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(57) ABSTRACT 

The present invention discloses a replication-deficient 
pseudoinfective virus belonging to the Flaviviridae family 
that lack the capsid gene, where the replication-deficient 
pseudoinfective virus propagates only in cells expressing the 
capsid or capsid, prM and envelope protein of the flavivirus. 
The present also discloses the method of producing Such 
viruses on a large scale and the use of these pseudoinfective 
viruses as vaccines for preventing diseases caused by infec 
tions of humans or animals by the viruses belonging to this 
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PSEUDONFECTIOUS FLAVIVIRUS AND 
USES THEREOF 

This application is a Continuation of U.S. patent applica 
tion Ser. No. 1 1/711,532 filed Feb. 27, 2007 (currently pend 
ing), which is a non-provisional application of U.S. Provi 
sional Application No. 60/777,189 filed Feb. 27, 2006. 
Priority is claimed to all the above referenced applications 
and the content of each of the above-referenced applications 
is incorporated herein by reference in its entirety. 

FEDERAL FUNDING LEGEND 

This invention was produced in part using funds obtained 
through National Institute of Health grants (R01AI053135 
and 1U54AI057156-010004). Consequently, the federal gov 
ernment has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the fields of molecular 

biology, Virology and immunology. In general, the present 
invention discloses construction of replication-deficient 
viruses belonging to the Flaviviridae family and their use as 
vaccine in prevention of diseases caused by viruses belonging 
to this family. More specifically, the present invention pro 
vides replication-deficient flaviviruses or pseudoinfectious 
flaviviruses (PIV aka RepliVAX) and discloses its use as 
preventive vaccines against flavivirus-associated diseases. 

2. Description of the Related Art 
The Flavivirus genus of the Flaviviridae family contains a 

variety of important human and animal pathogens and have 
been classified into four distinct antigenic complexes based 
on differences in reactivity in immunological tests. Generally, 
the flaviviruses circulate between avian or mammalian ampli 
fying hosts and mosquito or tick vectors. 
The flavivirus genome is a single-stranded capped RNA of 

positive polarity lacking a 3' terminal poly(A) sequence. It 
encodes a single polypeptide that is co- and post-translation 
ally processed into viral structural proteins, C, prM/M, and E. 
forming viral particles, and the nonstructural proteins, NS1, 
NS2A, NS2B, NS3, NS4A, NS4B and NS5, required for 
replication of viral genome and its packaging into infectious 
virions (Chambers, 1990). Virions contain a single copy of 
viral genomic RNA packaged into a C protein-containing 
nucleocapsid, Surrounded by lipid envelope holding het 
erodimers of M and E proteins. In contrast to many other 
enveloped viruses, interaction between nucleocapsid and 
envelope spikes is not very specific and M/E-containing enve 
lope can efficiently form around nucleocapsid derived from 
heterologous flavivirus, demonstrating limited level of 
homology in capsid sequence (Lorenz, 2002). Alternatively, 
expression of prM and E in the absence of C can lead to 
formation of subviral particles (SVPs), containing no RNA or 
C protein (Mason, 1991). 
PrM/M-E cassettes producing subviral particles have been 

the basis of several vaccine candidates that are known in the 
art. These vaccine candidates include subunit (Konishi, 1992: 
2001; 2002: Qiao, 2004), DNA (Phillpotts, 1996: Kochel, 
1997: Schmaljohn, 1997: Colombage, 1998; Aberle, 1999; 
Konishi, 2000; Konishi, 2000; Kochel, 2000: Davis, 2001), 
and live-vectored (Mason, 1991: Konishi, 1992; Pincus, 
1992: Fonseca, 1994; Pugachev, 1995; Colombage, 1998: 
Kanesa, 2000; Minke, 2004) vaccines. However, these vac 
cines have serious disadvantages. For instance, the Subunit 
vaccines are safe to use but difficult to produce large quanti 
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2 
ties; the DNA vaccines are poorly immunogenic, and the viral 
vectored vaccines Suffer from lack of potency in the presence 
of vector immunity. 

Therefore, in spite of a great concern about flavivirus 
associated diseases and continuing spread of the flaviviruses 
into the new areas, antiviral therapeutics have not yet been 
developed for these infections, and a very limited number of 
approved vaccines have been produced to-date. Inactivated 
viral vaccines (INVs) have been licensed to prevent tick 
borne encephalitis (TBEV) and Japanese encephalitis (JEV). 
However, like other inactivated viral vaccines, these vaccines 
have low limited potency and require multiple vaccinations. 
Despite these drawbacks the Japanese encephalitis and tick 
borne encephalitis INVs have an advantage of good safety 
records. The only licensed live-attenuated vaccine (LAV) for 
a flavivirus is the widely utilized live-attenuated vaccine 
based on the yellow fever virus (YFV) 17D strain that was 
developed by serial passaging of the wild type Asibistrain of 
yellow fever virus in chicken embryo tissues. Although this 
live-attenuated vaccine is considered very safe and effective, 
cases of yellow fever in vaccinees have been reported, includ 
ing a recent case in a US military recruit (Gerasimon, 2005). 
Furthermore, this vaccine is not recommended for use in 
infants, pregnant women or the immunocompromised indi 
viduals due to adverse effects, including vaccine-associated 
encephalitis. 

However, the development of the reverse genetics systems 
for flaviviruses has led to the production and designing of new 
types of live-attenuated vaccine, based on rational attenuation 
of these viruses. This new class of vaccines includes yellow 
fever virus 17D-based chimeras, in which the yellow fever 
virus prM-E-encoding genome fragment cassette has been 
replaced with the prM-E-cassette derived from heterologous 
flaviviruses (Chambers, 1999). Similar chimeric virus-based 
approach was applied for dengue- and TBE-based backbones 
(Pletnev, 2002; Huang, 2003). In most cases, chimeric fla 
Viviruses demonstrate a highly attenuated phenotype and are 
capable of eliciting efficient protective immune response and 
protect against following infection with viruses, whose struc 
tural proteins are expressed by the chimeras (Monath, 2002). 
Effective vaccination with these chimeric vaccine candidates 
appears not to be prevented by pre-existing “vector immu 
nity (Monath, 2002), which has interfered with potency of 
recombinant viral vaccines based on other viral vectors. Fur 
ther, although chimeric flaviviruses might provide a reason 
ably universal approach to producing new vaccines, there are 
concerns that the chimeras themselves might be pathogenic 
(Chambers, 1999) at least in the immunocompromised indi 
viduals, or that pathogenic chimeras might arise, since muta 
tions have been detected during the process of propagation of 
these viruses (Pugachev, 2004). 

Another promising direction in vaccine development is 
based on creating of irreparable deletions in flavivirus 
genome that make productive virus replication in the vacci 
nated host either a less efficient oran impossible event. In the 
latter case, viral genomes encoding the entire replicative 
machinery, but lacking, for instance, the C-coding region, can 
be delivered for in vivo immunization either as in vitro 
synthesized RNA, capable of self-replication (Kofler, 2004; 
Aberle, 2005), or, probably, in DNA form (under control of 
the RNA polymerase II promoters or as in vitro-synthesized 
RNA, capable of self-replication (Kofler, 2004; Aberle, 
2005). Direct immunization with in vitro synthesized defec 
tive RNA genomes, which specifies the production of SVPs in 
the absence of a complete viral replication cycle, has been 
demonstrated to be safe and effective in producing protective 
immunity (Kofler, 2004: Aberle, 2005). However, there may 
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be significant obstacles in producing an RNA-based vaccine 
candidate, due to synthesis, stability, and delivery issues. 

Thus, prior art is deficient is deficient in a safe, potent and 
effective type of vaccine that can be used against diseases 
caused by infection with viruses belonging to the Flaviviridae 
family. The present invention fulfills this long-standing need 
and desire in the art. 

SUMMARY OF THE INVENTION 

In one embodiment of the present invention, there is pro 
vided a replication-deficient pseudoinfectious virus of Fla 
viviridae family. Such a replication-deficient pseudoinfec 
tious virus comprises: a deletion in the nucleotide sequence 
encoding capsid (C) protein Such that the deletion does not 
disrupt the RNA sequence required for genome cyclization, 
the signal sequence for prM protein that is required for the 
proper maturation of prM/M or a combination thereof, where 
the replication-deficient pseudoinfectious virus replicates 
only in cells expressing C protein or C, prM, envelope pro 
tein, mutated C protein, mutated prM, mutated envelope pro 
tein or combinations thereof of the virus of the Flaviviridae 
family. 

In another related embodiment of the present invention, 
there is provided a cell culture system expressing C protein or 
C, prM, envelope protein, mutated C protein, mutated prM, 
mutated envelope protein or combinations thereof of the virus 
of the Flaviviridae family effective to enable propagation of 
the above-described replication-deficient pseudoinfectious 
virus of the Flaviviridae family under suitable conditions. 

In yet another embodiment of the present invention, there is 
provided a method of producing the replication-deficient 
pseudoinfectious virus of the Flaviviridae family described 
above. Such a method comprises generating a replication 
deficient pseudoinfectious virus of the Flaviviridae family 
that comprises deletion in the capsid gene Such that the dele 
tion does not disrupt the RNA sequence required for genome 
cyclization, the signal sequence for prM protein that is 
required for the proper maturation of prM/M or a combina 
tion thereof generating a cell line that expresses C protein or 
C, prM, envelope protein, mutated C protein, mutated prM, 
mutated envelope protein or combinations thereof of the virus 
of the Flaviviridae family, where the cell line provides high 
levels of the proteins of the Flaviviridae needed for propaga 
tion of the replication-deficient pseudoinfectious virus of the 
Flaviviridae family; and infecting the cell line with the 
pseudoinfectious virus of the Flaviviridae family, thereby 
producing the replication-deficient pseudoinfectious virus of 
the Flaviviridae family. 

In another related embodiment of the present invention, 
there is provided a pharmaceutical composition, comprising 
the replication-deficient pseudoinfectious virus of the Fla 
viviridae family produced by the method described herein. 

In a further related embodiment of the present invention, 
there is provided a method of protecting a subject from infec 
tions resulting from exposure to Flaviviridae. Such a method 
comprises administering to the Subject an immunologically 
effective amount of the pharmaceutical composition pro 
duced by the method described herein, that elicits an immune 
response against the Flaviviridae in the Subject, thereby pro 
tecting the Subject from the infections. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of flavivirus PIV rep 
lication in the cells producing C or all of the viral structural 
proteins for trans-complementation of the defect. Replication 
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4 
of PIVs in normal cells in vivo or in vitro leads to release 
SVPs having no nucleocapsid. 

FIGS. 2A-2C show that YFV C and YFV C, prM and 
E-expressing cell lines can complement replication of YF 
PIV. FIG. 2A is a schematic representation ofYFV and GFP 
expressingYF PIV genome. FIG. 2B is a schematic represen 
tation of VEEV replicons expressing Pac gene and YFV C 
with the signal peptide of prM (anchored C:VEErep/C1/Pac), 
oranchored C with 20 a. a. of prM (VEErep/C2/Pac), or all of 
the YFV structural proteins (VEErep/C-prM-E/Pac). FIG.2C 
shows the release ofYF PIV by the cell lines transfected with 
in vitro-synthesized PIV genome. Media was replaced at the 
indicated time points, and titers of PIVs were determined. 
Arrows indicate time points when cells were subpassaged at 
a 1:5 ratio. 

FIGS. 3A-3B show growth curves ofYF PIV on the pack 
aging cell lines. BHK-21 cells containing VEErep/C2/Pac 
and VEErep/C-prM-E/Pac replicons were infected with YF 
PIV at indicated MOIs in infectious units per cell. At the 
indicated times, media was replaced and titers of released PIV 
were determined. Arrows indicate time points when cells 
were subpassaged at 1:5 ratio. FIG.3A shows growth curve at 
MOI 10 infu/cell and FIG. 3B shows growth curve at MOI 
0.1 influ/cell. 

FIGS. 4A-4C show that cells expressing codon-optimized 
C gene produced YF PIV. FIG. 4A shows the nucleotide 
sequence of synthetic gene. The introduced mutations are 
indicated by lowercase letters (SEQ ID NO: 1). FIG. 4B 
shows growth curves of YF PIV on the packaging cell lines. 
BHK-21 cells containing VEErep/C2/Pac, VEErep/C-prM 
E/Pac, VEErep/C2Opt/Pac and VEErep/Copt-prM-E/Pac rep 
licons were infected with YF PIV at indicated MOIs in infec 
tious units percell. At the indicated times, media was replaced 
and titers of released PIV were determined. FIG. 4C shows 
plaques developed in VEErep/C2Opt/Pac-containing cell line 
by YFV and YF PIV after 4 days of incubation at 37° C. 
FIGS.5A-5C show that WN PIV develops spreading infec 

tion in packaging cells. FIG. 5A is a schematic representation 
of WN PIV genome and VEEV replicon expressing WNV 
structural genes. FIG. 5B shows that WN PIV produced foci 
of WNV antigen-positive cells (revealed with an antibody to 
NS1-upon infection of BHK(VEErep/C*-E*-Pac) cells after 
70 hours of incubation. FIG. 5C shows the same WN PIV 
preparations produced only single infected cells (revealed at 
70 hours post infection with the same tragacanth staining 
method used in FIG. 5B) upon infection of Vero cell mono 
layers. 

FIGS. 6A-6C show detection of E protein upon release 
from cells infected with YF and WN PIVs. In FIG. 6A, BHK 
21 cells were infected with YF PIV at an MOI of 5 infu/cell. 
The released SVPs were harvested and purified by ultracen 
trifugation. Samples were resolved by SDS PAGE, trans 
ferred to filters, E protein was detected by D1-4G2 MAB. 
Media harvested from uninfected cells, lane 1; media har 
vested from the cells infected with YF PIV at 48 h post 
infection, lane2; media harvested from the cells infected with 
YFPIVs at 72 hpost infection, lane3:YFV (2x107 PFU), lane 
4. In FIG. 6B, vero cells were infected with WN PIV for 24 
hrs, and then portions of the clarified culture fluid (collected 
before any cell lysis was detected), were resolved by SDS 
PAGE, transferred to filters, and reacted with an E-specific 
MAB (7H2: Bioreliance). Reaction of the same samples with 
polyclonal Sera failed to reveal any cell-associated non-struc 
tural proteins in this preparation (results not shown) confirm 
ing that the E protein was actively secreted. Sample of WNV. 
lane 1; media harvested from uninfected cells, lane 2: media 
harvested from the cells infected with WN PIV at 48 h post 
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infection, lane 3. In FIG. 6C, a western blot showing E protein 
content of fractions prepared form a Sucrose density gradient 
obtained from SVPs harvested from normal (non-packaging) 
BHK cells electroporated withYFV PIV RNA. The peak ofE 
protein reactivity (at 32% sucrose) corresponded to the den 
sity of SVPs and in agreement with this fact, migrated more 
slowly than YFV run in a side-by-side analyses (42%). 

FIGS. 7A-7F show schematic representation of plasmids 
used forYellow fever (YF) and West Nile (WN) pseudoinfec 
tious virus (PIV) production. FIG. 7A shows pYFPIV, FIG. 
7B shows pWNPIV, FIG. 7C shows pVEErep/C1/Pac, FIG. 
7D shows pVEErep/C2/Pac, FIG. 7E shows pVEErep/C3/ 
PAc, FIG. 7F shows pVEErep/C*-E*-Pac. 

FIGS. 8A-8V show the sequences of the plasmids used 
herein. FIGS. 8A-8D shows sequence of pYFPIV (SEQ ID 
NO: 6), FIGS. 8E-8H shows sequence of pVEErep/C1/Pac 
(SEQ ID NO: 7), FIGS. 8I-8K shows sequence of pVEErep/ 
C2/Pac (SEQ ID NO: 8), FIGS. 8L-80 shows sequence of 
pVEErep/C-prM-E/Pac (SEQID NO:9), FIGS.8P-8R shows 
sequence of pVEErep/C2Opt/pac (SEQ ID NO: 10), FIGS. 
8S-8V shows sequence of pVEErep/Copt-prM-E/Pac (SEQ 
ID NO:11). 

FIG. 9 shows a schematic representation of overlapping 
regions of RepliVAX and the VEE replicon used to provide C 
in trans. Thirty-six mutations were inserted into the VEErep/ 
pac-Ubi-C* to minimize homologous recombination with the 
fragment of C encoded by the RepliVAX genome. Position 
of 5' and 3' CS sequences in the RepliVAX genome. 

FIG. 10 shows side by side comparison of infectious foci 
produced in the C-expressing cell line {BHK(VEErep/Pac 
Ubi-C*)} by WN RepliVAX at passage 0 (from electropora 
tion) and passage 10 reveals that better-growing variants are 
readily selected. 

FIG. 11 shows titration of RepliVAX PIV produced in 
WHO-certified Vero cells containing a C-expression cassette 
(VEErep/Pac-Ubi-C*). Although the resulting PIV is of a 
slightly lower titer than that produced in BHK cells, the Vero 
cells multiple harvests of high titer PIV, which is not possible 
with BHK cells. 

FIGS. 12A-12B show cyclization mutants. FIG. 12A 
shows replication of WNV/IRES-RLuc replicon with single 
base, matching CS mutations demonstrates that Some single 
base mutations replicate at WT levels. Left part of panel 
shows the test genome above the 5' and 3' CS sequences. 
Right side shows replication levels detected using Rluc 
reporter, as a percentage of the WT replication levels. Under 
lined bases denotes mutated bases. FIG. 12B shows replica 
tion of WNV/IRES-RLuc replicon with matching the double 
base changes (m17) derived by combining m10 and m13 
(Panel A), compared to replication levels detected with 
mutants that combine the WT and mutated CS in either pos 
sible format, along with a mutant designed to produce an 
inactive polymerase (negative control). Left part of panel 
shows the test genome above the 5' and 3' CS sequences. 
Right side shows replication levels detected using Rluc 
reporter, as a percentage of the WT replication levels. Under 
lined bases denotes mutated bases. * denotes no replication 
detected. 

DETAILED DESCRIPTION OF THE INVENTION 

Safe and effective vaccines have only been produced for a 
handful of diseases caused by flaviviruses. The classical inac 
tivated viral vaccine (INV) and live-attenuated vaccine (LAV) 
methods that have been used to produce vaccines to YF, JE, 
and TBEV have not yet yielded licensed products to prevent 
diseases caused by other flaviviruses, notably dengue and 
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West Nile encephalitis (WNE). There remain safety concerns 
about existing LAVs (residual virulence or reversion to viru 
lence) and INV products (reactogenicity due to antigen load 
and adventitious antigens). Additionally, INVs usually 
require multiple vaccinations. Further, both types of vaccines 
are subject to production concerns, including the need to 
avoid reversion to virulence during propagation of live-at 
tenuated vaccine, and due to the amounts of material needed 
to produce strong immune responses to the inactivated viral 
vaccine products and the need for high containment facilities 
to propagate the virulent viruses used to produce INV prod 
ucts. Although there are promising candidates for new types 
of flavivirus vaccines, the road to their development will need 
to overcome these problems. 
The present invention in general, is drawn to construction 

and utilization of replication-deficient pseudoinfective 
viruses belonging to the Flaviviridae family. In this regard, 
the present invention describes the development a new type of 
replication-deficient flaviviruses also referred to as 
RepliVAX that combines the safety of inactivated vaccines 
with the efficacy and scalability of live attenuated vaccines. 
These flaviviruses also identified as pseudo-infectious 
viruses (PIVs) in the present invention contain genetically 
engineered flavivirus genomes with a deletion of most of the 
capsid (C)-encoding region, thereby preventing this genome 
from producing infectious progeny in normal cell lines or 
vaccinated animals. However, these pseudo-infectious 
viruses can be propagated in cell lines expressing either C, or 
a C-prM-E cassette, where they replicate to high levels. Thus, 
these pseudoinfectious flaviviruses cannot develop spreading 
infection in normal cells in vitro or in vivo due to lack of 
trans-complementation by C protein, and therefore are inca 
pable of causing disease in animals. 

In contrast to the vaccines and the methods to generate 
these vaccines that are known in the art, the present invention 
provides a system for industrial-scale production of pseudo 
infectious flaviviruses that would make such vaccines 
cheaper to produce than inactivated vaccines at the same time 
making it safer to use than live-attenuated vaccines. It does so 
by providing a new type of recombinant vaccine that is 
capable of only single round of replication in the immunized 
animals or humans leading to release of Subviral particles 
(SVPs) lacking the genetic material but serving as efficient 
immunogens. 
The present invention has demonstrated that pseudoinfec 

tious flaviviruses can be generated for either yellow fever 
virus (YFV) or West Nile virus (WNV). Based on this, the 
present invention contemplates that the method described 
herein could be broadly applicable to the development of 
vaccines against other flaviviruses. Further, infection of nor 
mal cell lines with such pseudoinfectious flaviviruses pro 
duced SVPs that lacked nucleocapsid and a genetic material. 
The pseudoinfectious flaviviruses described herein demon 
strated inability to cause any disease and thus were safe. 
Additionally, these pseudoinfectious flaviviruses were immu 
nogenic in mice due to competency for single round of rep 
lication and release of SVPs, presenting viral antigens. WN 
PIVs also protected mice from a lethalencephalitis following 
challenge with WNV. 
The PIVs described herein could be produced in a manner 

that allows for high-yield production in cell culture, and 
inability to cause disease in animals. These products could be 
delivered to animals where their defective replication process 
prevents spread and disease, but permitted the production of 
SVPs, a flavivirus subunit immunogen that has been shown to 
be effective in eliciting an efficacious immune response 
against disease caused by several flaviviruses. 
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The present invention also demonstrated that the pseudo 
infectious flaviviruses approach could be applied to two dis 
tantly related mosquito-borne flaviviruses. The applicability 
of a similar technology to the development of RNA-based 
vaccines for a tick-borne flavivirus (Kofler, 2004) indicates 
that the PIV-based technology will be applicable to more 
distantly related flaviviruses. Additionally, the work with 
TBEV RNA-based vaccines indicates that in addition to anti 
body responses to the SVPs (similar to that described herein), 
the introduction of replicationally active flavivirus genomes 
into the cells of the vaccinated hosts will produce T-cell 
responses as well (Kofler, 2004; Aberle, 2005). Although the 
T cell responses were not measured herein, it is contemplated 
that the PIVs are capable of inducing T cell response that 
mimics those produced by viral infection. 

Although the PIV vaccines described herein rely on the 
same flavivirus replication and SVP production strategy that 
was utilized by the RNA-based vaccines prepared for TBEV 
(Kofler, 2004; Aberle, 2005), these PIV vaccines do not 
require gene-gun delivery to animals, can be readily grown in 
cell cultures, and can Subjected to the same types of stabili 
Zation and storage (freeze drying) conditions currently being 
applied to the commercially producedYFV 17D vaccine, thus 
providing a scalable, storable, and marketable vaccine prod 
uct. Preliminary studies on stability of WN RepliVAX have 
shown that freeze-dried preparations show no detectable loss 
in titer when stored for 30 days at 4 C. 

To develop the high-level growth conditions required for 
efficient trans-complementation (and hence yield) of pseudo 
infectious flaviviruses, the present invention utilized cells 
expressing high levels of C (or C-prM-E) from VEEV repli 
cons. VEEV replicons are less cytopathic than the replicons 
derived from other alphaviruses and readily establish persis 
tent replications in some cell lines of vertebrate and insect 
origin. This system appears to be suitable for production of 
pseudoinfectious flaviviruses, since i) VEEV replicons are 
highly efficient in synthesis of heterologous proteins and, in 
the present invention synthesized C to the level required for 
flavivirus genome incapsidation. ii) VEEV replicons do not 
detectably interfere with flavivirus replication (Petrakova, 
2005). Moreover, VEE replicons and the YF PIV genomes 
can replicate together in BHK-21 cells without causing CPE. 
iii) VEEV replicons can be packaged at high-titers into VEE 
virions that can be used for rapid establishment of the pack 
aging cell lines producing flavivirus structural protein(s). 

Furthermore, examination of the effect of context of C 
expression on yield of PIV indicated that the packaging cells 
expressing anchored form of C with an additional 20 a.a. of 
prM produced more particles than cells expressing anchored 
Calone, Suggesting the importance of the proper sequence of 
processing events in virions formation. The basis fer the 
enhanced packaging efficiency by the construct containing 
the first 20 amino acids of prM is unclear but this phenom 
enon might be explained by a requirement of specific order of 
cleavage at the two nearby cleavage sites (NS2B/NS3- and 
signal peptidase-specific) (Yamshchikov and Compans, 
1994) and/or differences in distribution/stability of C protein 
products in these two different contexts. In addition, it was 
observed that co-expression of C with prM and E (VEErep/ 
C-prM-E/Pac) caused only minor increase in PIV yield com 
pared to VEErep/C2/Pac, which expressed anchor C with the 
fragment of prM. 
When the codon-optimization of the VEEV replicon-en 

coded C genes was examined to determine if this alteration of 
the C gene sequence enhanced yield of PIV, it did not reveal 
a strong difference in YFV PIV release from the cells not 
expressing a codon-optimized C gene. This observation Sug 
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8 
gested that even with the non-optimized gene VEEV repli 
cons appear to produce C at a saturating level. These results 
were consistent with other studies demonstrating that the cell 
lines that expressed VEEV replicons encoding the WNVC-E 
cassette produced level of E greater than those detected in 
WNV-infected cells. Despite the inability of the trans-ex 
pressed optimized C gene to increase yield of YF PIV, the 
cells harboring the VEEV replicon expressing Copt devel 
oped CPE and produced plaques when infected with YF PIV. 
This made a PIV infection in the Copt cells even more similar 
to infection developed by replication-competent virus. An 
additional advantage of the use of VEEV replicons encoding 
a YFV Copt gene in pseudoinfectious flavivirus production 
was the level of safety, since the changes in the codons 
reduced the chance of homologous recombination with the 
pseudoinfectious flavivirus genome. Furthermore, the Copt 
gene was also altered in its cyclization sequence (as described 
herein for the WNVC coding region in the BHK(VEErep/ 
C*-E*-Pac) cells), to reduce the chance of the recombination 
producing a replicationally active C-encoding flavivirus. To 
date, neither the WN nor YF PIV systems described herein 
have produced replicationally active flaviviruses that could be 
detected in either cell culture, or in highly susceptible ani 
mals. Additionally, in vivo experiments demonstrated that 
both YF and WN PIVs were safe and could not cause any 
disease even after i.c. inoculation of 3- to 4-day-old mice with 
the highest dose of the PIVs. Nevertheless, WN PIVs were 
capable of inducing high levels of neutralizing antibodies and 
protected mice against infection with replication competent 
WNV. 

Furthermore, Hepatitis C ranks with AIDS as a major 
infectious cause of morbidity and mortality for which no 
vaccine is currently available. In Japan and Korea, HCV now 
exceeds hepatitis B in contributing to the development of 
hepatocellular carcinoma, one of the most common types of 
cancer and a common mode of death due to liver disease. This 
pattern is likely to become increasingly common in other 
Asian countries and elsewhere in the developing world, due to 
the increasing prevalence of HCV coupled with effective 
immunization against hepatitis B. In some communities in 
Egypt and elsewhere, the prevalence of hepatitis C infection 
is spectacularly high, likely due at least in part to traditional 
health care practices and/or the introduction of dangerous 
Western technologies in the past (e.g., needle-borne transmis 
sion of the virus during public health campaigns directed 
against Schistosomiasis). 

In many developing countries, where rates of liver cancer 
and cirrhosis are high, there is little effective control of hepa 
titis C during blood transfusion. Hepatitis C is also a major 
public health problem within the United States, where there 
are approximately 4 million carriers of HCV, many of whom 
are at risk of death due to end-stage liver disease or liver 
cancer. Currently it is estimated that there are between 8,000 
and 10,000 deaths annually due to hepatitis C in the United 
States. This number is likely to triple over the next 10-20 
years, potentially exceeding the number of deaths due to 
AIDS, in the absence of new therapeutic or preventive mea 
SUCS. 

Yet, no vaccine is available for prevention of this infection, 
and efforts (both national and international) to develop a 
vaccine are severely limited due to perceived technical diffi 
culties, little interest in vaccine development generally on the 
part of big pharma, and the inertia of major funding agencies. 
And, as with many infectious diseases, it is the disadvantaged 
who are at greatest risk of serious liver disease or death due to 
hepatitis C. 
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To date attempts to create an effective vaccine against HCV 
infection have been unsuccessful. However, within last few 
years, the HCV field started to rapidly develop, and now this 
virus replicates in tissue culture to reasonably high titers, 
approaching 10° influ/ml. There is a number of obvious simi 
larities between the HCV genome and the genomes of other 
flaviviruses, like YF JEV, TBE and others. Therefore, the 
strategy of designing replication-deficient flaviviruses can be 
applied not only to the members of the Flavivirus genus, but 
to Hepacivirus genus (that include HCV) as well. The HCV 
capsid protein can produced by recombinant alphavirus rep 
licons (based on SINV. VEEV EEEV and others) in a number 
of cell lines, including Huh-7 and Huh-7.5 cells that are 
currently known to be susceptible to HCV infection. Repli 
cation-deficient HCV genomes, lacking the capsid gene can 
be transfected into the capsid-producing cell lines and will be 
packaged into infectious, capsid-containing particles. The 
Successive rounds of infection required for the large-scale 
production, can be performed on these cells as well. However, 
in vivo, in the naive hepatocytes (and possibly other cell 
types), the HCV genomes lacking the complete capsid gene 
or no capsid gene at all, will produce only the nonstructural 
viral proteins, and glycoproteins E1 and E2. These proteins 
will be presented to immune system i) after proteasome deg 
radation; ii) on the cell surface and iii) in the form of virus-like 
particles with El- and E2-containing envelope. Capsid defi 
ciency will make virus incapable of spreading, and thus lim 
ited to the cells infected by the vaccinating dose. 

In Summary, the present invention demonstrated that 
capsid-deficient, pseudoinfectious flaviviruses i) could pro 
duce a spreading infection in the cell lines expressing capsid 
or all of the flavivirus structural genes; ii) PIVs were inca 
pable of producing spreading infection in normal cells, (iii) 
PIV's produced E protein containing SVPs when they infected 
normal cells; (iv) PIVs displayed a high level of safety in the 
animals; (v) PIV's protected the mice from subsequent flavivi 
rus infection. Taken together, the present invention demon 
strated that flavivirus PIVs might be a safe, potent, and effi 
cacious platform for development of vaccines against 
flavivirus infections and infections caused by viruses similar 
to Flavivirus. 

The present invention is directed to a replication-deficient 
pseudoinfectious Flaviviridae, comprising: a deletion in the 
nucleotide sequence encoding capsid (C) protein Such that the 
deletion does not disrupt the RNA sequence required for 
genome cyclization, the signal sequence for prM protein that 
is required for the proper maturation of prM/M or a combi 
nation thereof, where the Flaviviridae replicate only in cells 
expressing Cprotein or C, prM, envelope protein, mutated C 
protein, mutated prM. mutated envelope protein or combina 
tions thereof of a virus of the Flaviviridae family. Generally, 
the Flaviviridae comprises a virus belonging to the genus 
flavivirus, Hepacivirus or Pestivirus or other chimeras of said 
viruses created by exchanging the prM-E cassettes of other 
viruses with the prM-E cassettes of the pseudoinfectious Fla 
Viviridae. The examples of the viruses belonging to the genus 
Flavivirus are not limited to but may include yellow fever 
virus, West Nile virus, dengue virus, tick-borne encephalitis 
virus, Saint Louis encephalitis virus, Japanese encephalitis 
virus, Murray Valley encephalitis virus. Furthermore, the 
example of the virus belonging to the genus Hepacivirus 
includes but is not limited to Hepatitis C virus and those 
belonging to the genus Pestivirus include but are not limited 
to Bovine virus diarrhea, a Swine fever virus or a hog cholera 
virus. 

In case of flavivirus, the nucleotide sequence encoding the 
C protein of the Flavivirus that is deleted may encode amino 
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10 
acids 26 to 100 or a combination of amino acids within amino 
acids 26 to 100 of the C protein. Such combinations may 
include but are not limited to amino acids 26-93, 31-100 or 
31-93. One of ordinary skill in the art can use the same 
guidelines to delete nucleotide sequence of C protein from 
other viruses belonging to the Flaviviridae family or other 
viruses having the same genetic makeup as these viruses. In 
general and applicable to all the viruses, the deleted gene is 
replaced by a gene encoding a marker protein or an antigen. 
The example of a marker protein may include but is not 
limited to a green fluorescent protein. 
The present invention is also directed to a cell culture 

system expressing C protein or C, prM, envelope protein, 
mutated C protein, mutated prM, mutated envelope protein or 
combinations thereof of a virus of the Flaviviridae family, 
effective to enable propagation of the above-described repli 
cation-deficient Flaviviridae under suitable conditions. For 
this purpose, the cells expressing wild type or mutated pro 
teins of the Flaviviridae may be generated using genetically 
engineered replicons derived from viral vectors. 

In general, the gene encoding the protein(s) of the virus of 
the virus Flaviviridae family in the replicon is replaced by a 
codon-optimized version of the gene encoding the protein(s) 
of the virus such that the replacement reduces the ability of 
the cell line-encoded genes to recombine with the genome of 
the pseudoinfectious virus of the Flaviviridae family and/or 
increases the production of the pseudoinfectious virus of the 
Flaviviridae family. 

For instance, such replicons may express a C protein that 
comprises mutations in at least 36 nucleotide positions of the 
gene encoding C protein of the virus of the Flaviviridae fam 
ily. The replicon may express a C protein in the replicon that 
comprises unnatural cyclization sequences such that presence 
of the cyclization sequences reduces the chances of produc 
tive recombination of the replication-deficient pseudoinfec 
tive virus with natural viruses. Further, the replicon may 
express proteins comprising altered nucleotide sequences 
encoding truncated C-prM junction Such that presence of 
Such altered sequences enhances yield of the replication 
deficient pseudoinfective virus in cell culture, prM/E contain 
ing SVP yield in vivo or a combination thereof. 

Furthermore, the replicons expressing the proteins of Fla 
viviridae are introduced into the cells by transfection with in 
vitro synthesized replicon RNAs, by transfection with plas 
mid DNAs designed to synthesize functional alphaviral rep 
licons from cellular RNA-polymerase II-specific promoters 
or by infection with alphaviral replicons packaged inside the 
alphaviral structural proteins. The viral vectors used herein 
may be alphaviruses. Representative examples of Such 
alphaviruses are not limited but may include Venezuelan 
Equine Encephalitis Virus (VEEV). Sindbis virus, Eastern 
Equine Encephalitis virus (EEEV), Western Equine Encepha 
litis virus (WEEV) or Ross River virus. 
The present invention is further directed to a method of 

producing a replication-deficient pseudoinfectious virus of 
the Flaviviridae family, comprising; generating a replication 
deficient pseudoinfectious virus of the Flaviviridae family 
that comprises a deletion in the capsid gene Such that the 
deletion does not disrupt the RNA sequence required for 
genome cyclization, the signal sequence for prM protein that 
is required for the proper maturation of prM/M or a combi 
nation thereof generating a cell line that expresses C protein 
or C, prM, envelope protein, mutated C protein, mutated prM, 
mutated envelope protein or combinations thereof of a virus 
of the Flaviviridae family, where the cell line provides high 
levels of the proteins needed for propagation of the replica 
tion-deficient pseudoinfectious virus of the Flaviviridae fam 
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ily; and infecting the cell line with the pseudoinfectious virus 
of the Flaviviridae family, thereby producing the replication 
deficient pseudoinfectious virus of the Flaviviridae family. 
All other aspects regarding the types of viruses, the position 
of deletions in the capsid gene, the method of generation of 
the cell line expressing the mutated and wild type proteins of 
the Flaviviridae, the type of replicons and the mutations 
within the replicons and the modifications in the gene encod 
ing the mutated and wild type proteins of the Flaviviridae in 
the replicons are the same as discussed Supra. 

The present invention is also directed to a pharmaceutical 
composition, comprising the replication-deficient pseudoin 
fectious virus of the Flaviviridae family produced by the 
method described supra. The present invention is further 
directed to a method of protecting a subject from infections 
resulting from exposure to Flaviviridae, comprising admin 
istering to the Subject an immunologically effective amount 
of the pharmaceutical composition described herein, where 
the composition elicits an immune response against the Fla 
viviridae in the subject, thereby protecting the subject from 
the infections. Such a composition may be administered via 
intraperitoneal, intradermal, Subcutaneous, intramuscular, 
oral, or intranasal route. Furthermore, the Subject benefiting 
from use of this composition may be a human, or an animal. 
As used herein, the term, “a” or “an may mean one or 

more. As used herein in the claim(s), when used in conjunc 
tion with the word “comprising, the words “a” or “an may 
mean one or more than one. As used herein "another” or 
“other may mean at least a second or more of the same or 
different claim element or components thereof. As used 
herein, the term, “Flaviviridae” includes the genera Flavivi 
rus, Hepacivirus and Pestivirus. The examples of virus 
belonging to the genus Flavivirus include but are not limited 
to yellow fever virus, West Nile virus, dengue virusm a tick 
borne encephalitis virusm a Saint Louis encephalitis virus, a 
Japanese encephalitis virus or a Murray Valley encephalitis 
virus, Similarly, the example of virus belonging to the genus 
Hepacivirus includes but is not limited to Hepatitis C virus 
and those belonging to the genus Pestivirus include but are 
not limited to Bovine virus diarrhea, a swine fever virus or a 
hog cholera virus. 

Furthermore, although the present invention discloses the 
construction and utility of a replication-deficient pseudoin 
fectious Flaviviridae belonging to the genus Flavivirus, one 
of ordinary skill in the art can use the same guidelines to 
construct chimeras comprising other viruses belonging to the 
Flaviviridae or to construct chimeras by exchanging the 
prM-E cassettes of viruses within the Flaviviridae or other 
similar viruses and the viruses within the Falviviridae. 
The pharmaceutical compositions comprising the pseudo 

infectious viruses belonging to the Flaviviridae family dis 
cussed herein may be administered concurrently or sequen 
tially with each other or with other pharmaceutical 
composition(s). The effect of co-administration of such com 
positions is to protect an individual from the infections caused 
by Such viruses and other vaccine-treatable disease. The com 
position described herein, the other pharmaceutical compo 
sition, or combination thereof can be administered indepen 
dently, either systemically or locally, by any method standard 
in the art, for example, Subcutaneously, intravenously, 
parenterally, intraperitoneally, intradermally, intramuscu 
larly, topically, enterally, rectally, nasally, buccally, vaginally 
or by inhalation spray, by drug pump or contained within 
transdermal patch or an implant. Dosage formulations of the 
composition described herein may comprise conventional 
non-toxic, physiologically or pharmaceutically acceptable 
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carriers or vehicles suitable for the method of administration 
and are well known to an individual having ordinary skill in 
this art. 
The composition described herein, the other pharmaceuti 

cal composition or combination thereof may be administered 
independently one or more times to achieve, maintain or 
improve upon atherapeutic effect. It is well within the skill of 
an artisan to determine dosage or whethera Suitable dosage of 
either or both of the compositions comprises a single admin 
istered dose or multiple administered doses. An appropriate 
dosage depends on the Subjects health, the protection of the 
individual from flaviviral infections, the route of administra 
tion and the formulation used. 
The following examples are given for the purpose of illus 

trating various embodiments of the invention and are not 
meant to limit the present invention in any fashion. One 
skilled in the art will appreciate readily that the present inven 
tion is well adapted to carry out the objects and obtain the 
ends and advantages mentioned, as well as those objects, ends 
and advantages inherent herein. Changes therein and other 
uses which are encompassed within the spirit of the invention 
as defined by the scope of the claims will occur to those 
skilled in the art. 

Example 1 

Cell Cultures 

The BHK-21 cells were provided by Paul Olivo (Washing 
ton University, St. Louis, Mo.). They were maintained at 37° 
C. in alpha minimum essential medium (aMEM) supple 
mented with 10% fetal bovine serum (FBS) and vitamins. 
WHO-certified Vero cells, originally prepared for use in 
human vaccine manufacture were provided by Dr. Steve 
Whitehead of the NIH. Vero cells were maintained in MEM 
containing 6% FBS. 

Example 2 

Plasmid Constructs 

Standard recombinant DNA techniques were used for all 
plasmid constructions. A schematic representation of the 
plasmids used are shown in FIGS. 7A-7F. Maps and 
sequences are shown in FIGS. 8A-8F. The parental low-copy 
number plasmid paCNR/FLYF-17Dx containing infectious 
cDNA of YFV 17D strain genome was described elsewhere 
(Bredenbeek et al., 2003) and provided by Dr. Charles M. 
Rice (Rockefeller University, New York, N.Y.). pYFPIV con 
tained defective YFV genome (YF PIV), in which fragment 
encoding amino acid. 26-93 of YF capsid gene was replaced 
by codon-optimized GFP gene derived from plGFP-N1 
(Clontech). The WN PIV genome (pWNPIV) was derived 
from a Texas 2002 infectious cDNA (Rossi et al., 2005), by 
fusion of codon 30 of C to codon 101 of C (see FIG.5A). The 
plasmids pVEErep/C1/Pac, pVEErep/C2/Pac and pVEErep/ 
C-prM-E/Pac (FIG. 2A) encoded double subgenomic VEEV 
replicons, in which the first Subgenomic promoter was driv 
ing transcription of the RNAs containing 5' UTR of VEEV 
26S RNA followed by sequences, corresponding to nt 1 19 
481, 119-541 and 119-2452 of YFV genome, respectively. 
The second Subgenomic promoter was driving the expression 
of puromycin acetyltransferase (Pac) gene, whose product 
was making cells resistant to translational arrest caused by 
puromycin (Pur). Non-cytopathic VEEV replicons express 
ing the C-prM-E cassette of WNV derived from a Sindbis 
virus replicon (Schole et al., 2004) fused to the Pac gene 
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(designated pVEErep/C*-E*-Pac) was created from a VEE 
non-cytopathic replicon (Petrakova et al., 2005); E-coding 
sequence was fused with Pac gene through a linker consisting 
of the first 9 codons of NS1 and the last 25 codons of NS2B, 
followed by 2 codons of NS3 fused directly to FMDV 2A (see 
FIG.5A). The codon-optimized sequence encodingYFV 17D 
capsid and first 20 amino acid of prM was designed using the 
codon frequency data described elsewhere (Haas et al., 1996). 
This gene was synthesized by PCR from the overlapping 
synthetic oligonucleotides. The amplified fragment was 
sequenced before cloning into expression cassettes VEErepf 
C2opt/Pac and VEErep/Copt-prM-E/Pac. The latter replicons 
had essentially the same design as pVEErep/C2/Pac and 
pVEErep/C-prM-E/Pac, but contained codon-optimized 
sequence presented in FIG. 4A. 

Additionally, a chimeric WN-RepliVAX expressing the 
JEV prM-E has also been generated. This was constructed by 
substituting the prM and E genes of Nakayama strain of JEV 
in A RepliVAX encoding the WNV genome. The gene 
exchange was achieved by direct fusion of the last codon of 
the truncated WNV C protein to the first codon of the prM 
coding sequence of JEV (Nakayama strain). The same fusion 
strategy was employed at the 3' end of the cassette, with the 
final codon of the JEV E protein fused directly to the first 
codon of NS1 of WNV. These fusions were introduced into a 
BAC plasmid encoding the entire WN RepliVAX cDNA 
bounded by a T7 promoter and a ribozyme, and RNA recov 
ered from this BAC DNA was introduced into BHK(VEErep/ 
Pac-Ubi-C) cells. The resulting RepliVAX (designated JE 
RepliVAX) formed spreading infectious foci on BHK 
(VEErep/Pac-Ubi-C*). As for WN RepliVAX, the foci 
formed on this cell line are smaller than those produced by a 
fully infectious WNV-JEV chimera. JE RepliVAX grows to 
titers approximately 10 times lower than WN RepliVAX, 
achieving titers of over 10 U/ml in BHK(VEErep/Pac-Ubi 
C*). As expected, JE RepliVAX reacts with JE-specific 
MAbs, and it is anticipated that like chimeric flaviviruses, JE 
RepliVAX will induce high levels of JEV-neutralizing anti 
bodies, and protect against JE. 

Example 3 

RNA Transcliptions 

Plasmids were purified by centrifugation in CsCl gradi 
ents. Before the transcription reaction, the plasmids were 
linearized by XhoI (for pYFPIV) or Mhui (for VEE replicon 
and VEE helper encoding plasmids) or Swal (for pWNPIV). 
RNAs were synthesized by SP6 or T7 RNA polymerase in the 
presence of cap analog. The yield and integrity of transcripts 
were analyzed by gel electrophoresis under non-denaturing 
conditions. Aliquots of transcription reactions were used for 
electroporation without additional purification. 

Example 4 

RNA Transfections and PIV Replication Analysis 

Electroporation of BHK-21 cells was performed under 
previously described conditions (Liljestrom et al., 1991). For 
establishing packaging cell cultures, Pur was added to the 
media to a concentration of 10 g/ml 24h post electroporation 
of the VEEV replicons. Transfection of in vitro-synthesized 
YF PIV genome was performed 5 days later, when replicon 
containing cells resumed efficient growth. Samples were har 
Vested at the time points indicated in the figures by replacing 
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14 
the media with the same media, containing Pur. In many 
experiments, PIV-secreting cells were split upon reaching the 
confluency. 
VEEV replicons were packaged into VEEV infectious viri 

ons by co-electroporation of the in vitro synthesized replicon 
and 2 helper RNAs (Volkova et al., 2006) into BHK-21 cells. 
Replicon-containing viral particles were harvested 24 h post 
transfection and used for infecting of naive BHK-21 cells, 
followed by Pur selection. In the case of WN PIV, the in 
vitro-synthesized PIV RNA was transfected into BHK cells 
containing VEErep/C*-E*-Pac replicon expressing WN C. 
prM and E and Pac BHK(VEErep/C*-E*-PAC) cells. THE 
scheme of the VEErep/C*-E-PAC genome is presented in 
FIG. 5A. Harvested PIVs were passaged on these cells using 
standard methods (Rossi et al., 2005). 

Example 5 

Measuring the Titers of YF PIV 

For measuring the titers of releasedYF PIV. BHK-21 cells 
were seeded into six-well Costar dishes at a concentration of 
5x10 cells/well. Four hours later, cells were infected with 
different dilutions of packaged replicons, and after 1 h incu 
bation at 37°C. in an 5% CO incubator, they were overlaid 
with 2 ml of MEM supplemented with 10% FBS. The num 
bers of infected cells were estimated by counting GFP-posi 
tive cells under an inverted UV microscope. The fraction of 
infected cells from the seed quantity was determined via 
counting of fluorescence-producing cells in a defined area of 
microscopic field. Counts for 5 different fields were averaged 
and recalculated for the titer corresponding to each serial 
dilution. 

In the later experiments, titers were also measured by 
plaque assay on the monolayers of BHK-21 cells, carrying 
VEErep/Copt-prM-E/Pac replicon, using previously 
described conditions (Lemm et al., 1990), except cells were 
incubated under agarose for plaque development for 5 days, 
then fixed by 2.5% formaldehyde and stained with crystal 
violet. 

Example 6 

Passaging of YF PIVs 

Packaging cell lines were established either by transfection 
of the invitro-synthesized VEEV replicon RNAS or by infect 
ing cells with the same replicons packaged into VEEV struc 
tural proteins at a multiplicity of infection (MOI) of 10 influ/ 
cell. After Pur selection, they were infected with YF PIV at 
different MOIs. Samples were harvested at the time points 
indicated in the figures by replacing the media. 

Example 7 

Analysis ofYF SVP Production 

BHK-21 cells were seeded at a concentration of 2x10 per 
100-mm dish. After 4 h incubation at 37° C., cells were 
infected with YF PIV at an MOI of 10 infu/cell, and then 
incubated for 24h in 10 ml of MEM supplemented with 10% 
FBS. Then the medium was replaced by 10 ml of serum-free 
medium VP-SF (Invitrogen) that was replaced every 24 h to 
analyze SVP release. The collected VP-SF samples were 
clarified by low-speed centrifugation (5,000 rp.m., 10 min, 4 
C.), and then concentrated by ultracentrifugation through 2 
ml of 10% sucrose, prepared on PBS, in SW-41 rotor at 
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39,000 rp.m., 4°C. for 6h. Pellet material was dissolved in the 
loading buffer for SDS-polyacrylamide gel electrophoresis, 
lacking b-mercaptoethanol (to preserve binding to D1-4G2 
MAB) and further analyzed by Western blotting. After protein 
transfer, the nitrocellulose membranes were processed by 
D1-4G2 MAB, and horseradish peroxidase (HRP)-conju 
gated secondary donkey anti-mouse antibodies purchased 
from Santa Cruz Biotechology. HRP was detected using the 
Western Blotting Luminol Reagent according to the manufa 
curer's recommendations (Santa Cruz, Biotechnology). To 
obtain positive control sample, YFV (2x10 PFU) was sub 
jected to ultracentrifugation through 10% sucrose cushion as 
described above for SVPs. 

For sucrose density gradient analysis of YFV SVPs, BHK 
21 cells were electroporated with the in vitro synthesized YF 
PIV genome RNA. At 24 hours post-transfection, the com 
plete MEM was replaced by VP-SF medium, which was 
harvested 24 hours later. At this time, more than 95% of the 
cells were GFP-positive and did not exhibit any signs of CPE. 
The harvested sample was clarified by low-speed centrifuga 
tion (5000 rpm, 10 min, 4° C.) and then concentrated by 
overnight centrifugation in a SW-28 rotor at 25,000 rpm, 4°C. 
The resulting pellet was suspended in TN buffer (10 nm Tris 
HCl (pH 7.5), 100 mMNaCl, 0.1% BSA) and further analysis 
was performed as described (Schalich et al., 1996). 

Briefly, 0.5 ml samples were loaded into the discontinuous 
sucrose gradient (1.5 ml of 50%, 1.5 ml of 35% and 1.5 ml of 
10% sucrose prepared in PBS buffer). Centrifugation was 
performed in SW-55 rotor at 45,000 rpm at 4°C. for 1 h in 
Optima MAX Ultracentrifuge (Beckman). Pellets were dis 
solved in the loading buffer for SDS polyacrylamide gel 
electrophoresis, lacking b-mercaptoethanol (to preserve 
binding to D1-4G2 MAB) and further analyzed by Western 
blotting. After protein transfer, the nitrocellulose membranes 
were processed by D1-4G2 MAB and horseradish peroxidase 
(HRP)-conjugated secondary donkey anti-mouse antibodies 
purchased from Santa Cruz Biotechnology. HRP was 
detected using Western Blotting Luminol Reagebbr accord 
ing to the manufacturer's recommendation (SantaCruz, Bio 
technology). Side by side gradient analyses were performed 
with YFV (2x10 PFU), subjected to the same procedures as 
described above for YFV-PIV derived SVPs. 

Example 8 

Analyses of WN PIV 

Titers of WN PIV were determined by infecting Vero cell 
monolayers with serial dilutions of virus, and then fixing 24 
hours later and immunohistochemically staining with a poly 
clonal hyperimmune mouse ascite fluid specific for WNV, as 
previously described (Rossi et al., 2005). Infected cells were 
enumerated and used to determine the titer. To evaluate the 
ability of WN PIV for foci formation on Vero cells or the 
BHK(VEErep/C*-E*-PAC) cells, monolayers were infected 
with dilutions of WN PIV, overlaid with a semisolid traga 
canth overlay, incubated at 37 C, and then fixed and stained 
with a MAB specific for WNV NS1 (provided by E. Konishi, 
Kobe, Japan), as described above. 

Example 9 

PIV Safety Studies 

PIV safety was established by inoculation of different 
doses of virus (YFV 17D or WNV TX02 recovered from 
parental infectious cDNAs) or PIV into 3- to 4-day-old mice 
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(outbred Swiss Webster, Harlan) by the intracranial (i.c.) 
route (20 ml volume), or 4-5 week old female mice (outbred 
Swiss Webster, Harlan) by the intraperitoneal (i.p.) route (100 
ml volume). Mice were monitored for 14 days for signs of 
disease and death, animals that were moribund, and appeared 
to be unable to survive until the next day were humanely 
euthanized and scored as “dead the following day. 

Example 10 

WN PIV Potency and Efficacy Studies 

Selected animals inoculated with WN PIV as described 
above were euthanized and bled at 21 days post inoculation. 
Sera were harvested from the animals, pooled, and tested for 
their ability to reduce WNV focus formation on Vero cell 
monolayers using the methods described above. The remain 
ing animals were inoculated with 1,000 infu (determined by 
focus-forming assay on Vero cells), corresponding to 
approximately 100 LDs of the NY99 strain of WNV (Xiao et 
al., 2001), and animals were then observed for an additional 
14 days as described above. 

Example 11 

Both YFV C- and YFV C-prM-E-expressing 
Cassettes can Complement Replication of YFV PIV 

The general strategy for complementation of a C deletion 
defect in the flavivirus genome is presented FIG.1. It is based 
on development of genomes lacking the C gene, and propa 
gation of these pseudoinfectious viral genomes (PIV 
genomes) in cells expressing C (or all of the viral structural 
proteins), but not in normal cells. Replication in the latter 
cells, producing no viral structural proteins required for trans 
complementation of the defect in PIV genome, leads to 
release of SVPs containing the critical protective immunogen 
E, but lacking the nucleocapsid containing C and the viral 
genetic material. 
A recombinant YFV genome (YF PIV genome) was engi 

neered to contain GFP in place of amino acid 26-93 of C. 
cloned in-frame with the rest of the polypeptide (FIG. 2A). 
The expression of GFP provided a convenient way of deter 
mining the titers of genome-containing PIVs in the experi 
ments. The deletion in the C-coding sequence from this PIV 
genome was expected to destroy the ability of C to form a 
functional nucleocapsid, but it was not expected to affect 
production of functional forms of prM and E. Thus, cells 
expressing this genome, which produced GFP fluorescence 
could not release infectious virus. However, infectious prog 
eny was expected to be produced from "packaging cells 
expressing high levels of C. 

For rapid development of the cell lines for efficient PIV 
production, the Venezuelan equine encephalitis virus 
(VEEV) genome-based expression system (replicons) (Petra 
kova et al., 2005) was used. VEEV replicons are less cyto 
pathic than replicons derived from other alphaviruses and 
readily establish persistent replication in some cell lines of 
Vertebrate and insect origin. The expression cassettes were 
designed as double Subgenomic constructs (FIG. 2B), in 
which one of the Subgenomic promoters was driving the 
expression of Pac, providing an efficient means to eliminate 
cells in the transfected cultures that do not contain the Pac 
expressing VEEV replicon. The second Subgenomic pro 
moter was driving the transcription of Subgenomic RNA 
encoding YFV structural proteins. To identify the most effi 
cient packaging cassettes, VEEV replicons encoding eitheri) 
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YFV C with the signal peptide of prM, also known as 
anchored C (Lindenbach and Rice, 2001), (VEErep/C1/Pac), 
or ii) C with the signal peptide and 20 amino acid of prM 
(VEErep/C2/Pac), or iii) all of the YFV structural proteins 
(VEErep/C-prM-E/Pac). The rationale of the design was to 
retain the signal peptide in the C-coding cassettes that was 
expected to be essential for targeting C into proper cellular 
compartment. 
The in vitro-synthesized VEEV replicon RNAs were trans 

fected into BHK-21 cells and the Pur stable cell lines were 
selected over the next 4-5 days in the Pur-containing medium. 
During the first 2-3 days post transfection, replication of 
VEEV-derived RNAs caused growth-arrest, then, as 
described our previously (Petrakova et al., 2005), replication 
became less efficient and cells resumed their growth. The 
resulting Pur cultures were transfected with the in vitro 
synthesized YF PIV RNAs, and at different times post trans 
fection, titers of the released infectious particles, containing 
GFP-expressing genomes were determined (FIG. 2C). Sur 
prisingly, the presence of two different replicating RNAs 
(YFV- and VEEV-specific) in BHK-21 cells did not result in 
cytopathic effect (CPE), and maintained both resistance to 
Pur and expression of high level of GFP, indicating replica 
tion of both the VEEV replicon and YF PIV RNA. As shown 
in FIG. 2C, cultures expressing both of these marker genes 
were capable of growing and required subpassaging (at ~1:5 
ratio every 4 days) to prevent the cultures from reaching 
confluency. The experiments shown in FIG. 2 demonstrated 
that all three VEEV replicons were capable of supplyingYFV 
C at levels sufficient for formation of infectious PIVs; no 
infectious particles were released from the naive BHK-21 
cells transfected with the YF PIV RNA in the absence of 
VEEV replicons (data not shown). However, cells expressing 
these packaging cassettes differed in their ability to produce 
PIV. Constructs expressing YFVC followed by the prM sig 
nal peptide (anchored C: VEErep/C1/Pac) demonstrated the 
lowest level of YF PIV RNA packaging, compared to cas 
settes expressing longer protein sequences. The basis for the 
lower packaging efficiency is by the C1 construct is unclear, 
but this phenomenon might be explained by a requirement for 
a specific ordering of cleavage at the two nearby cleagage 
sties (NS2B/NS3 and signal peptidase) (Yamshchikov and 
Compans, 1994), and/or differences in distribution/stability 
of the C protein produced in these two different contexts. of 
the stability of this protein. Thus, after these experiments, 
VEErep/C1/Pac was eliminated from all further experiments. 
Both VEErep/C2/Pac and VEErep/C-prM-E/Pac replicons 
packagedYF PIV to the similar titers approaching above 107 
influ/ml. Moreover, the release of PIV particles continued 
until the experiments were terminated, with each cell releas 
ing -20 infectious YF PIV per 24 h time period. The same 
cells were probably also releasing prM/E-containing SVPs 
lacking the nucleocapsid and genome, but this possibility was 
not further investigated. 

Example 12 

YF PIVs with Defective Genomes can be Produced 
at a Large Scale 

The ultimate utility of PIV as vaccine candidates is depen 
dent upon the ability to produce these particles at the scales 
needed, for instance, for commercial production. Reliance on 
an RNA-based trans-complementation system (VEEV repli 
cons) for vaccine manufacture requires further standardiza 
tion since there is a possibility of accumulation of mutations 
in the heterologous genes cloned into genomes of RNA 
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viruses. The use of low-passage cell lines, is one of the solu 
tions for overcoming this limitation. Alternatively, accumu 
lation of mutations in the VEErep genomes can be minimized 
by repeated transfection of the replicon into naive cells, or by 
production of packaged VEEV replicons followed by infec 
tion of naive cells. The use of packaged VEE replicons was 
considered to be one simple and efficient means for establish 
ing the packaging cell lines. 
To efficiently produce PIVs, a technology that permits 

production of alpha virus replicon expressing cell cultures in 
previously packaged VEEV replicons was used. Briefly, 
VEEV replicons were packaged into VEEV infectious virions 
using previously described two-helper system (Volkova et al., 
2006), into preparations that contained titers approaching 10 
influ/ml. BHK-21 cells infected with these particles and 
selected in the presence of Pur could be used to obtain YFV 
structural protein-encoding cell cultures in 3-5 days. Follow 
ing establishment, the VEErep/C2/Pac- and VEErep/C-prM 
E/Pac-containing cell lines were infected with previously 
generated samples of YF PIVs at high (10 infu/cell) and low 
(0.1 infu/cell) MOIs. In all cases, the defective YFVs repli 
cated productively (see FIG. 3) and infected all of cells in the 
monolayers producing high titers of PIVs. Thus, rapid estab 
lishment of packaging cell lines by infecting cells with pack 
aged VEEV replicons, followed by infection with PIVs 
appears to be a simple and efficient system a for large-scale 
production of PIVs with the deleted C sequence in the 
genome. 

Example 13 

Production of YF PIVs Using VEE Replicons 
Expressing Codon-Optimized Form of YFV C Gene 

Another possible problem in using the packaging systems 
to Support replication of defective viruses is recombination 
between the defective viral genomes and the RNAs encoding 
the trans-complementing gene(s). Such recombination might 
lead to generation of the infectious viruses. In the experi 
ments described herein, infectious YFV using a plaque assay 
were never detected, but it was necessary to rule out the 
possibility that live virus can be formed in these cells. 

In addition, the proteins encoded by many arthropod-borne 
viruses are expected to have evolved to utilize the transla 
tional machinery in two very different hosts. Thus, their 
codon usage is not expected to be optimal for expression in 
either host. Therefore, the C-coding sequence in the expres 
sion cassettes was modified to achieve two goals: i) to 
enhance the yield of C production and ii) to reduce possibility 
of homologous recombination between YF PIV genome and 
C-coding subgenomic RNA of VEE replicons. YFV C was 
synthesized using the codon frequency found in the most 
efficiently translated mammalian genes (FIG. 4A). These 
silent mutations also disrupted the cyclization sequence 
required for flavivirus genome replication, thus, reducing the 
possibility of generating replication competent YFV in an 
event of recombination between YF PIV genome and YFV 
C-coding RNA of VEEV replicon. 
The Copt gene was cloned into VEErep constructs, 

VEErep/Copt/Pac and VEErep/Copt-prM-E/Pac, using the 
same strategy as VEErep/C2/Pac and VEErep/C-prM-E/Pac, 
and trans-complementing Pur cell lines were established 
either by RNA transfection or by infecting the cells with 
packaged RNAS. Transfection of these cells with the in vitro 
synthesized PIV genome RNA produced PIV with efficien 
cies that were similar to those selected with the cells express 
ing VEEV replicons expressing the non-optimized YFV C 
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gene (FIG. 4B). However, the cells expressing the codon 
optimized C proved to be a useful reagent in that they were 
capable of developing CPE and forming clearly visible 
plaques when infected with YFPIV and overlaid with agarose 
containing media with low concentration of FBS (FIG. 4C). 
Thus, although codon optimization of YFV C gene did not 
alter PIV production from these cells, the cells expressing the 
codon-optimized YFV C represent a very useful system for 
evaluation of YF PIVs, particularly those expressing no fluo 
rescent markers. In additional tests, a very good correlation 
was observed between the titers of the same samples deter 
mined in plaque-forming assays and GFP-foci assays. 

Plaques formed byYF PIV were smaller than those ofYFV 
indicating that structural proteins were most likely produced 
in cis functio more efficiently in viral particle formation. The 
reason for attaining the ability to form plaques is not com 
pletely understood yet. However, it is speculated that YFVC 
has some level of cytotoxicity because of cell lines containing 
VEEV replicons expressing the codon-optimized version of 
this protein demonstrated lower growth rates (data not 
shown) than corresponding counterparts with replicon encod 
ing natural C gene. Thus, YF PIV genome replication might 
lead to additional changes in the intracellular environment 
that were sufficient to cause CPE. 

Example 14 

PIVs can be Generated for Other Flaviviruses 

To prove that PIVs can be easily generated for other fla 
viviruses, the strategy described above was applied to WNV. 
To this end, a WN PIV genome with a 35-amino acid-long C 
protein was created (FIG. 5A). To package this WN PIV 
genome, a packaging cell line generated by transfection of 
BHK cells with a non-cytopathic VEEV replicon expressing 
WNV C/prM/E and Pac BHK(VEErep/C*-E*-Pac) was 
used. To minimize the chance that recombination between 
WN PIV genomes replicating in this cell line and the VEErep 
RNA-encoded C protein could lead to generation of the infec 
tious WNV, the WNVC-coding gene in the VEEV replicon 
was modified to contain clustered silent mutations in the 
WNV cyclization domain. 

Media harvested from BHK (VEErep/C*-E*-Pac) cells 
transfected with the synthetic WN PIV genome were capable 
of producing antigen-positive foci in the packaging cells 
(FIG. 5B) indicating that infectious WN PIV had been pro 
duced. However, only antigen-positive cells were detected 
upon infection of Vero cell monolayers with same samples 
(FIG.5C). Titers of up to 1x10 infu/ml of WN PIV were 
produced on the packaging cells, and as expected, WN PIV 
could be repeatedly passed on this cell line. Thus, using an 
established cell line, high titer stocks of WN PIV could be 
readily obtained using the same complementation system 
described above for YFV. Interestingly, in the case of the 
WNV packaging cell line and WN PIV, it was observed that 
the virus yields plateaued late in infection, simultaneously 
with the appearance of CPE (results not shown), whereas the 
cells co-replicating YF PIV genome and VEEV replicons 
continued to produce PIV for many days (FIG. 2). 

Example 15 

Cells Infected with YF or WN PIV's Produce SVPS 

To demonstrate that cells infected with PIV's produced 
SVPs, BHK-21 cells were either transfected with the in vitro 
synthesizedYF PIV RNA or infected withYF PIVs produced 
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in C-expressing cells. The particles released from the BHK 
21 cells were purified by ultracentrifugation, and analyzed by 
western blotting using a mouse monoclonal antibody (MAB) 
specific for E, D1-4G2 (Gentry et al., 1982). Both RNA 
transfected and PIV-infected cells produced E protein that 
could be pelleted from the media (FIG. 6A), indicating that it 
was present in a particulate form. Since these cells did not 
exhibit any CPE, and the samples were clarified at low-speed 
centrifugation prior to ultracentrifugation, it is unlikely that 
the E protein detected in the pelleted fraction represented 
cellular debris. Similarly, western blot analyses demonstrated 
that Vero cells infected with the WN PIV produced (before 
development of any signs of CPE) extracellular forms of E 
that were indistinguishable in size from those produced by 
WNV-infected Vero cells (FIG. 6B). 
To further evaluate the physical nature of the E protein 

released by PIV-infected cells, media collected from cells 
containing replicating PIV genomes only were Subjected to 
Sucrose density gradient analysis in agreement with pub 
lished data (Schalich et al., 1996). SVPs were found in the 
fraction having 2% sucrose (FIG. 6C). In the same experi 
ment, YFV virions demonstrated high density and were 
detected in the fraction with 42% sucrose. E protein-contain 
ing particles that migrate at the expected size of WNV SVPs 
have also been detected in cultures infected with WNVPIVs. 
The presence of E in the media of PIV-infected cells was 
consistent with the production of SVPs by cells expressing 
only prM/E or TBEV RNA vaccines lacking a functional C 
gene. 

Example 16 

PIV Safety, Potency, and Efficacy in Animals 

Safety of WN and YF PIVs was established by i.c. inocu 
lation of litters of 3 to 4-day-old mice. These studies showed 
that mice inoculated with WTYFV or WNV were quickly 
killed, and these viruses displayed a 50-percent lethal dose 
(LDs) of approximately 1 PFU in these animals (Table 1). 
However, WN and YFPIVs inoculated into suckling mice at 
a dose of 2x10 infu failed to kill any mice (Table 1). Safety 
was further documented by i.p. inoculation of adult mice with 
wild type (wt) viruses and WN PIVs. These studies showed 
that the WN PIVs were completely safe in adult mice (Table 
2). Furthermore, wt WNV killed a significant portion of adult 
mice, with an LDs of less than 1 PFU, and doses of up to 
3x10° influ of WN PIV failed to cause any death (Table 2). 
Most interestingly, however, is the finding that the WN PIVs 
were very potent immunogens (NEUT titers were detected 
with inoculation of as few as 30,000 inful), and 100% of the 
animals vaccinated with 3x10, 3x10, or 3x10° infu were 
protected from a 100LDso challenge of the NY99 strain of 
WNV (Table 2). 

TABLE 1 

Safety of PIVs in suckling nice. 

Inoculum Dose (infu) % Survival Average survival time 

WN PIV 2,000,000 100 (9/9) NAe 
WNV TXO2 O.2 56 (5/9) 8.5 (+/-2.9) 
WNV TXO2 2 0 (0.9) 5.4 (+/-0.5) 
WNV TXO2 2O 0 (0/8) 6 (+/-0) 
WNV TXO2 200 0 (0/10) 4.9 (+/-0.3) 
YF PIV 2,000,000 100 (10/10) NA 
YFV 17D O.2 89 (8/9) 8 (+/-0) 
YFV 17D 2 56 (5/9) 7 (+/-0) 
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TABLE 1-continued 

Safety of PIVs in Suckling mice. 

Inoculum Dose (infu) % Survival Average survival time 

YFV 17D 2O 11 (1/9) 6.9 (+/-2.4) 
YFV 17D 2OO 0 (0/12) 6 (+/-0) 

Inoculated preparation, diluted in culture media with 10% FBS 
Delivered by i.c. route in a volume of 20 ml/animal 
Survival at 14 days postinoculation (live? dead) 
Average survival time from animals that died from infection (standard deviation) 
Not applicable 

TABLE 2 

5 

10 

22 
(in each case with infection at an MOI of 0.01), and the 
resulting RepliVAX was characterized in detail. To determine 
if this passage 10-(p10) population contained any live virus, 
Vero cell monolayers were infected at multiplicities of 0.1. 1, 
and 10 with the p10 WN RepliVAX, and washed extensively 
to remove extracellular RepliVAX. These monolayers were 
re-washed 24 hours later, and then harvested 2 days later. 
Passage of supernatant fluids from these cultures onto fresh 
Vero cell cultures failed to reveal any immunopositive cells 
when stained with a highly sensitive polyclonal antibody for 
WNV, indicating that RepliVAX had not productively recom 
bined with the C protein encoded by the packaging cell line. 

Safety, potency and efficacy of PIV in adult mice 

Average 
Inoculum Dose (infu) % Survival survival time NEUT titer 

Ole O 100 (8/8) NAg <1:40 
(diluent) 
WN PIV 30,000 100 (10/10) NAs 1:40 
WN PIV 300,000 100 (10/10) NAg 1:160 
WN PIV 3,000,000 100 (10/10) NAg 1:160 
WNVTXO2 1 40 (4/10) 8.5 (+/- 1.4) 
WNVTXO2 10 30 (3/10) 8 (+/- 1.2) 
WNVTXO2 100 10 (1/10) 7.8 (+/- 1.4) 

Inoculated preparation, diluted in culture media with 10% FBS. 
Delivered by i.p. route in a volume of 100 ml/animal. 
Survival at 14 days postinoculation (live? dead). 
Average survival time from animals that died from infection (standard deviation). 

% Protection? 

14 (1/7) 

100 (8/8) 
100 (8/8) 
100 (8/8) 

NEUTtiter of pooled sera collected from 2 animals at 21 days postinoculation (titer shown is the highest dilution giving 
80% reduction of WNW foci formation). 
JProtection from challenge with 100LDso of the NY99 strain of WNV demonstrated by survival at 14 days post 
challenge; single survivor from the diluent-inoculated group showed signs of disease (hunched back; ruffled fur, and 
malaise) from days 8-14. None of the PIV inoculated animals displayed any signs of disease in the 14-day postchallenge 
observation period. 
3Not applicable. 
"NEUT titers in sera from unimmunized mice tested side-by-side with sera from the WNPIV-inoculated mice. 

Example 17 

Further Modifications to Increase the Yield and 
Safety of PIVs/RepliVAX 

The present invention demonstrates that repeated passag 
ing of RepliVAX did not result in recombination, but variants 
with enhanced growth were selected: The WNV RepliVAX 
has been repeatedly passaged on a cell line that encodes the 
WNV C protein. This C protein was produced by fusing a 
copy of the WNVC gene to a Pac gene driven by the subge 
nomic promoter of a non-cytopathic VEErep (Petrakova et 
al., 2005). In the resulting construct (VEErep/Pac-Ubi-C*), 
the ubiquitin (Ubi) gene was inserted in front of the C gene, 
and C was followed by a stop codon. In this context, a Pac-Ubi 
fusion protein would be produced along with a mature C 
protein (lacking the hydrophobic anchor; see FIG. 9). The C 
gene in this VEErep (denoted as “C”) was further modified 
by insertion of 36 mutations that ablate the CS signal, con 
verting this 11-base region from GUCAAUAUGCU (SEQID 
NO: 2) to GUgAAcAUGul J (SEQID NO:3) while maintain 
ing C coding capacity. This large number of mutations dra 
matically reduces the likelihood of homologous recombina 
tion, and furthermore, if recombination did occur between the 
genomes, the production of a replicationally active genome 
could not occur, since the resulting RNA would have 
unmatched CSS, preventing replication (FIG. 9). 

To test for the unlikely possibility of productive recombi 
nation, a clonal cell line was derived from BHK cells express 
ing VEErep/Pac-Ubi-C* {BHK(VEErep/Pac-Ubi-C*), and 
this cell line was used to passage the WN RepliVAX 10 times 
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Interestingly, when the p10 WN RepliVAX was compared 
to p0 RepliVAX on the BHK(VEErep/Pac-Ubi-C*) cell line, 
the p10 RepliVAX produced polymorphic foci of infection, 
many of which were much larger than those produced by the 
p0 RepliVAX (FIG. 10). Furthermore, p10 RepliVAX repli 
cates 10 times higher than p0 RepliVAX at early time points, 
with an endpoint titer twice as high. 

Analyses of the PCR products obtained from cDNA pro 
duced from Vero cells infected with this p10 RepliVAX dem 
onstrated that there were no products that contained a full 
length C coding region. However, sequence analyses of the 
C-prM junction of the product spanning these regions 
revealed that two mutations had arisen during passaging. As 
expected from the heterogeneous nature of the foci produced 
by the p10 RepliVAX on the packaging cells (FIG. 10), both 
mutations were present as mixtures with the original 
RepliVAX sequence. One of the mutations, which appeared 
to be present over half of the nucleic acid population in these 
sequence reactions (sequenced in both directions), consisted 
of a AGCuGC (SDC) mutation at the P4 position preceding 
the signal peptidase cleavage site (S(c)VGAVTLS (SEQID 
NO: 4) in the RepliVAX genome. The second mutation, 
which was present in only about 30% of the amplified 
sequences (again in reactions completed in both directions) 
consisted of an AAG AuC (K-M) at position P3 following 
the NS2B/NS3 cleavage site (QKKRIGGK(m)T) (SEQ ID 
NO: 5). Although these mutations are in the position of the 
deleted SL5, they do not alter predicted RNA structures. The 
rapid selection (only 10 growth cycles) of a better-growing 
RepliVAX is very exciting since it indicates that selection of 
better-growing variants is a powerful method to improve 
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RepliVAX. The positions of these mutations was not unex 
pected since it is known that altering efficiency of NS2B/NS3 
Versus signal peptidase cleavage can influence flavivirus par 
ticle yield and infectivity (Keelapang et al., 2004; Lee et al., 
2000; Lobigs and Lee, 2004:Yamschikov et al., 1997). Stud- 5 
ies are continuing on selection of even better growing vari 
ants, and these two mutations are being targeted for insertion 
into second-generation RepliVAX constructs, to confirm 
their ability to work separately (or together) to improve 
RepliVAX yield and antigen production. Nevertheless, the 10 
data presented herein indicate that under these passage con 
ditions: 1) no recombination occurred, 2) positive selection 
could be used to produce improved RepliVAXs. 

Blind passage of JE RepliVAX similarly yielded better 
growing variants with mutations in the same regions of the 15 
genome. The ability to blind passage RepliVAX products to 
produce better growing variants is a key feature of this inven 
tion, and a clear advantage over traditional LAV, where pro 
duction of better-growing variants is always complicated by 
the concern that these better-growing variants may have lost 20 
their attenuation in man. 

Furthermore, the mutated, improved C-expression cassette 
(VEErep/Pac-Ubi-C*), which has been shown to be stable, 
and demonstrated freedom from recombination when used in 
a BHK cell line (not approved for human vaccine generation), 25 
has also been shown to be stable and useful for PIV propaga 
tion when introduced into Vero cells (an accepted cell line for 
the production of human vaccines). Specifically, RNAs cor 
responding to the VEE replicon have been introduced Vero 
cells from a certified seed using the same methods applied to 30 
BHK cells. Following introduction of the RNA into these 
Vero cells, the cells were maintained in serum free media (an 
important issue for vaccine generation) containing puromy 
cin, and these cells were shown to be useful for PIV propa 
gation. Under these propagation conditions, these cells have 35 
been shown to produce slightly lower titers of PIV than simi 
larly derived BHK cells, but the VEErep/Pac-Ubi-C*-Vero 
cells hold up better under these culture conditions, permitting 
multiple harvests. FIG. 11 shows the production of PIV from 
these cells can be obtained formultiple harvests under serum- 40 
free conditions. 

In Summary, propagation of PIVs in cell lines that express 
C (especially C cassettes that contain the signal sequence of 
prM, or this region plus portions of the prM and E genes) can 
theoretically recombine with the PIV genome, producing a 45 
live virus that could cause disease, increasing the risk of the 
method of vaccine generation. To overcome this problem, the 
present invention demonstrated that cell lines for the propa 
gation of WN PIV can be produced using a C protein that ends 
precisely at the NS2B/NS3 cleavage site, minimizing the 50 
chance of recombination at this region of the PIV genome, 
providing an advantage over other propagation methods in 
which cell lines encode RNAs that encode the portion of the 
anchor of C (that is also know as the signal peptide of prM) 
that are shared by the PIV. 55 

To further enhance the safety of this C-expression cassette, 
the present invention demonstrated that the portion of the 
cassette that is used to make the VEErep-encoded C that 
complements the PIV genome (namely the first 30 codons 
encoding the amino acid sequence that are required to pro- 60 
duce a replicating PIV genome due to underlying RNA ele 
ments required for viral replication) could be specifically 
mutated to produce a cassette that differs from the PIV 
genome at 36 nucleotide positions (introduced without alter 
ing the protein product) resulting in a C gene that has a 65 
dramatically reduced probability of recombination with the 
PIV genome (FIG.9). Furthermore, this mutated C gene was 

24 
created to have three mutations in the cyclization signal (CS) 
that must be complementary to a CS in the 3'UTR of the PIV 
genome to allow viral replication, providing a further safety 
feature to prevent recombination (FIG.9). Finally, this C gene 
was inserted into the VEEreplicon following the selectable 
marker gene (pac), by using a ubiquitin gene to the intact C 
product from the resulting polyprotein (alternative self-cleav 
ing sequences such as the auto-proteinase 2A of FMDV, or 
other related sequences could easily be substituted for ubiq 
uitin). Creation of this single-polyprotein cassette provides 
the advantage of producing a genetically more stable 
VEEreplicon, reducing the chance of recombination within 
the propagating cell lines, eliminating the C-expression cas 
sette, and reducing PIV yield. The resulting construct 
(VEErep/Pac-Ubi-C*, FIG. 9) was introduced into BHK 
cells, and the cells were used to produce a clonal cell line 
expressing the VEE replicon using established methods 
(Fayzulin et al., Virology 2006). 
One clonal cell line was examined after 18 passages from 

single-cell cloning, and found to have no evidence of any 
genetic deletion of the C cassettes (by RT-PCR), nor was it 
found to have any detectable mutations within the C-expres 
sion cassette. Most importantly, this cell line displayed simi 
lar ability to propagate the WNV PIV at a passage level as 
high as 41. Finally, following 10 passages of PIV on this cell 
line, no evidence of recombination producing PIV-recombi 
nants capable of productive replication on cells that do not 
express the C cassette (namely WTVero cells), and no evi 
dence of introduction of C-encoding sequences into the PIV 
genome by RT PCR was observed. 

Furthermore, to address concerns that PIV might recom 
bine with flaviviruses in vaccines at the time of their vacci 
nation, producing novel, virulent flaviviruses, the present 
invention demonstrated that WNV genomes with “unnatural 
cyclization signals (CS) present in all known naturally circu 
lating flaviviruses, can be generated that replicate to high 
levels. Evidence has been produced in several laboratories 
that the two CS found at the 5' and 3' ends of the genomes of 
all flaviviruses must be 100% complementary to provide pro 
ductive viral replication (Khromykh et al. J. Virol., 2001; Lo 
et al., J. Virol., 2003; Alvarez et al., Virol., 2003). These 
studies also demonstrated that unnatural CSS could produce 
replicating genomes, as long as the CS were 100% comple 
mentary. However these investigators reported that all 
genomes with unnatural CS sequences had replication 
defects. By systematic analysis of CS in WNV genomes, 
specifically the testing the ability of carefully selected single 
base Swaps to produce high-level replication, single-base 
changes, and Subsequent double-base changes that permit 
high-levels of genome replication (FIG.12A) were identified. 
FIG. 12B demonstrates that high-level replication of WNV 
genome with two-base Substitutions is possible, and that 
genomes intentionally created with mis-matched CS 
sequences (namely WT and the 2-base mutant) are not repli 
cationally active. This mutation, and others like it, can there 
fore be utilized to produce PIV with a superior safety profile, 
since any recombinant virus resulting from a single-point 
genetic recombination between the CS-modified PIV vaccine 
and a virus circulating in areas where people are undergoing 
vaccination would not be replicationally active, and hence 
could not cause disease. 

Example 18 

BHK Cells Expressing WNVC Gene Maintain their 
Phenotype for Multiple Passages 

Studies with a WNV C-expressing clonal cell line derived 
from BHK cells transfected with VEErep/Pac-Ubi-C* has 
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demonstrated its long-term stability and utility in generating 
RepliVAX for several reasons. Firstly, these cells were useful 
for repeated passaging of RepliVAX. Secondly, side-by side 
focus-formation assays on cells at two different passage lev 
els (passages 8 & 24 after single-cell cloning) showed indis 
tinguishable WN RepliVAX titers and foci sizes. Finally, 
direct analysis of the sequence of the C-encoding cassette in 
these cells at the passage-24 level revealed no changes rela 
tive to the original VEErep sequence. Taken together these 
data indicate that cells harboring C-expressing VEEreps 
should be stable enough for use in the currently accepted 
master cell seed lot format used to produce human vaccines. 
Furthermore, the fact that VEEreps have already been used in 
human trials, make it likely that the application of the 
VEErep-cell technology to Vero cells will not encounter any 
unexpected hurdles during regulatory approval. 

Example 19 

Lymphoid Tissue Targeting of WNV VLPs 

As indicated supra, WNV VLPs are similar to RepliVAX, 
except in place of the flavivirus prM/E proteins, they can 
encode a reporter gene, or they can simply contain a flavivirus 
replicon without a reporter. VLPs can be readily produced in 
packaging cells expressing all three WNV structural proteins, 
and have been produced at high titer (Fayzulin et al., 2006). 
When 107 U of VLP were inoculated into mice, these animals 
produced 1,000 to 5,000 U/ml of type I interferon (IFN) in 
their serum 24 hr post-inoculation. IFN responses were pro 
duced by both ip and subcutaneous footpad injection (fp). 
Furthermore, popliteal lymph nodes dissected 24 hrs after fp 
inoculation with b-galactosidase-expressing VLPs contained 
large numbers of b-galactosidase-positive cells, indicating 
that VLPs, which enter cells in a manner indistinguishable 
from RepliVAX, are targeting important lymph organs. This 
result is consistent with the high levels of IFN elicited by 
VLP-injection and Suggests that similar targeting is respon 
sible for the high potency and efficacy of RepliVAX. 
The following references were cited herein: 
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Bredenbeek, P. J. et al., 2003 J Gen Virol 84, 1261-8. 
Chambers, T.J. et al., 1999 J Virol 73, 3095-101. 
Clyde and HArris, 2006, J Virol 80: 2170-2182. 
Colombage, G. et al. 19.98, Virology 250, 151-63. 
Davis, B. S. et al., 2001, Journal of Virology 75, 4040-4.047. 
Fayzulin et al., 2006, Virology 351: 196-209. 
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SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 42 

<21 Oc 
<211 
<212> 

<213> 
<22 Os 

SEO ID NO 1 
LENGTH: 423 
TYPE: DNA 

ORGANISM: 
FEATURE; 
OTHER INFORMATION: 

artificial sequence 

synthetic polynucleotide 

<4 OOs SEQUENCE: 1 

10 

15 

25 

30 

35 

40 

45 

50 
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- Continued 

atgagcggcc ggalaggctica gigcaaga CC Ctggg.cgtga acatggtgag gC9C9gcgtg 6 O 

cgcagcct ct c caacaagat Caagcagaag accalagcaga t cqgcaa.cag acccggaccg 12 O 

agc.cggggcg tcc aggggitt Catct tct tc titcctgttca acatcct cac aggtaagaag 18O 

atcacggctic acctgaagag gctctggaag atgctggacc Ctc.gc.caggg gct Coggtg 24 O 

Ctcagaaagg talagcgggit cqtcgc.ct Co. Ctgatgcgcg gcctgtc.ctic ticgcaa.gagg 3OO 

cgct cocacg atgtgct cac cqtccaattic ct cattctgg gaatgctgct gatgactggc 360 

ggcgtgaccc tigtgcgcaa galacc.gctgg Ctgctgctga atgtgaccag taggacct C 42O 

999 423 

<210s, SEQ ID NO 2 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 2 

glucaaulaugc ul 11 

<210s, SEQ ID NO 3 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 3 

gugaac alugu ul 11 

<210s, SEQ ID NO 4 
&211s LENGTH: 8 
212. TYPE: PRT 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic peptide 

<4 OOs, SEQUENCE: 4 

Ser Val Gly Ala Val Thr Lieu Ser 
1. 5 

<210s, SEQ ID NO 5 
&211s LENGTH: 8 
212. TYPE: PRT 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic peptide 

<4 OOs, SEQUENCE: 5 

Glin Llys Lys Arg Gly Gly Llys Thr 
1. 5 

<210s, SEQ ID NO 6 
&211s LENGTH: 14295 
&212s. TYPE: DNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 6 

gagtaaatcc ttgttgctaa ttgaggtgca ttggtctgca aatcgagttg Ctaggcaata 6 O 

28 

































































gaccc.cgtag aaaagatcaa 

tgcttgcaaa caaaaaaacc 

c caact ctitt titc.cga-aggt 

Ctagtgtagc cqtagittagg 

gctctgctaa toctdttacc 

ttggacticaa gacgatagitt 

tgcacacagc C cagottgga 

cattgaga aa gcgc.cacgct 

aggg.tc.ggala Caggaga.g.cg 

agtic ctgtcg ggtttcgc.ca 

gggcggagcc tatggaaaaa 

SEQ ID NO 12 
LENGTH: 93 
TYPE : RNA 

91 

aggat cittct 

accoctacca 

aactggctitc 

CCaCCaCttc. 

agtggctgct 

accggataag 

gcgaacgacc 

tcc.cgaaggg 

Cacgagggag 

cct ctdactt 

cgc.ca.gcaac 

tgagatccitt 

gcggtggittt 

agcagagcgc 

aagaact ctg 

gcc agtggcg 

gcgcagoggt 

tacaccgaac 

agaaagg.cgg 

Ctt coagggg 

gag.cgt.cgat 

gcgagctica 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION: 

SEQUENCE: 12 
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tttittctg.cg cqtaatctgc 

gtttgc.cgga t Caagagcta 

agataccaaa tactgtc. citt 

tag caccgcc tacatacct c 

atalagtogtg tct taccggg 

cgggctgaac gigggggttcg 

tgagatacct acagcgtgag 

acaggitatcc ggtaagcggc 

gaaacgcct g g tat ctititat 

ttttgttgatg Ctcgt caggg 

tittaggtgac actata 

synthetic polynucleotide 

alugagcaaaa agc cluggugg accluggaaaa luccagagcag lugaac auguu galagagaggc 

alugcca aggg ulcClucaglucul gaucggccuu aag 

SEQ ID NO 13 
LENGTH: 21 
TYPE : RNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION: 

SEQUENCE: 13 

ulcaaaacaaa agaaaagalla a 

SEQ ID NO 14 
LENGTH: 31 
TYPE PRT 
ORGANISM: artificial 
FEATURE: 

OTHER INFORMATION: synthet 

SEQUENCE: 14 

ic peptide 

synthetic polynucleotide 

Met Ser Lys Llys Pro Gly Gly Pro Gly Lys Ser Arg Ala Wall Asn Met 
1. 5 15 

Lieu Lys Arg Gly Met Pro Arg Val Lieu. Ser Lieu. Ile Gly Lieu Lys 

SEO ID NO 15 
LENGTH: 6 

TYPE PRT 

25 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: synthet 

SEQUENCE: 15 

Ser Lys Glin Llys Lys Arg 
1. 5 

ic peptide 

224 O 

23 OO 

2360 

242 O 

248O 

254 O 

26 OO 

266 O 

272 O 

2780 

2836 

6 O 

93 

21 

92 
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- Continued 

<210s, SEQ ID NO 16 
&211s LENGTH: 90 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 16 

auguiculaaga aaccaggagg gcc.cggcaag agc.cgggcug ulcalaulaugcu aaaacgcgga 6 O 

alugcc.ccg.cg luguluguccuu gauluggacuu. 9 O 

<210s, SEQ ID NO 17 
&211s LENGTH: 33 
212. TYPE: PRT 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic peptide 

<4 OOs, SEQUENCE: 17 

Met Ser Lys Llys Pro Gly Gly Pro Gly Gly Pro Gly Llys Ser Arg Ala 
1. 5 1O 15 

Val Asn Met Lieu Lys Arg Gly Met Pro Arg Val Lieu. Ser Lieu. Ile Gly 
2O 25 3O 

Lell 

<210s, SEQ ID NO 18 
&211s LENGTH: 18 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
& 22 O FEATURE; 
<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 18 

alagcaaaaga aaagagga 18 

<210s, SEQ ID NO 19 
&211s LENGTH: 6 
212. TYPE: PRT 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic peptide 

<4 OOs, SEQUENCE: 19 

Lys Glin Llys Lys Arg Gly 
1. 5 

<210s, SEQ ID NO 2 O 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 2O 

CucaaulaugC u. 11 

<210s, SEQ ID NO 21 
&211s LENGTH: 11 

212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 21 

gacalaulaugc ul 11 

94 
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<210s, SEQ ID NO 22 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 22 

gugaaulaugc ul 

<210s, SEQ ID NO 23 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 23 

gluculaulaugc ul 

<210s, SEQ ID NO 24 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 24 

glucaulualugc ul 

<210s, SEQ ID NO 25 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 25 

glucaaaaugc ul 

<210s, SEQ ID NO 26 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 26 

glucalaululugc ul 

<210s, SEQ ID NO 27 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 27 

glucaauaucc ul 

<210s, SEQ ID NO 28 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

11 

11 

11 

11 

11 

11 

96 
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<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 28 

glucaaulaugg u 

<210s, SEQ ID NO 29 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 29 

glucaaulaugC a 

<210s, SEQ ID NO 3 O 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 30 

agcaulauluga C 

<210s, SEQ ID NO 31 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 31 

agcaulauluga g 

<210s, SEQ ID NO 32 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 32 

agcaulaulugu, C 

<210s, SEQ ID NO 33 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 33 

agcaulauluca C 

<210s, SEQ ID NO 34 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 34 

agcaulaulaga C 

11 

11 

11 

11 

11 

11 

11 

98 
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- Continued 

<210s, SEQ ID NO 35 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 35 

agcauaaluga C 11 

<210s, SEQ ID NO 36 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 36 

agcauuluuga C 11 

<210s, SEQ ID NO 37 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OO > SEQUENCE: 37 

agcaaaluuga C 11 

<210 SEQ ID NO 38 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 38 

aggalualuuga C 11 

<210s, SEQ ID NO 39 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 39 

accalualuuga C 11 

<210s, SEQ ID NO 4 O 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 4 O 

lugcaulauluga C 11 

<210s, SEQ ID NO 41 
&211s LENGTH: 11 

212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 
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- Continued 

<4 OOs, SEQUENCE: 41 

gluculaululugc ul 

<210s, SEQ ID NO 42 
&211s LENGTH: 11 
212. TYPE : RNA 

<213> ORGANISM: artificial sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: synthetic polynucleotide 

<4 OOs, SEQUENCE: 42 

agcaaaluaga C 

What is claimed is: 
1. A replication-deficient pseudoinfectious virus compris 

ing: 
a mutant flavivirus genome having a deletion of nucleotide 

sequence encoding amino acids 26 to 93, 31 to 93, 31 to 
100, or 26 to 100 of the flavivirus capsid protein, 
wherein the deletion mutant genome cannot produce 
capsid-containing viral particles in a cell that does not 
express a capsid protein, and wherein the deletion does 
not disrupt the maturation of prM protein or the RNA 
sequence required for genome cyclization. 

2. The replication-deficient pseudoinfectious virus of 
claim 1, wherein said virus is a chimeric virus comprising a 30 
heterologous prM-E cassette. 

3. The replication-deficient pseudoinfectious virus of 
claim 2, wherein the heterologous prM-E cassette is from a 
yellow fever virus, a West Nile virus, a dengue virus, a tick 
borne encephalitis virus, a Saint Louis encephalitis virus, a 
Japanese encephalitis virus, or a Murray Valley encephalitis 
virus. 

4. The replication-deficient pseudoinfectious virus of 
claim 1, wherein the mutant genome further encodes a heter 
ologous marker protein or an antigen. 

5. The replication-deficient pseudoinfectious virus of 
claim 4, wherein the marker protein is a green fluorescent 
protein. 

6. The replication-deficient pseudoinfectious virus of as 
claim 1, wherein the deletion mutant genome further com 
prises one or both of altered C-prMjunction sequences SEQ 
ID NO.4 and SEQID NO:5. 

7. An isolated host cell comprising a flavivirus deletion 
mutant genome having a deletion of nucleotide sequence 
encoding amino acids 26 to 93, 31 to 93, 31 to 100, or 26 to 
100 of the flavivirus capsid protein, wherein the deletion 
mutant genome cannot produce capsid-containing viral par 
ticles in a cell that does not express a capsid protein, and 
wherein the deletion does not disrupt the maturation of prM 
protein or the RNA sequence required for genome cycliza 
tion. 

8. A cell culture system comprising: 
(a) a flavivirus deletion mutant genome comprising a dele 

tion of the nucleotide sequence encoding amino acids 26 
to 93, 31 to 93, 31 to 100, or 26 to 100 of the capsid 
protein, wherein the deletion mutant genome cannot 
produce capsid-containing viral particles in a cell that 
does not express a capsid protein, and wherein the dele 
tion does not disrupt the maturation of prM protein or the 
RNA sequence required for genome cyclization; and 

(b) a host cell expressing a flavivirus capsid protein. 
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9. The cell culture system of claim 8, wherein the cell 
comprises a replicon encoding a codon-optimized flavivirus 
capsid protein. 

10. The cell culture system of claim 9, wherein the replicon 
is an alphavirus replicon. 

11. The cell culture system of claim 8, wherein the flavivi 
rus capsid protein expressed by the host cell is a Venezuelan 
Equine Encephalitis Virus capsid protein. 

12. A method of producing a replication-deficient pseudo 
infectious virus comprising: 

introducing into a cell expressing a flavivirus capsid pro 
tein a flavivirus deletion mutant genome comprising a 
deletion of the nucleotide sequence encoding amino 
acids 26 to 93, 31 to 93, 31 to 100, or 26 to 100 of the 
capsid protein, wherein the deletion mutant genome 
cannot produce capsid-containing viral particles in a cell 
that does not express a capsid protein, and wherein the 
deletion does not disrupt the maturation of prM protein 
or the RNA sequence required for genome cyclization; 
and 

culturing the cell comprising the flavivirus deletion mutant 
genome under conditions that result in the production of 
replication-deficient pseudoinfectious virus. 

13. The method of claim 12, wherein the deletion mutant 
genome comprises a heterologous prM-E cassette. 

14. The method of claim 13, wherein the heterologous 
prM-E cassette is from a yellow fever virus, a West Nile virus, 
a dengue virus, a tick-borne encephalitis virus, a Saint Louis 
encephalitis virus, a Japanese encephalitis virus, or a Murray 
Valley encephalitis virus. 

15. The method of claim 12, wherein the cell comprises a 
replicon expressing a flavivirus capsid protein. 

16. The method of claim 15, wherein the replicon is an 
alphavirus replicon. 

17. The method of claim 16, wherein the alphavirus is 
Venezuelan Equine Encephalitis Virus, Sindbis virus, Eastern 
Equine Encephalitis virus, Western Equine Encephalitis 
virus, or Ross River virus. 

18. The method of claim 15, wherein the replicon com 
prises a codon-optimized nucleic acid sequence encoding the 
flavivirus capsid protein. 

19. The method of claim 15, wherein the replicon com 
prises a cyclization sequence of SEQID NO:3. 

20. The method of claim 12, wherein the mutant flavivirus 
genome comprises an altered C-prM junction sequence of 
SEQID NO.4 and/or SEQID NO:5. 

21. The replication-deficient pseudoinfectious virus of 
claim 1, wherein the mutant flavivirus genome is a dengue 
virus genome. 
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22. The host cell of claim 7, wherein the mutant flavivirus 
genome is a dengue virus genome. 

23. The cell culture system of claim 8, wherein the mutant 
flavivirus genome is a dengue virus genome. 

24. The method of claim 12, wherein the flavivirus is den- 5 
gue Virus. 


