUTGEA ACGCTITCARG GATAGAGTCAG TCACCBAAGT ARCTTEUIGG
£z

ey e o o e ke o A

T PV ¢ R L v T VvV ® P F ¥V & VvV A T A W A X Vv L I ® L 2 p B P G D 8
TABCGLCAGT GGGCAGATTE GTCACTATCA ACCCTTTIGT TICAGTGECC ACGGCCARCG CTABGGTCCT GATTGAATTG GAACCACCCT TTGRAGACTC
ATTSCGETCR CCCETOTRAC CAGTGACAGT TEGUAARACKA AAGTCACCGE TGCCGATIEC GATTCCAGGA CTAACTTAAL CIIGETGGGA ARCCTCIGAG

E
Y I v v ¢ R @G E Q Q i ® B # W H K 5 G 8 5 I G X A F T T 7T L ¥ G R
ATACATAGTG GTGGGCAGAG GAGBACAACA CGATCARTCAC CACTGECACH ACTCTIGCAAG CAGCATIGGC AAAGCCITIA CAACCACCCT CARAGGAGOG
TATOTATCAC CACUCHTCTC CICTTGITOT CTAGTTAGTS GTGACCGTGT TCAGACCTTC GTUETAACCG TTTCGGAAAT STTGGTGGEA GITICCICET

T R L A A L @ o T A w D F G s v G G v ¥ T8 ¥ G XK AV H @ Vv G G A
CBEAGACTAG CCOCTOTAGHE AGMCACAZCT TERSACTTTG GATCAGTTES AGGSGTEITC ACCTCAGTTCE GCAAGGCTGT CCATCARGTG TTCUGRGGAG
GYCTCTERYC GGUGAGARTCC TCIGTETCBA ACCCTGARAC CTASTCRACC TCCCCACAAG TGGAGICAAC CCTTCOGACA GGTAGTTCAL BAGCCTCCTIC
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CATTCLACTC ACTLTTCGGA GUUATETCCT GGATAACGCA AGGATIGCTG GGOEGCTCTCC TETTIGTEGAT GGGCATCAAYT GCTCETAACA GGTCCATAGT

GTRAGGCGAG TCACAAGCCT CCGTACAGSA CCTATIGCGT TCCTAACGAC CCUCGAGAGE ACAACACCTA CCCGTAGTTA CGAGCACTGT CCOASGYATCG
N1

“L T L» AV 6 ¢V L 'L FL 85 ¥ ¥V HaAD T C A I DI &RQ E LR
TCTCACSTTT CTCECAGITE GAGGAGTTCT GCOTCTTCCTC TCCHGTGAACG TGCACGCTGA CACTGGETGT GCCATAGACHE TUAGUCGGCA AGAGCTGAGA
BAGAGTECARA GAGCGTCAAT CTCCTUAAGL COAGAAGGAG AGGTAUTIGC ACGTCGCGALTY GTGACCCACA CGGTATCTGT AGTCEGCCGT TOTCGACTCT



Other Embodiments

All publications, patent applications, and patents mentioned in this specification
are incorporated herein by reference in their entirety as if each individual publication,
patent application, or patent were specifically and individually indicated to be
incorporated by reference. - .

Varicus modifications and variations of the deseribed viruses, vectors,
compositions, and methods of the invention will be apparent to those skilled in the art
without departing from the scope and spirit of the invention. Although the invention has
been described in connection with specific embodiments, it should be understood thas the
invention as claimed should not be unduly limited 1o such specific embodiments. Indeed,
various modifications of the described modes for carrying out the invention that are
obvious to those skilled in the fields of medicine, pharmacology, or related fields are
intended 1o be within the scope of the invention. Use of singular forms herein, such as
“a”* and “the,” does not exclude indication of the corresponding plural form, unless the
context indicates to the contrary. Similarly, use of plural terms does not exclude
indication of a corresponding singular form. Other embodiments are within the scope of
the following claims.

What is claimed is:

Y



1. A replication-deficient pseudoinfectious flavivirus comprising a yellow fever or West Nile virus
genome comprising (i) a deletion in the nucleotide sequence encoding amino acids 26-93 or 31-100 or
31-93 or 26-100 of capsid (C) protein, and one or more deletions within nucleotide sequences encoding a
pre-membrane (prM) and/or envelope (E) protein, and (i) a sequence encoding one or more
heterologous pathogen immunogens inserted in the place of or in combination with the one or more
deletions of the pre-membrane (prM) and/or envelope (E) protein,

- wherein said pathogen is selected from the group consisting of a rabies virus, Borrelia
burgdorferi, an influenza virus, a human immunodeficiency virus, a simian immunodeficiency virus, a

human papilloma virus, a respiratory syncytial virus, a maiaria parasite, and Mycobacterium tuberculosis.

2. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous
- pathogen immunogen comprises a rabies virus G protein immunogen or an immunogenic fragment

thereof,

3. The replication-deficient pseudoitfectious flavivirus of claim 1, wherein said heterologous
pathogen immunogen comprises Borrelia burgdorferi OspA immunogen or an immunogenic fragment
thereof.

4. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous
pathogen immunogen comprises an influenza virus hemaglutinnin (HA) or an immunogenic fragment
thereof, '

5. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heteroiogous
pathogen immunogen comprises a codon-optimized HIV gag protein or an immunogenic fragment

thereof.

6. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous

pathogen immunogen comprises an HPV16 capsid protein or an immunogenic fragment thereof.

7. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous

pathogen immunogen comprises a respiratory syncytial virus F glycoprotein.

8. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said flavivirus genome

comprises sequences encoding a pre-membrane (prM) and/or envelope (E) protein.

9 The replication-deficient pseudoinfectious flavivirus of claim 1, wherein the flavivirus genome is
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a chimera comprising pre-membrane (priM) and envelope (E) sequences of a first flavivirus, and capsid

(C) and non-structural sequences of a second, different flavivirus.

10. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said yellow fever or
West Nile virus genome is packaged in a particle comprising capsid (C}), pre-membrane (privi) and/or

envelope (E) amino acid sequences from a flavivirus that is the same or different from that of the genome.

11. A pharmaceutical composition comprising the replication-deficient pseudoinfectious flavivirus

of claim 1 and a pharmaceutically acceptable carrier or diluent.

12. The pharmacetitical composition of claim 11 for use in inducing an immune response against

the heterologous pathogen immunogen in a subject.

13. The pharmaceutical composition of claim 11 for use in inducing an immune response against
the heterologous pathogen immunogen in a subject wherein the subject is at risk of but does not have an
infection by said pathogen.

14. The pharmaceutical composition of claim 11 for use in inducing an immune response against
ihe heterologous pathogen immunogen in a subject wherein the subject has an infection by said
pathogen.

15. The pharmaceutical composilion of claim 11, further comprising an adjuvant.

16. A nucleic acid molecule corresponding to the genome of a pseudoinfectious flavivirus of

claim 1,

17. A method of making a replication-deficient pseudoinfectious flavivirus of claim 1, the method
comprising introducing a nucleic acid molecule of claim 16 into a cell that expresses the protein
corresponding to any sequences deleted from the flavivirus genome of the replication-deficient

pseudoinfeclious flavivirus.

18, The method of ctaim 17, wherein the protein is expressed in the cell from the genome of a

second, different, replication-deficient pseudoinfectious flavivirus.
18. The method of claim 17, wherein the protein is expressed from a replicon.

20. The method of claim 19, wherein the replicon is'an alphavirus replicon.
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21. The method of claim 20, wherein the alphavirus is a Venezuelan Equine Encephalitis virus.

22. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous

pathogen immunogen comprises an influenza virus M2 epitope or an immunogenic fragment thereof.

23. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous
pathogen immunogen comprises an influenza virus neuraminidase (NA) epitope or an immunogenic

fragmeni thereof.

24. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous
pathogen imimunogen comprises a codon-optimized HIV gp120 protein or an immunogenic fragment
thereof.

25. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous
pathogen immunogen comprises a codon-optimized HIV tat/nef protein or an immunogenic fragment

thereof.

26. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous

pathogen immunogen comprises an HPV18 capsid protein or an immunogenic fragment thereof.

27. The replication-deficient pseudoinfectious flavivirus of claim 1, wherein said heterologous

pathogenimmunogen comprises a respiratory syncytial virus G glycoprotein.
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