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GENERATION OF INFECTIOUS INFLUENZA
VIRUSES FROM VIRUS-LIKE PARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of the filing date of
U.S. application Ser. No. 62/211,125, filed on Aug. 28, 2015,
the disclosure of which is incorporated by reference herein.

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under
HHSN272201400008C awarded by the National Institutes
of Health. The government has certain rights in the inven-
tion.

BACKGROUND

Influenza A, B, and C viruses are members of the
Orthomyxoviridae, which is a family of enveloped viruses
with segmented, single-stranded, negative-sense RNA
genomes. They are classified by antigenic differences in
their nucleoprotein (NP) and matrix protein (M1), which are
present within the virions. Influenza A viruses are further
classified into 18 hemagglutinin (HA) subtypes (H1-H18)
and 11 neuraminidase (NA) subtypes (N1-N11) on the basis
of the antigenicities of their HA and NA. Most subtypes can
be found in their natural reservoir of wild aquatic birds, but
they can also infect mammalian species, such as humans,
pigs, and horses. Influenza A viruses cause annual epidemics
in humans and occasional pandemics that spread on a global
scale with severe consequences for human health. Influenza
B viruses naturally infect humans, and occasionally seals,
and cause more limited epidemics than Influenza A viruses
in humans every few years. Influenza C viruses infect
humans and pigs. Seroepidemiological studies suggest that
influenza C virus has been globally distributed, although it
is clinically benign in humans.

Influenza A virions possess a lipid envelope that is
acquired from the apical plasma membrane of infected cells
during the budding process. The virions released from
infected cells are generally spherical, ranging from approxi-
mately 80-120 nm in diameter. On the other hand, budding
virions on the surface of infected cells present as mostly
elongated particles and occasionally filamentous particles of
uniform diameter. These virions are covered with projec-
tions called spikes. A large number of two glycoproteins, HA
and NA, and small amounts of an ion channel protein (M2)
are inserted into the envelope. The two glycoproteins form
the spikes on the viral surface. The HA spikes are rod-
shaped, while the NA spikes are mushroom-shaped with a
box-shaped head that is connected to the lipid membrane by
a stalk. M1, a peripheral membrane protein, is one of the
most abundant viral proteins in the virion. It binds to the
lipid envelope and is thought to form a layer beneath it to
maintain the spherical or filamentous structure of the virion.
The viral genome is enclosed in a shell mainly composed of
a layer of M1 protein, HA and NA spikes, and the lipid
envelope.

The genomes of influenza A and B viruses consist of eight
single-stranded negative-sense RNA segments, while that of
influenza C virus consists of seven RNA segments. Each
viral RNA (VRNA) segment forms a ribonucleoprotein
(RNP) complex which creates a twisted rod-like structure
that is folded back and coiled on itself. The RNPs, but not
the genomic RNA alone, are transcriptionally active. In the
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RNP complexes, the vVRNA is associated with NP and a
heterotrimeric RNA-dependent RNA polymerase complex
that is composed of basic polymerase protein 1 (PB1), basic
polymerase protein 2 (PB2), and acidic polymerase protein
(PA). PB1 forms the core structure of the heterotrimeric
RNA polymerase complex. The N-terminal region of PB1
binds to the C-terminal region of PA, and C-terminal region
of PB1 binds to the N-terminal region of PB2.

Unlike most negative-sense RNA viruses, transcription
and replication of the influenza virus genome occurs in the
nucleus of infected cells. After synthesis of the genomic
RNAs and viral proteins, RNPs are synthesized in nucleus
and exported to the cytoplasm mediated by two viral pro-
teins, M1 and nuclear export protein (NEP/NS2), through a
cellular chromosome region maintenance 1 (Crm1) protein-
dependent pathway. The RNPs are intracellularly trans-
ported to the budding site (i.e., the lipid rafts on the apical
plasma membrane of polarized cells, while the transmem-
brane HA, NA, and M2 proteins are conveyed to the cell
surface by the standard exocytic pathway. The RNPs are
presumed to interact with the M1 proteins and/or the cyto-
plasmic tails of HA, NA, and M2 at the plasma membrane,
to be packaged into virus particles. Finally, all of the viral
components assemble into progeny virions, leading to bud-
ding from the apical plasma membrane by membrane fis-
sion.

SUMMARY

The present invention relates to new methods for prepar-
ing influenza virus from DNA constructs. The method
combines elements of reverse genetics methods with clas-
sical reassortant techniques and the use of two or more
distinct VLPs to produce a replication-competent fully
infectious virus. The method includes the following: con-
tacting a first population of host cells with plasmids or other
vectors, e.g., adenovirus vectors, encoding the viral seg-
ments for, for example, 7 of the 8 influenza genomic
segments or 8 of the 8 genomic segments where at least one
of those 8 segments is modified so that a functional
protein(s) is not expressed from that segment in a cell, as
well as protein expression plasmids for the four influenza
proteins to initiate viral replication and transcription and a
host cell binding protein such as influenza HA protein, Ebola
GP protein, rhabdovirus GP protein, or an antibody, includ-
ing a chimeric protein, e.g., one having a cell membrane
anchoring peptide from one source, such as HA2, fused to a
host cell binding protein from a different source and that
optionally lacks a cell membrane anchoring peptide. As used
herein, a “viral segment” in a virus means an influenza
VRNA sequence and a “viral segment” in a transcription
cassette for production of a viral segment means a sequence
that when introduced into a cell or appropriate cell-free
system and transcribed, yields influenza vRNA or cRNA.
Optionally, other protein product(s) corresponding to miss-
ing segment(s) may be expressed in the host cell, e.g., from
a transfected plasmid owr as a stably integrated vector in the
host genome, so that in one embodiment, one or more, and
in another embodiment, the entire set of, proteins is avail-
able for viral replication. For example, viral proteins other
than NS1 may be provided in trans. In one embodiment, the
resulting VLPs carry less than the full genome of viral
segments, e.g., only carry 1 or up to 7 of the 8 segments. In
one embodiment, the resulting VLPs carry 8 of the 8
segments, where at least one of the segments is modified so
that a functional protein(s) is not expressed from that
segment in a cell. Accordingly, these VLPs can infect fresh
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cells (that lack the missing segment(s) or functional
protein(s)), but will not undergo additional rounds of propa-
gation due to the lack of the missing segment(s) or the
functional protein(s)). Thus, the VLPs are infectious (bind to
cells, enter cells and deliver viral RNA) but may be repli-
cation-incompetent. In parallel, another (second) population
of cells is treated similarly, such that they are missing a
different one of the 8 segments (for influenza A and B
viruses) or lacking one of the 7 segments (for influenza C
viruses) or have at least one modified segment that is not
modified in the first population of cells, thereby producing
distinct VLPs. For example, two populations of VLPs (e.g.,
a 7 segment VLP lacking the HA viral segment and a seven
segment VLP lacking a PB2 viral segment) are mixed and
inoculated into fresh cells. Some of the cells will become
infected with both types of VLPs, with the result that all
eight VRN As will be produced or present in those cells, and
infectious replicating influenza viruses will be generated. By
matching the segments that are common between the two
VLP populations, a predictable virus genome can be
designed and produced. In some embodiments, fewer seg-
ments are included in the VLPs; for example, two sets of 4
segment VLPs, or 8 sets of 1segment VLPs, and the like,
may be used; VLPs with mismatched numbers of segments
may be combined, as long as the complete genome is
represented in the pooled VLPs.

The invention thus provides a composition to prepare 1
and up to a 8 segment influenza A VLP. The composition
includes one or more vectors which include at least one and
up to eight transcription cassettes for production of at least
one and up to eight influenza A virus segments (e.g.,
sequences for VRNA or for cRNA) selected from: a tran-
scription cassette comprising a promoter operably linked to
an influenza virus PA DNA, e.g., cDNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PB1 DNA, e.g., cDNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB2 DNA, e.g., cDNA; a transcription cassette comprising
a promoter operably linked to an influenza virus NP DNA,
e.g., cDNA; a transcription cassette comprising a promoter
operably linked to an influenza virus M DNA, e.g., cDNA;
a transcription cassette comprising a promoter operably
linked to an influenza virus NS DNA, e.g., cDNA; a tran-
scription cassette comprising a promoter operably linked to
an influenza virus NA DNA, e.g., cDNA; or a transcription
cassette comprising a promoter operably linked to an influ-
enza virus HA DNA or a non-influenza cell binding protein
DNA, e.g., cDNA; and one or more vectors which include
transcription cassettes for mRNA production including a
transcription cassette comprising a promoter operably linked
to an influenza virus PA DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB1 DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus PB2 DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NP DNA; and a transcription cassette com-
prising a promoter operably linked to an influenza virus HA
or a non-influenza virus cell binding protein DNA. If the one
or more transcription cassettes for viral segment production
do not include a transcription cassette comprising a pro-
moter operably linked to an influenza virus M DNA, option-
ally a vector for mRNA production of M1 and M2 is
included. If the one or more transcription cassettes for viral
segment production do not include a transcription cassette
comprising a promoter operably linked to an influenza virus
NS DNA, optionally a vector for mRNA production of NS1
and NS2 is included. If the one or more transcription
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cassettes for VRNA do not include a transcription cassette
comprising a promoter operably linked to an influenza virus
NA DNA, optionally a vector for mRNA production of NA
is included.

The invention also provides a composition to prepare 1
and up to a 8 segment influenza B VLP. The composition
includes one or more vectors which include at least one and
up to eight transcription cassettes for production of at least
one and up to eight influenza B virus segments selected
from: a transcription cassette comprising a promoter oper-
ably linked to an influenza virus PA DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PB1 DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB2 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus NP DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
M DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NS DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NA and NB DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
HA DNA or non-influenza virus cell binding protein DNA;
and one or more vectors which include transcription cas-
settes for mRNA production including a transcription cas-
sette comprising a promoter operably linked to an influenza
virus PA DNA; a transcription cassette comprising a pro-
moter operably linked to an influenza virus PB1 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB2 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NP DNA; and a transcription cassette comprising a promoter
operably linked to an influenza virus HA or non-influenza
virus cell binding protein DNA. If the one or more tran-
scription cassettes for VRNA do not include a transcription
cassette comprising a promoter operably linked to an influ-
enza virus M DNA, optionally a vector for mRNA produc-
tion of M1 and BM2 is included. If the one or more
transcription cassettes for vVRNA do not include a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NS DNA, optionally a vector for mRNA
production of NS1 and NS2 is included. If the one or more
transcription cassettes for vVRNA do not include a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NA and NB DNA, optionally a vector for
mRNA production of NA and optionally for NB is included.

The compositions may also include a vector for produc-
tion of an additional viral segment, e.g., one that encodes a
gene product of interest, e.g., a prophylactic or therapeutic
protein such as an antigen of a microbe or a cancer antigen.

Further provided is an isolated host cell having the vectors
for production of VLPs. In one embodiment, the host cell
comprises one or more vectors which include at least one
and up to eight transcription cassettes for production of at
least one and up to eight influenza A virus segments selected
from: a transcription cassette comprising a promoter oper-
ably linked to an influenza virus PA DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PB1 DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB2 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus NP DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
M DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NS DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NA DNA; or a transcription cassette com-
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prising a promoter operably linked to an influenza virus HA
DNA or a non-influenza virus cell binding protein DNA; and
one or more vectors which include transcription cassettes for
mRNA production including a transcription cassette com-
prising a promoter operably linked to an influenza virus PA
DNA; a transcription cassette comprising a promoter oper-
ably linked to an influenza virus PB1 DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PB2 DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus NP DNA; and
a transcription cassette comprising a promoter operably
linked to an influenza virus HA or a non-influenza virus cell
binding protein DNA. In one embodiment, if the one or more
transcription cassettes for viral segment production do not
include a transcription cassette comprising a promoter oper-
ably linked to an influenza virus M DNA, optionally a vector
for mRNA production of M1 and M2 is included, wherein if
the one or more transcription cassettes for VRNA do not
include a transcription cassette comprising a promoter oper-
ably linked to an influenza virus NS DNA, optionally a
vector for mRNA production of NS1 and NS2 is included,
and wherein if the one or more transcription cassettes for
VRNA do not include a transcription cassette comprising a
promoter operably linked to an influenza virus NA DNA,
optionally a vector for mRNA production of NA is included.
In one embodiment, the host cell is a recombinant host cell
stably transformed with one or more vectors for mRNA
production.

In one embodiment, the host cell comprises one or more
vectors which include at least one and up to eight transcrip-
tion cassettes for production of at least one and up to eight
influenza B virus segments selected from: a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PA DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB1 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB2 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NP DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus M DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NS DNA; a transcription cassette comprising
a promoter operably linked to an influenza virus NA and NB
DNA; or a transcription cassette comprising a promoter
operably linked to an influenza virus HA or non-influenza
virus cell binding protein DNA; and one or more vectors
which include transcription cassettes for mRNA production
including a transcription cassette comprising a promoter
operably linked to an influenza virus PA DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus PB1 DNA; a transcription cassette compris-
ing a promoter operably linked to an influenza virus PB2
DNA; a transcription cassette comprising a promoter oper-
ably linked to an influenza virus NP DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus HA or non-influenza virus cell binding protein
DNA, wherein if the one or more transcription cassettes for
VRNA do not include a transcription cassette comprising a
promoter operably linked to an influenza virus M DNA,
optionally a vector for mRNA production of M1 and BM2
is included, wherein if the one or more transcription cas-
settes for vVRNA do not include a transcription cassette
comprising a promoter operably linked to an influenza virus
NS DNA, optionally a vector for mRNA production of NS1
and NS2 is included, and wherein if the one or more
transcription cassettes for VRNA do not include a transcrip-
tion cassette comprising a promoter operably linked to an

10

15

20

25

30

35

40

45

50

55

60

65

6

influenza virus NA and NB DNA, optionally a vector for
mRNA production of NA and optionally NB is included. In
one embodiment, the host cell is a recombinant host cell
stably transformed with one or more vectors for mRNA
production.

Thus, in one embodiment, the invention provides a com-
position to prepare a 1 and up to 8 genomic segment
influenza A or B VLP. In one embodiment, the composition
includes one or more vectors which include at least one and
up to eight transcription cassettes for production of at least
one and up to eight viral segments from the genome of
Influenza A virus selected from: a transcription cassette
comprising a promoter operably linked to an influenza virus
PA DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus PB1 DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus PB2 DNA; a transcription cassette compris-
ing a promoter operably linked to an influenza virus NP
DNA; a transcription cassette comprising a promoter oper-
ably linked to an influenza virus M DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus NS DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus NA DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus HA DNA or a non-influenza virus cell
binding protein DNA; and one or more vectors which
include transcription cassettes for mRNA production includ-
ing a transcription cassette comprising a promoter operably
linked to an influenza virus PA DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB1 DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus PB2 DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NP DNA; and a transcription cassette com-
prising a promoter operably linked to an influenza virus HA
DNA or a non-influenza virus cell binding protein DNA.

The promoter or transcription termination sequence in a
transcription cassette for viral segment or virus protein
expression (MRNA production) may be the same or different
relative to the promoter or transcription termination
sequence in any other cassette. In one embodiment, the
cassette which expresses an influenza viral genomic segment
comprises a promoter suitable for expression in at least one
particular host cell, e.g., avian or mammalian host cells such
as canine, feline, equine, bovine, ovine, or primate cells
including human cells, or for expression in more than one
host.

In one embodiment, one or more transcription cassettes
for production of a viral segment have a promoter including,
but not limited to, a RNA polymerase [ promoter, e.g., a
human RNA polymerase I promoter, a RNA polymerase 11
promoter, a RNA polymerase III promoter, a T7 promoter, or
a T3 promoter. For example, transcription termination
sequences for the vectors include, but are not limited to, a
RNA polymerase 1 transcription termination sequence, a
RNA polymerase Il transcription termination sequence, a
RNA polymerase III transcription termination sequence, or
a ribozyme. Ribozymes within the scope of the invention
include, but are not limited to, tetrahymena ribozymes,
RNase P, hammerhead ribozymes, hairpin ribozymes, hepa-
titis ribozyme, as well as synthetic ribozymes. Each pro-
moter or transcription termination sequence in each tran-
scription cassette may be the same or different than the
promoters or transcription termination sequences in other
cassettes. For instance, each RNA polymerase I promoter or
transcription termination sequence in each transcription cas-
sette may be the same or different as the RNA polymerase
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1 promoter or transcription termination sequence in any
other transcription cassette, each RNA polymerase II pro-
moter or transcription termination sequence in each tran-
scription cassette may be the same or different as the RNA
polymerase II promoter or transcription termination
sequence in any other transcription cassette, and each
ribozyme sequence in each transcription cassette may be the
same or different as the ribozyme sequences in any other
cassette. In one embodiment, one or more transcription
cassettes for VRNA comprise a RNA polymerase II promoter
linked to a ribozyme sequence linked to viral coding
sequences linked to another ribozyme sequences, optionally
linked to a RNA polymerase II transcription termination
sequence. In one embodiment, the ribozyme sequences in a
single cassette are not the same. In one embodiment, at least
2 and more, e.g., 3, 4, 5, 6, or 7, transcription cassettes for
viral segment production comprise a RNA polymerase 11
promoter, a first ribozyme sequence, which is 5' to a
sequence corresponding to viral sequences including viral
coding sequences, which is 5' to a second ribozyme
sequence, which is 5' to a transcription termination
sequence.

A plurality of the transcription cassettes of the invention
may be physically linked or each transcription cassette may
be present on an individual vector such as a plasmid or other,
e.g., linear, nucleic acid delivery vehicle. In one embodi-
ment, each transcription cassette is on a plasmid or a
non-influenza viral vector. In one embodiment, one or more
transcription cassettes are on one or more plasmids or a
non-influenza viral vectors.

Further provided are methods of using vectors, composi-
tions and host cells of the invention, e.g., to prepare a
vaccine.

The invention provides a set of isolated host cells. The set
includes a first host cell for producing a first VLP with at
least 1 and up to 8 influenza A virus segments comprising:
one or more vectors which include up to at least one and up
to eight transcription cassettes for production of at least one
and up to eight viral segments from the genome of influenza
A virus selected from: a transcription cassette comprising a
promoter operably linked to an influenza virus PA DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB1 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB2 DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NP DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus M DNA; a transcription cassette comprising
a promoter operably linked to an influenza virus NS DNA;
a transcription cassette comprising a promoter operably
linked to an influenza virus NA DNA; or a transcription
cassette comprising a promoter operably linked to an influ-
enza virus HA or non-influenza virus cell binding protein
DNA; and one or more vectors which include transcription
cassettes for mRNA production including a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PA DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB1 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB2 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NP DNA; and a transcription cassette comprising a promoter
operably linked to an influenza virus HA or non-influenza
virus cell binding protein DNA. If the one or more tran-
scription cassettes for vVRNA do not include a transcription
cassette comprising a promoter operably linked to an influ-
enza virus M DNA, optionally a vector for mRNA produc-
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tion of M1 and M2 is included, wherein if the one or more
transcription cassettes for viral segment production do not
include a transcription cassette comprising a promoter oper-
ably linked to an influenza virus NS DNA, optionally a
vector for mRNA production of NS1 and NS2 is included,
and wherein if the one or more transcription cassettes for
VvRNA do not include a transcription cassette comprising a
promoter operably linked to an influenza virus NA DNA, a
vector for mRNA production of NA is included.

The second host cell for producing a second VLP with at
least 1 and up to 8 influenza A virus segments includes one
or more vectors which include at least one and up to seven
transcription cassettes for production of at least one and up
to eight viral segments from the genome of influenza A
selected from: a transcription cassette comprising a pro-
moter operably linked to an influenza virus PA DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB1 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB2 DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NP DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus M DNA; a transcription cassette comprising
a promoter operably linked to an influenza virus NS DNA;
a transcription cassette comprising a promoter operably
linked to an influenza virus NA DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus HA or non-infleunza virus cell binding protein
DNA; and one or more vectors which include transcription
cassettes for mRNA production including a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PA DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB1 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB2 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NP DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus HA or non-influenza
virus cell binding protein DNA. If the one or more tran-
scription cassettes for VRNA do not include a transcription
cassette comprising a promoter operably linked to an influ-
enza virus M DNA, optionally a vector for mRNA produc-
tion of M1 and M2 is included, wherein if the one or more
transcription cassettes for vVRNA do not include a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NS DNA, optionally a vector for mRNA
production of NS1 and NS2 is included, and wherein if the
one or more transcription cassettes for vVRNA do not include
a transcription cassette comprising a promoter operably
linked to an influenza virus NA DNA, a vector for mRNA
production of NA is included. In one embodiment, if the one
or more transcription cassettes for viral segments in the
second host cell do not include a transcription cassette
comprising a promoter operably linked to an influenza virus
M DNA, optionally a vector for mRNA production of M1
and M2 is included, wherein if the one or more transcription
cassettes for viral segments do not include a transcription
cassette comprising a promoter operably linked to an influ-
enza virus NS DNA, optionally a vector for mRNA produc-
tion of NS1 and NS2 is included, and wherein if the one or
more transcription cassettes for VRNA do not include a
transcription cassette comprising a promoter operably linked
to an influenza virus NA DNA, a vector for mRNA produc-
tion of NA is included.

In one embodiment, in the set, the first host cell has at
least one transcription cassette for expression of at least one
viral segment that is not present in the second host cell and
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the second host cell has at least one transcription cassette for
expression of at least one viral segment that is not present in
the first host cell. In one embodiment, the first host cell has
7 of the expression cassettes for viral segment production
and the second host cell has 7 of the expression cassettes for
viral segment production. In one embodiment, the first host
cell has at least 2 of the expression cassettes for viral
segment production and the second host cell has at least 6 of
the expression cassettes for viral segment production. In one
embodiment, the first host cell has at least 3 of the expres-
sion cassettes for viral segment production and the second
host cell has at least 5 of the expression cassettes for viral
segment production. In one embodiment, the first host cell
has at least 4 of the expression cassettes for VRNA produc-
tion and the second host cell has at least 4 of the expression
cassettes for viral segment production. In one embodiment,
the first host cell has at least 5 of the expression cassettes for
viral segment production and the second host cell has at least
3 ofthe expression cassettes for viral segment production. In
one embodiment, the first host cell has at least 6 of the
expression cassettes for viral segment production and the
second host cell has at least 2 of the expression cassettes for
viral segment production. In one embodiment, the first host
cell has less than 7 of the expression cassettes for viral
segment production and the second host cell has less than 7
of the expression cassettes for viral segment production. In
one embodiment, if the transcription cassettes for viral
segments in the first and second host cells do not include all
8 viral segments, the set further comprises one or more host
cells that each produce a VLP with viral segment(s) that
is/are not present in the set.

Further provided is an isolated VLP having at least one
and up to 8 influenza A virus segments. The VLP has one and
up to eight influenza A virus segments selected from: an
influenza virus PA segment; an influenza virus PB1 segment;
an influenza virus PB2 segment; an influenza virus NP
segment; an influenza virus M segment; an influenza virus
NS segment; an influenza virus NA segment; or an influenza
virus HA segment or a HA segment modified to include a
non-influenza virus cell binding protein; and wherein the
VLP comprises PA, PB1, PB2, NP, and HA or a non-
influenza virus cell binding protein.

Further provided is an isolated VLP having at least one
and up to 7 influenza A virus segments. The VLP has one and
up to seven influenza A virus segments are selected from: an
influenza virus PA segment; an influenza virus PB1 segment;
an influenza virus PB2 segment; an influenza virus NP
segment; an influenza virus M segment; an influenza virus
NS segment; an influenza virus NA segment; or an influenza
virus HA segment or a HA segment modified to include a
non-influenza virus cell binding protein; and wherein the
VLP comprises PA, PB1, PB2, NP, and HA or a non-
influenza virus cell binding protein.

Also provided is a set of isolated VLPs, wherein one VLP
in the set has: one or up to eight influenza A virus segments
selected from: an influenza virus PA segment; an influenza
virus PB1 segment; an influenza virus PB2 segment; an
influenza virus NP segment; an influenza virus M segment;
an influenza virus NS segment; an influenza virus NA
segment; or an influenza virus HA or a modified HA segment
having sequences for a non-influenza host cell binding
protein; and wherein the VLP comprises PA, PB1, PB2, NP,
and HA or a non-influenza host cell binding protein; and
wherein a second VLP in the set has one and up to eight
influenza A virus viral segments selected from: an influenza
virus PA segment; an influenza virus PB1 segment; an
influenza virus PB2 segment; an influenza virus NP seg-
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ment; an influenza virus M segment; an influenza virus NS
segment; an influenza virus NA segment; or an influenza
virus HA segment or a modified HA segment having
sequences for a non-influenza host cell binding protein; and
wherein the second VLP comprises PA, PB1, PB2, NP, and
HA or a non-influenza host cell binding protein; wherein the
first VLP has at least one segment that is not present in the
second VLP or wherein the first VLP has at least one
segment that is modified in the second VLP so that a
functional influenza virus protein is not expressed from that
modified segment. In one embodiment, the second VLP has
at least one viral segment that is not present in the first VLP.
In one embodiment, at least one of the VLPs further com-
prises an influenza viral segment comprising 3' influenza
virus noncoding sequences linked to non-influenza
sequences linked to 5' influenza virus noncoding sequences.

Also provided is a method to prepare influenza A virus.
The method includes infecting a host cell with at least two
different VLPs, wherein the VLPs include a first isolated
VLP having at least one and up to 8 influenza A virus
segments and a second VLP having at least one and up to 8
influenza A virus segments. The first VLP and the second
VLP comprise one and up to eight influenza A virus seg-
ments selected from: an influenza virus PA segment; an
influenza virus PB1 segment; an influenza virus PB2 seg-
ment; an influenza virus NP segment; an influenza virus M
segment; an influenza virus NS segment; an influenza virus
NA segment; or an influenza virus HA segment or a modified
HA segment having sequences for a non-influenza virus cell
binding protein; and wherein the first VLP and the second
VLP comprise PA, PB1, PB2, NP, and HA or a non-influenza
virus cell binding protein. In one embodiment, the first VL.P
has at least one viral segment that is modified in the second
VLP to not encode a functional influenza virus protein. In
one embodiment, the first VLP has at least one viral segment
that is not present in the second VLP and the second VLP has
at least one viral segment that is not present in the first VLP.
In one embodiment, at least one of the segments of the first
VLP is from the same virus isolate as the corresponding
segment in the second VLP. In one embodiment, at least one
of the segments of the first VLP is from a different virus
isolate as the corresponding segment in the second VLP. In
one embodiment, the first VLP has 7 segments and the
second VLP has 7 segments. In one embodiment, the first
VLP has 7 segments and the second VLP has 6 segments. In
one embodiment, the first VLP has at least 3 segments and
the second VLP has 7 segments. In one embodiment, the first
VLP has at least 4 segments and the second VLP has at least
4 segments. In one embodiment, the first VLP has less than
7 segments and the second VLP has less than 7 segments. In
one embodiment, if the segments in the first and second
VLPs do not include all 8 vRNAs, the host cell is further
infected with one or more other VLPs that have a segment(s)
that is/are not present in the first and second VLPs. In one
embodiment, the first VLP has less than 8 viral segments. In
one embodiment, the second VLP has less than 8 viral
segments.

The invention further provides a set of isolated host cells.
In one embodiment, the set includes a first host cell for
producing a first VLP with less than 8 influenza B virus
segments comprising: one or more vectors which include up
to at least one and up to seven transcription cassettes for
VvRNA production of at least one and up to seven viral
segments from the genome of Influenza B virus selected
from: a transcription cassette comprising a promoter oper-
ably linked to an influenza virus PA DNA; a transcription
cassette comprising a promoter operably linked to an influ-
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enza virus PB1 DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus PB2 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus NP DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
M DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NS DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NA and NB DNA; or a transcription cassette
comprising a promoter operably linked to an influenza virus
HA DNA or non-influenza virus cell binding protein DNA;
and one or more vectors which include transcription cas-
settes for mRNA production including a transcription cas-
sette comprising a promoter operably linked to an influenza
virus PA DNA; a transcription cassette comprising a pro-
moter operably linked to an influenza virus PB1 DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus PB2 DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NP DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus HA or non-influenza
virus cell binding protein DNA. If the one or more tran-
scription cassettes for vVRNA do not include a transcription
cassette comprising a promoter operably linked to an influ-
enza virus M DNA, optionally a vector for mRNA produc-
tion of M1 and BM2 is included, wherein if the one or more
transcription cassettes for VRNA do not include a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NS DNA, optionally a vector for mRNA
production of NS1 and NS2 is included, and wherein if the
one or more transcription cassettes for vVRNA do not include
a transcription cassette comprising a promoter operably
linked to an influenza virus NA and NB DNA, optionally a
vector for mRNA production of NA and NB is included.
In one embodiment, the second host cell for producing a
second VLP with less than 8 influenza B virus segments
includes one or more vectors which include at least one and
up to seven transcription cassettes for VRNA production of
at least one and up to seven viral segments from the genome
of influenza B selected from: a transcription cassette com-
prising a promoter operably linked to an influenza virus PA
DNA; a transcription cassette comprising a promoter oper-
ably linked to an influenza virus PB1 DNA; a transcription
cassette comprising a promoter operably linked to an influ-
enza virus PB2 DNA; a transcription cassette comprising a
promoter operably linked to an influenza virus NP DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus M DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
NS DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus NA and NB DNA; a
transcription cassette comprising a promoter operably linked
to an influenza virus HA DNA or a non-influenza host cell
binding protein DNA; and one or more vectors which
include transcription cassettes for mRNA production includ-
ing a transcription cassette comprising a promoter operably
linked to an influenza virus PA DNA; a transcription cassette
comprising a promoter operably linked to an influenza virus
PB1 DNA; a transcription cassette comprising a promoter
operably linked to an influenza virus PB2 DNA; a transcrip-
tion cassette comprising a promoter operably linked to an
influenza virus NP DNA; and a transcription cassette com-
prising a promoter operably linked to an influenza virus HA
or a non-influenza host cell binding protein DNA. If the one
or more transcription cassettes for VRNA do not include a
transcription cassette comprising a promoter operably linked
to an influenza virus M DNA, optionally a vector for mRNA
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production of M1 and BM2 is included, wherein if the one
or more transcription cassettes for VRNA do not include a
transcription cassette comprising a promoter operably linked
to an influenza virus NS DNA, optionally a vector for
mRNA production of NS1 and NS2 is included, and wherein
if the one or more transcription cassettes for vVRNA do not
include a transcription cassette comprising a promoter oper-
ably linked to an influenza virus NAand NB DNA, option-
ally a vector for mRNA production of NA and NB is
included.

In the set, in one embodiment, the first host cell has at
least one transcription cassette for expression of at least one
viral segment that is not present in the second host cell and
the second host cell has at least one transcription cassette for
VRNA expression of at least one viral segment that is not
present in the first host cell. In one embodiment, the first host
cell has 7 of the expression cassettes for viral segment
production and the second host cell has 7 of the expression
cassettes for viral segment production. In one embodiment,
the first host cell has at least 2 of the expression cassettes for
viral segment production and the second host cell has at least
6 of the expression cassettes for viral segment production. In
one embodiment, the first host cell has at least 3 of the
expression cassettes for viral segment production and the
second host cell has at least 5 of the expression cassettes for
viral segment production. In one embodiment, the first host
cell has at least 4 of the expression cassettes for viral
segment production and the second host cell has at least 4 of
the expression cassettes for viral segment production. In one
embodiment, the first host cell has at least 5 of the expres-
sion cassettes for viral segment production and the second
host cell has at least 3 of the expression cassettes for viral
segment production. In one embodiment, the first host cell
has at least 6 of the expression cassettes for viral segment
production and the second host cell has at least 2 of the
expression cassettes for viral segment production. In one
embodiment, the first host cell has less than 7 of the
expression cassettes for viral segment production and the
second host cell has less than 7 of the expression cassettes
for viral segment production. In one embodiment, if the
transcription cassettes for VRNA in the first and second host
cells do not include all 8 viral segments, the set further
comprises one or more host cells that each produce a VLP
that have the viral segment (s) that is/are not present in the
set.

Further provided is an isolated VLP having less than 8
influenza B virus segments. The VLP has one and up to
seven influenza B virus segments selected from: an influenza
virus PA segment; an influenza virus PB1 segment; an
influenza virus PB2 segment; an influenza virus NP seg-
ment; an influenza virus M segment; an influenza virus NS
segment; an influenza virus NA and NB segment; or an
influenza virus HA segment or modified HA segment having
sequences encoding a non-influenza cell binding protein;
and wherein the VLP comprises PA, PB1, PB2, NP, and HA
or a non-influenza cell binding protein.

Also provided is a method to prepare influenza B virus.
The method includes infecting a host cell with at least two
different VLPs, wherein the VLPs include a first isolated
VLP having less than 8 influenza B virus segments and a
second VLP having less than 8 influenza A virus segments.
The first VLP and the second VLP comprise one and up to
seven influenza B virus segments selected from: an influenza
virus PA segment; an influenza virus PB1 segment; an
influenza virus PB2 segment; an influenza virus NP seg-
ment; an influenza virus M segment; an influenza virus NS
segment; an influenza virus NA segment; or an influenza
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virus HA segment; and wherein the first VLP and the second
VLP comprise PA, PB1, PB2, NP, and HA. The first VLP has
at least one viral segment that is not present in the second
VLP, and wherein the second VLP has at least one viral
segment that is not present in the first VLP. In one embodi-
ment, at least one of the segments of the first VLP is from
the same virus isolate as the corresponding segment in the
second VLP. In one embodiment, at least one of the seg-
ments of the first VLP is from a different virus isolate as the
corresponding segment in the second VLP. In one embodi-
ment, the first VLP has 7 segments and the second VLP has
7 segments. In one embodiment, the first VLP has 7 seg-
ments and the second VLP has 6 segments. In one embodi-
ment, the first VLP has at least 3 segments and the second
VLP has 7 segments. In one embodiment, the first VLP has
at least 4 segments and the second VLP has at least 4
segments. In one embodiment, the first VLLP has less than 7
segments and the second VLP has less than 7 segments. In
one embodiment, if the segments in the first and second
VLPs do not include all 8 vRNAs, the host cell is further
infected with one or more other VLPs with less than 8
influenza B virus segments but that have a segment that is
not present in the first and second VLPs.

Similar compositions, host cells and methods may be
employed for influenza C virus, e.g., to prepare a VLP that
has one and up to 7 of the influenza C virus segments.

DETAILED DESCRIPTION

Definitions

A “VLP” as used herein is an influenza virus-like particle
containing 1 or up to 8 (for influenza A and B viruses) or 1
or up to 7 (for influenza C viruses) influenza viral genomic
segments. In one embodiment, the VLP has less than 8
genomic segments (for influenza A and B viruses) or less
than 7 genomic segments (for influenza C viruses). A VLLP
can infect a cell but by itself cannot produce progeny virus
unless something is provided in trans, e.g., by providing a
complementing VLP. In one embodiment, the VLP has less
than 8 genomic segments (for influenza A and B viruses) and
each of those influenza A virus or influenza B virus segments
has sequences that encode functional influenza virus
protein(s). In one embodiment, the VLP has less than 7
genomic segments (for influenza C viruses) and each of
those influenza C virus segments has sequences that encode
functional influenza virus protein(s). In one embodiment, if
more than 1 genomic segment is present, at least one
influenza viral genomic segment may not encode a func-
tional version of the main viral protein(s) encoded by the
respective segment (i.e., the PB2, PB1, PA, HA, NP, NA,
M1, M2, NS1, NS2 proteins), e.g., as a result of modification
of the genomic segment, for instance, via deletion, insertion
or substitution of one or more nucleotides. In one embodi-
ment, a VLP may have the same number of viral segments
as a wild-type influenza virus, e.g., for influenza A or B that
is 8 segments, but at least one segment in the VLP is
non-functional, e.g., does not express a viral protein for
replication or packaging, or for infectious virus production.
In addition to one or more viral genomic segment(s), the
VLPs may comprise at least a protein required for binding
to host cells (for example, the influenza virus HA protein, the
Ebola virus GP protein, or the VSV G protein), and the viral
proteins required for viral RNA replication and transcription
(i.e., the PB2, PB1, PA, and NP proteins which, together
with the viral RNA, form the viral ribonucleoprotein com-
plex). Most VLPs will be replication incompetent (i.e.,
dependent on a helper function). Some VLPs may be rep-
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lication competent (i.e., they may lack the capability to
express an influenza viral protein such as NA or NS1, but
may still be able to form infectious progeny viruses). A
replication competent VL.P may be attenuated. A set of VLPs
may be used to co-infect cells and yield a replication
competent influenza virus so long as the set includes at least
one “functional segment” (defined as a segment encoding
functional PB2, PB1, PA, HA, NP, NA or NB, M1, M2, NS1,
or NS2 protein) for each of the 8 segments for type A or type
B or at least one functional segment for each of the 7
segments for type C.

As used herein, the terms “isolated” refers to in vitro
preparation, isolation of a nucleic acid molecule such as a
vector or plasmid of the invention or a virus of the invention,
so that it is not associated with in vivo substances, or is
substantially purified from in vitro substances. An isolated
virus preparation is generally obtained by in vitro culture
and propagation and is substantially free from other infec-
tious agents. As used herein, “substantially free” means
below the level of detection for a particular infectious agent
using standard detection methods for that agent. A “recom-
binant” virus is one which has been manipulated in vitro,
e.g., using recombinant DNA techniques, to introduce
changes to the viral genome, e.g., deletion of sequences or
entire segments, or otherwise artificially generated. As used
herein, the term “recombinant nucleic acid” or “recombinant
DNA sequence or segment” refers to a nucleic acid, e.g., to
DNA, that has been derived or isolated from a source, that
may be subsequently chemically altered in vitro, so that its
sequence is not naturally occurring, or corresponds to natu-
rally occurring sequences that are not positioned as they
would be positioned in the native genome. An example of
DNA “derived” from a source, would be a DNA sequence
that is identified as a useful fragment, and which is then
chemically synthesized in essentially pure form. An example
of such DNA “isolated” from a source would be a useful
DNA sequence that is excised or removed from said source
by chemical means, e.g., by the use of restriction endonu-
cleases, so that it can be further manipulated, e.g., amplified,
for use in the invention, by the methodology of genetic
engineering.

Negative-Sense RNA Viruses

Negative-sense RNA viruses are classified into seven
families (Rhabdoviridae, Paramyxoviridae, Filoviridae,
Bornaviridae, Orthomyxoviridae, Bunyaviridae, and Arena-
viridae) which include common human pathogens, such as
respiratory syncytial virus, influenza virus, measles virus,
and Ebola virus, as well as animal viruses with major
economic impact on the poultry and cattle industries (e.g.,
Newcastle disease virus and Rinderpest virus). The first four
families are characterized by nonsegmented genomes, while
the latter three have genomes comprised of six-to-eight,
three, or two negative-sense RNA segments, respectively.
The common feature of negative-sense RNA viruses is the
negative polarity of their RNA genome; i.e., the viral RNA
(VRNA) is complementary to mRNA and therefore is not
infectious by itself. In order to initiate viral transcription and
replication, the VRN A has to be transcribed into a plus-sense
mRNA or cRNA, respectively, by the viral polymerase
complex and the nucleoprotein; for influenza A viruses, the
viral polymerase complex is comprised of the three poly-
merase proteins PB2, PB1, and PA. During viral replication,
cRNA serves as a template for the synthesis of new VRNA
molecules. For all negative-stranded RNA viruses, non-
coding regions at both the 5' and 3' termini of the vVRNA and
cRNA are critical for transcription and replication of the
viral genome. Unlike cellular or viral mRNA transcripts,



US 10,494,613 B2

15
both cRNA and vRNA are neither capped at the 5' end nor
polyadenylated at the very 3' end.

The basic functions of many viral proteins have been
elucidated biochemically and/or in the context of viral
infection. However, reverse genetics systems have dramati-
cally increased our knowledge of negative-stranded seg-
mented and non-segmented RNA viruses with respect to
their viral replication and pathogenicity, as well as to the
development of live attenuated virus vaccines. Reverse
genetics, as the term is used in molecular virology, is defined
as the generation of virus possessing a genome derived from
cloned cDNAs (for a review, see Neumann et al., 2002).

Influenza viruses are orthomyxoviruses. Influenza A
viruses possess a genome of eight single-stranded negative-
sense viral RNAs (VRN As) that encode a total of at least ten
to eleven proteins. The influenza virus life cycle begins with
binding of the hemagglutinin (HA) to sialic acid-containing
receptors on the surface of the host cell, followed by
receptor-mediated endocytosis. The low pH in late endo-
somes triggers a conformational shift in the HA, thereby
exposing the N-terminus of the HA2 subunit (the so-called
fusion peptide). The fusion peptide initiates the fusion of the
viral and endosomal membrane, and the matrix protein (M1)
and RNP complexes are released into the cytoplasm. RNPs
consist of the nucleoprotein (NP), which encapsidates
VRNA, and the viral polymerase complex, which is formed
by the PA, PB1, and PB2 proteins. RNPs are transported into
the nucleus, where transcription and replication take place.
The RNA polymerase complex catalyzes three different
reactions: synthesis of an mRNA with a 5' cap and 3' polyA
structure, of a full-length complementary RNA (cRNA), and
of genomic VRNA using the cDNA as a template. Newly
synthesized vRNAs, NP, and polymerase proteins are then
assembled into RNPs, exported from the nucleus, and trans-
ported to the plasma membrane, where budding of progeny
virus particles occurs. The neuraminidase (NA) protein
plays a crucial role late in infection by removing sialic acid
from sialyloligosaccharides, thus releasing newly assembled
virions from the cell surface and preventing the self aggre-
gation of virus particles. Although virus assembly involves
protein-protein and protein-vRNA interactions, the nature of
these interactions is largely unknown.

Although influenza B and C viruses are structurally and
functionally similar to influenza A virus, there are some
differences. For example, the M segment of influenza B
virus encodes two proteins, M1 and BM2, through a termi-
nation-reinitiation scheme of tandem cistrons, and the NA
segment encodes the NA and NB proteins from a bicistronic
mRNA. Influenza C virus, which has 7 vRNA segments,
relies on spliced transcripts to produce M1 protein; the
product of the unspliced mRNA is proteolytically cleaved to
yield the CM2 protein. In addition, influenza C virus
encodes a HA-esterase (“HEF”) rather than individual HA
and NA proteins.

Influenza Vaccines Current vaccines for seasonal influenza
are trivalent—they contain two influenza A virus strains of
the H3N2 and HIN1 subtypes and an influenza B virus, or
quadrivlent. On average, these vaccines are updated every
2-3 years due to accumulated point mutations in the HA and
NA proteins that allow the viruses to evade the human
immune response. Current influenza vaccines are either
inactivated or live attenuated vaccines. Inactivated vaccines
dominate the influenza virus vaccine market and are made
from reassortant viruses that contain genes encoding the
surface proteins of the predominant or targeted strain, most
notably the HA gene and the NA gene. These viruses are
typically overproduced in chicken eggs and then chemically
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treated, e.g., with formaldehyde, to inactivate them. The
introduction of the inactivated but intact virions induces an
immune response specific for the combination of HA and
NA (also referred to as H and N, e.g., HSN1).

Until recently, inactivated virus preparations were the
only influenza vaccines available. Most inactivated vaccines
are safe and elicit a humoral, but not a strong cellular,
immune response. To produce seed strains, embryonated
chicken eggs are co-infected with the epidemic strain and
A/Puerto Rico/8/34(HIN1) (PRS8) virus, which provides
high-growth properties. For influenza B virus vaccine pro-
duction, a field strain is used to provide the virus backbone.
Virus populations are screened for reassortants that contain
the HA and NA genes of the epidemic strain and grow well
in eggs. Once an appropriate vaccine seed virus is selected,
it is amplified in eggs, purified, and treated to generate
inactivated, split (i.e., disrupted), or subunit (i.e., partially
purified by the removal of viral ribonucleoprotein com-
plexes) vaccines. Vaccine quantities are then standardized
and adjusted to 15 pg HA per strain.

The efficacy of inactivated influenza vaccines typically
ranges from 60% to 90% in healthy adults younger than 65
years of age (Beyer et al, 2002). It can, however, be
significantly lower in young children (Smith et al., 2006)
due to their naive immune status and in the elderly (Gross et
al., 1995; Nichol et al., 1998) due to their decreased immune
function, thus leaving two major risk groups partially unpro-
tected.

Live but attenuated vaccines are more controversial
because in some scenarios they involve live virus which is
shed by the patient for several weeks, although they elicit
both humoral and cellular immune responses. This live virus
contains mutations such that while it can replicate, it is not
supposed to be virulent, i.e., is not supposed to cause
disease.

Reverse Genetic Technologies for Influenza Vaccine Pro-
duction

The production of both inactivated and live influenza
vaccines relies on the isolation of reassortant viruses with
certain gene constellations. The co-infection of cells with
two different influenza A or B viruses yields 28=256 different
gene combinations, making the isolation of the desired
reassortant cumbersome. In 1999, a system was developed
that allows the artificial generation of influenza viruses from
cloned cDNA (Neumann et al., 1999). In this approach, cells
are co-transfected with plasmids that encode the influenza
vRNAs and plasmids that encode the components of the
viral replication complex (i.e., the polymerase and NP
proteins). The former plasmids contain a promoter for
vRNA production, e.g., an RNA polymerase I promoter
sequence, a cDNA encoding a full-length viral RNA in the
negative-sense orientation, and a RNA terminator sequence,
e.g., an RNA polymerase I terminator sequence. Intracellular
transcription by RNA polymerase I yields transcripts iden-
tical to influenza viral RNAs that can therefore be amplified
by the viral polymerase and nucleoproteins. Forty-eight
hours post-transfection, up to 10® infectious viruses are
detected per ml of cell culture supernatant. This system
allows the introduction of any (viable) mutation into the
influenza viral genome. Moreover, tailor-made reassortant
viruses can be generated using this system. To produce
vaccine viruses, cells can be transfected with 2 plasmids
encoding the HA and NA genes of the epidemic strain and
6 plasmids encoding the internal genes of either PR8 virus
(for the production of inactivated vaccine) or attenuated
A/Ann Arbor/6/60 virus (for the production of live attenu-
ated virus). As described herein, reverse genetics is the basis
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for the development of live, attenuated influenza virus
vaccines that lack NA activity and optionally contain muta-
tions in other viral genes, e.g., mutations in the HA gene that
reduce the pathogenic potential of the resulting virus.

The amino acid composition at the HA cleavage site is
recognized as a determinant of virulence for influenza
viruses (Bosch et al., 1979). Highly pathogenic avian influ-
enza viurses (HPAI) contain multiple basic amino acids at
their HA cleavage site (Kawaoka et al., 1984) that are
recognized by ubiquitous cellular proteases (Horimoto et al.,
1997, Stieneke-Grober et al., 1998), which leads to systemic
infection. By contrast, viruses with low pathogenicity con-
tain a single arginine residue at the HA cleavage site
(Kawaoka et al.,, 1984), which is cleaved in only a few
organs, resulting in localized infection. Multiple basic amino
acids at the HA cleavage site may be associated with
virulence, as replacement of the “virulent-type’ HA cleavage
site with an ‘avirulent-type’ HA cleavage site converted a
highly pathogenic avian influenza virus into a low patho-
genic variant (Horimoto et al., 1990). Thus, highly patho-
genic avian influenza viruses can be converted to low
pathogenic forms by replacing the ‘virulent-type’ HA cleav-
age sequence with an ‘avirulent-type’ sequence (Horimoto et
al., 1994). These ‘detoxifying’ mutations can be introduced
into viral genomes to generate candidate vaccines that
contain attenuated H5 virus HA genes in a background of,
for example, high-growth PRS8 virus.

The Structure of RNPS Inside Virions

The conformation of RNPs inside virions had been the
source of considerable controversy. When examined by
negative staining, a continuous strand 7-8 nm in diameter is
arranged in the form of a helix within disrupted virions. The
helices vary considerably from virion to virion with respect
to the number of turns and overall diameter. Because the
continuous strand had been the only structure seen within
the virions by negative staining, it was thought to represent
the natural organization of the viral RNP. Thus, it was
proposed that the viral RNP exists as a single continuous
helix within the virions and that the continuous helix would
be fragmented into multiple RNPs during the purification
process. However, it is difficult to morphologically reconcile
the single continuous helix with the twisted rod-like struc-
tures seen when RNPs are extracted from virions. In addi-
tion, there is no evidence that the continuous helices are
actually composed of NP molecules. Later, it was revealed,
by negative staining electron microscopy, that a wide variety
of the continuous helices within virions consist of the same
units that have a dimension of 4 by 4 nm. They also
demonstrated that isolated M1 protein formed regular
strands on liposomes when it was reassociated with lipids in
vitro. Because influenza virus has two major internal pro-
teins, NP and M1, and the NP monomer has dimensions of
6.2 by 3.5 nm, they concluded that the 4 nmx4 nm unit
represents an M1 molecule. Thus, the continuous helices of
7-8 nm in diameter seen in the negatively stained disrupted
virions are probably pairs of M1 strands, representing a layer
of M1 proteins underneath the lipid envelope. It is possible
that similar continuous helices observed in purified virions
by cryoelectron microscopy also represent the layer of M1
molecules.

One explanation for the difficulty in elucidating the inter-
nal structure of influenza virions by negative staining elec-
tron microscopy may originate with poor penetration of stain
solutions. To observe the RNPs inside virions by negative
staining electron microscopy, purified virions were briefly
treated with trypsin to partially remove glycoproteins on the
envelope. The trypsin-treated virions were infectious and
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had HA activity but were devoid of NA activity. Irregularly
compressed rod-like structures with diameters similar to
those of mid-sectioned RNPs extracted from virions were
observed inside these trypsin-treated virions. Further,
twisted rod-like structures, which were morphologically
identical to purified RNPs, “spilled” from some of the
trypsin-treated virions. Such twisted rod-like structures also
protruded from virions disrupted by freeze-drying and
reacted with anti-NP monocional antibodies, suggesting that
the RNPs exist within the virions as fragmented rod-like
structures. Thin-section electron microscopy of purified viri-
ons also supports this notion. Thin-section electron micros-
copy of purified virions showed some compressed rod-like
structures of 10-13 nm in diameter inside the virions, which
were morphologically similar to both the purified RNPs and
the RNPs seen in trypsin-treated virions by negative staining
electron microscopy. The good agreement between images
obtained by negative staining of purified virions and those
obtained by thin sectioning of pelleted virions suggests that
the RNPs are present as separate rod-like structures within
intact virions.

Arrangement of RNPS Inside a Virion

It remains unclear how the fragmented RNPs are orga-
nized within the virions. Once this issue is resolved, we will
finally be able to elucidate the genome packaging mecha-
nism by which VRNA segments are incorporated into each
virion. In early proposals, it was predicted that the vVRNA
segments were bound to a single backbone for cooperative
packaging of the segmented vVRNAs. However, because this
idea is based on the electron microscopic observations of the
single continuous helix seen in negatively stained disrupted
virions, which has since been shown to represent the layer
of M1 molecules, it is an unlikely scenario. Information
about the organization of the fragmented rod-like RNPs
within the virions is limited.

It was demonstrated by thin-section electron microscopy
that elongated virions budding from the plasma membrane
of infected cells contain distinct arrangement of RNPs
inside. When the elongated budding virions were sectioned
longitudinally, nearly all of them contained rod-like RNPs
that were always suspended from the interior of the viral
envelope at the distal end of the elongated virions and were
oriented perpendicular to the budding tip. They were about
12 nm in width and up to 130 nm in length, consistent with
the size of purified RNPs. RNPs were similarly observed not
only in budded virions but also virions in the course of
budding, suggesting that the incorporation of fragmented
RNPs is coordinated with bud growth. In transversely sec-
tioned budding virions, electron-dense dots of about 12 nm
in diameter, confirmed as RNPs by immunoelectron micros-
copy with anti-NP monoclonal antibodies, were observed.
These dots represent-cross sections of the rod-like RNPs and
were apparent inside each budding virion. Interestingly, we
found that many of the transversely sectioned budding
virions contained a regular arrangement of eight RNPs, in
which a central RNP was surrounded by seven others (7+1)
configuration. No more than eight RNPs were observed in a
virion in our study. Notably, serial transverse sections of
whole budding virions revealed that all budding virions
contained the maximum of eight RNPs, but that they differed
in length. Because the length of the RNPs correlates with the
length of each vVRNA segment [6], these results suggest that
each virion contains a highly organized set of eight RNPs
composed of different kinds of VRNA segments. The (7+1)
configuration of the eight RNPs was also observed in huge
filamentous virions as well as different viruses isolated from
humans, pigs, and birds. Some transversely sectioned fila-
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mentous virions showed the typical configuration of eight
RNPs, although most were empty. In the longitudinal sec-
tions, the RNPs were confined to the distal end of each
filamentous virion and the set of eight RNPs. These results
suggest that all budding virions, independent of the virion
shape, incorporate an organized set of eight fragmented
RNPs that are associated with the inner envelope at the distal
end of the virion.

In contrast, isolated virions released into environmental
solution and purified by ultracentrifugation showed a some-
what different organization of the RNPs within the virions.
In an earlier report, the internal structures of purified virions,
which were uniformly spherical at approximately 100 nm in
diameter, were examined by thin-section electron micros-
copy. Thin-sections of virion pellets showed a wide variety
of organization patterns of compressed rod-like RNPs in
most of the purified virions, although some virions exhibited
the (7+41) configuration of the RNPs. In theory, when the
rod-like RNPs are perpendicular to the electron beam,
rod-like structures are observed in the virions. On the other
hand, when the rod-like RNPs are parallel to the electron
beam, round dots are observed in the virions. Because the
purified virions are randomly oriented with respect to the
electron beam in the pellets, it is natural that only some
particles show the (7+1) configuration of eight RNPs. In
addition, because some RNPs (from approximately 30 to
120 nm in length) are larger than typical spherical virions
(approximately 80-120 nm in diameter, including surface
spikes), it is possible that some RNPs are compressed and
the configurations they had at the time of budding are
partially destroyed within the spherical virions. Therefore, it
is conceivable that the spherical virions after purification
show disordered arrangements of RNPs as well as the
regular arrangement of eight RNPs, while the elongated
budding virions on the cell surface show the (7+1) configu-
ration within the virions when they are transversely sec-
tioned. Taken together, it appears that the eight fragmented
RNPs hold the well-organized configuration when the viri-
ons are budding, but this configuration becomes partially
distorted or completely destroyed within the spherical viri-
ons upon detachment from the cell surface.

Recently, detailed internal structures of purified virions
was resolved by cryoelectron tomography. Although they
also found the (7+1) configuration of eight RNPs within the
purified virions, the eight RNPs were not that well aligned
in most virions and the (7+1) configuration was observed at
only a low frequency. Such disordered arrangement of the
eight RNPs, as well as the limited observation of the (7+1)
configuration, suggests that the purified virions were ran-
domly oriented to the electron beam and that some RNPs
were compressed in spherical virions, as described above. It
was also noted that, in their experiment, the purified virions
were substantially pleomorphic, differing in size and shape,
and that most of the virions contained fewer than eight
RNPs. They concluded that the incorporation of a complete
set of eight RNPs may not occur in each virion and that the
arrangement of fragmented RNPs within virions may not be
uniform from virion to virion. These discrepancies between
budding virions and purified virions could arise from the
difference in virion morphology that accompanies sample
processing for virion purification. Budding virions on the
plasma membrane of infected cells show relatively regular
structure, such as elongated or huge filamentous particles
with uniform diameter, and are not pleomorphic. On the
other hand, purified virions show not only typical spherical
structures but also pleomorphic structures of different sizes
which have never been reported on thin-section or scanning
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electron microscopy of budding virions at the plasma mem-
brane. Because morphological changes readily occur in
released virions, even when they are kept for a few days at
48° C. during the purification process, these pleomorphic
particles seen only in purified samples could be artifacts
introduced during purification. These pleomorphic particles
cannot, therefore, reflect the native structure of the virions as
the arrangement of RNPs in these particles would be altered.
A Possible Mechanism of Genome Packaging

Two models have been proposed thus far to explain the
mechanism by which vVRNA segments are packaged into
virions: the random packaging and selective packaging
models. The former model assumes a common packaging
signal in all VRNA segments, which differentiates between
vRNAs and cellular RNAs but not among vRNAs, enabling
any number and combination of VRNAs to be incorporated
randomly into virions. The selective packaging model pre-
dicts the presence of specific packaging signals for each
VvRNA segment, which differentiate not only between
vRNAs and cellular RNAs but also between individual
vRNAs, leading to the incorporation of a complete set of
eight VRNA segments into virions. Conclusive evidence in
support of either model is lacking, and controversy over the
mechanism of genome packaging ensues. Recently, by vir-
tue of reverse genetics, it was revealed that all of the eight
vRNA segments possess segment-specific packaging signals
for efficient incorporation into virions. These packaging
signals include bipartite sequences at the 5' and 3' ends of the
vRNA, which house not only conserved promoter sequences
but also coding and segment-specific non-coding regions
adjacent to the promoter region. These findings, together
with electron microscopic observations of the influenza
virion interior, support the selective packaging model and
refute the random packaging model.

The (7+1) configuration of eight RNPs observed in viri-
ons likely requires specific interactions among the vRNAs
(RNPs) to stably maintain the configuration. Reverse genet-
ics studies showed that mutations or deletions in a packaging
signal of a VRNA segment reduced incorporation of the
other VRNA segments into virions, suggesting that incorpo-
ration of the eight VRNA segments are unlikely to be
independent but, rather coordinated events involving inter-
segment interactions. However, it remains uncertain whether
there are specific interactions among the eight RNPs in
virions. The physical contacts among the eight RNPs
observed in tomograms of transversely sectioned budding
virions provides potential morphological evidence support-
ing the presence of interactions among RNPs [54]. Because
the vRNA is wrapped around the NP scaffold, such contacts
may represent VRNA-vRNA interactions through the pack-
aging signals in the respective VRNA segments that are
necessary for efficient incorporation into virions. Although
speculative, the interactions among RNPs though the pack-
aging signals may contribute to recruitment of a complete
set of eight RNPs as well as the (7+1) configuration.
Elucidation of the fine structure of RNPs within virions, as
well as the three-dimensional position of the packaging
signals on RNPs, could provide the missing details of the
packaging mechanism of the influenza virus genome.
Exemplary Vectors of the Invention

In one embodiment, the invention provides one or more
isolated vectors, or a composition which includes one or
more isolated vectors, having a plurality of transcription
cassettes for influenza vVRNA (viral segment) production and
influenza virus mRNA for protein production, but less than
the full complement of the viral genome of segments or
having a viral segment that does not encode at least one
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functional influenza virus protein. The vector(s) or compo-
sition includes, in one embodiment, one or more vectors
having a transcription cassette comprising a Poll promoter
operably linked to an influenza virus PA cDNA, e.g., a
full-length influenza virus PA c¢DNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus PB1 c¢DNA, e.g., a full-length influenza virus PB1
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a Poll promoter operably
linked to an influenza virus PB2 ¢cDNA, e.g., a full-length
influenza virus PB2 ¢cDNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus HA
cDNA, e.g., a full-length influenza virus HA cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus NP ¢cDNA, e.g., a full-length influenza virus
NP ¢DNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
moter operably linked to an influenza virus M ¢cDNA, e.g.,
a full-length influenza virus M ¢DNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus NS cDNA, e.g., a full-length influenza virus NS
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a Polll promoter oper-
ably linked to a DNA coding region for influenza virus PA
linked to a Polll transcription termination sequence, a tran-
scription cassette comprising a Polll promoter operably
linked to a DNA coding region for influenza virus PB1
linked to a Polll transcription termination sequence, a tran-
scription cassette comprising a Polll promoter operably
linked to a DNA coding region for influenza virus PB2
linked to a Polll transcription termination sequence, a tran-
scription cassette comprising a Polll promoter operably
linked to a DNA coding region for influenza virus NP linked
to a Polll transcription termination sequence, and optionally
one or more of the following: a transcription cassette com-
prising a Polll promoter and a Polll transcription termina-
tion operably linked to a DNA segment for influenza virus
HA, e.g., a full-length influenza virus HA cDNA, a tran-
scription cassette comprising a Polll promoter and a Polll
transcription termination sequence operably linked to a
DNA segment for influenza virus M, e.g., a full-length
influenza virus M cDNA, and/or a transcription cassette
comprising a Polll promoter sequence and a Polll transcrip-
tion termination sequence operably linked to a DNA seg-
ment for influenza virus NS, e.g., a full-length influenza
virus NS cDNA.

In one embodiment, a vector of the invention may include
two or more transcription cassettes selected from a tran-
scription cassette comprising a Poll promoter operably
linked to an influenza virus PA cDNA, e.g., a full-length
influenza virus PA ¢cDNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus PB1
cDNA, e.g., a full-length influenza virus PB1 ¢cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus PB2 ¢cDNA, e.g., a full-length influenza virus
PB2 cDNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
moter operably linked to an influenza virus HA cDNA, e.g.,
a full-length HA cDNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus NP
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cDNA, e.g., a full-length influenza virus NP cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus NS ¢cDNA, e.g., a full-length influenza virus
NS cDNA, linked to a Poll transcription termination
sequence, and a transcription cassette comprising a Poll
promoter operably linked to an influenza virus M cDNA,
e.g., a full-length influenza virus M ¢cDNA, linked to a Poll
transcription termination sequence.

In one embodiment, a vector of the invention includes two
or more transcription cassettes selected from a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus PA linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB1 linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB2 linked to a Polll
transcription termination sequence, and a transcription cas-
sette comprising a Polll promoter operably linked to a DNA
coding region for influenza virus NP linked to a Polll
transcription termination sequence.

The invention further includes a vector with at least two
transcription cassettes selected from a transcription cassette
comprising a Poll promoter and a Poll transcription termi-
nation sequence and a Polll promoter and a Polll transcrip-
tion termination sequence each operably linked to a DNA
segment for influenza virus PA, e.g., a full-length influenza
virus PA ¢cDNA, a transcription cassette comprising a Poll
promoter and a Poll transcription termination sequence and
a Polll promoter and a Polll transcription termination
sequence each operably linked to a DNA segment for
influenza virus PB1, e.g., a full-length influenza virus PB1
c¢DNA, a transcription cassette comprising a Poll promoter
and a Poll transcription termination sequence and a Poll
promoter and a Polll transcription termination sequence
each operably linked to a DNA segment for influenza virus
PB2, e.g., a full-length influenza virus PB2 ¢cDNA, and/or a
transcription cassette comprising a Poll promoter and a Poll
transcription termination sequence and a Polll promoter and
a Polll transcription termination sequence each operably
linked to a DNA segment for influenza virus NP, e.g., a
full-length influenza virus NP cDNA.

The invention also provides one or more isolated vectors
having a plurality of transcription cassettes: one or more
vectors having a transcription cassette comprising a Polll
promoter linked to a ribozyme sequence linked to an influ-
enza virus PA cDNA, e.g., a full-length influenza virus PA
c¢DNA, linked to a ribozyme sequence linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter linked to a ribozyme sequence
linked to an influenza virus PB1 ¢cDNA, e.g., a full-length
influenza virus PB1 cDNA, linked to a ribozyme sequence
linked to a Polll transcription termination sequence, a tran-
scription cassette comprising a Polll promoter linked to a
ribozyme sequence linked to an influenza virus PB2 cDNA,
e.g., a full-length influenza virus PB2 cDNA, linked to a
ribozyme sequence linked to a Polll transcription termina-
tion sequence, a transcription cassette comprising a Polll
promoter linked to a ribozyme sequence linked to an influ-
enza virus HA cDNA, e.g., a full-length influenza virus HA
c¢DNA, linked to a ribozyme sequence linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter linked to a ribozyme sequence
linked to an influenza virus NP cDNA, e.g., a full-length
influenza virus NP ¢cDNA, linked to a ribozyme sequence
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linked to a Polll transcription termination sequence, a tran-
scription cassette comprising a Polll promoter linked to a
ribozyme sequence linked to an influenza virus M cDNA,
e.g., a full-length influenza virus M cDNA, linked to a
ribozyme sequence linked to a Polll transcription termina-
tion sequence, a transcription cassette comprising a Polll
promoter linked to a ribozyme sequence linked to an influ-
enza virus NS cDNA, e.g., a full-length influenza virus NS
c¢DNA, linked to a ribozyme sequence linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PA linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB1 linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB2 linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus NP linked to a Polll
transcription termination sequence, and optionally one or
more of the following: a transcription cassette comprising a
Polll promoter and a Polll transcription termination oper-
ably linked to a DNA segment for influenza virus HA, e.g.,
a full-length influenza virus HA cDNA, a transcription
cassette comprising a Polll promoter and a Polll transcrip-
tion termination sequence operably linked to a DNA seg-
ment for influenza virus M, e.g., a full-length influenza virus
M cDNA, and/or a transcription cassette comprising a Polll
promoter sequence and a Polll transcription termination
sequence operably linked to a DNA segment for influenza
virus NS, e.g., a full-length influenza virus NS cDNA.

In one embodiment, the use of certain plasmid vectors
significantly reduces the number of plasmids required for the
generation of segmented virus such as influenza virus,
increases the rescue efficiency of influenza virus in cell lines
that can be transtected with high efficiencies, and/or allows
for the generation of influenza virus in cell lines that cannot
be transfected with high efficiencies, including cell lines for
the production of human vaccines (e.g., Vero cells). Accord-
ingly, the use of the vectors of the invention reduces the
number of variables for virus generation, resulting in more
consistent generation of influenza virus, and decreasing the
burden of providing proper documentation of plasmid his-
tory, purity, and toxicity. These advantages allow the speedy
generation of vaccine viruses, especially for pandemics.
Exemplary Compositions of the Invention

The invention provides a composition comprising at least
one vector, e.g., at least one plasmid, which includes one or
more transcription cassettes for vVRNA production (but in
one embodiment less than the full complement of vVRNAs)
or cRNA production selected from a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus PA cDNA, e.g., a full-length influenza virus PA cDNA,
linked to a Poll transcription termination sequence, a tran-
scription cassette comprising a Poll promoter operably
linked to an influenza virus PB1 ¢cDNA, e.g., a full-length
influenza virus PB1 ¢cDNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus PB2
cDNA, e.g., a full-length influenza virus PB2 ¢cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus HA cDNA, e.g., a full-length influenza virus
HA c¢DNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
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moter operably linked to an influenza virus NP cDNA, e.g.,
a full-length influenza virus NP c¢cDNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus M cDNA, e.g., a full-length influenza virus M cDNA,
linked to a Poll transcription termination sequence, and/or a
transcription cassette comprising a Poll promoter operably
linked to an influenza virus NS cDNA, e.g., a full-length
influenza virus NS cDNA, linked to a Poll transcription
termination sequence; and at least one vector, e.g., at least
one plasmid, which includes one or more transcription
cassettes for mRNA production selected from a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus PA linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB1 linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB2 linked to a Polll
transcription termination sequence, and/or a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus NP linked to a Polll
transcription termination sequence. In one embodiment,
each Poll promoter is the same. In one embodiment, each
Polll promoter is the same. In one embodiment, each Poll
transcription terminator sequence is the same. In one
embodiment, each Polll transcription terminator sequence is
the same.

In one embodiment, at least one vector, e.g., plasmid or a
viral vector including but not limited to an adenovirus (see,
e.g., U.S. Pat. No. 8,043,856, the disclosure of which is
incorporated by reference herein) adeno-associated virus
(AAV), poxvirus, papillomavirus, lentivirus, herpesvirus,
foamivirus or retrovirus vectors, includes transcription cas-
settes for one or more of influenza virus PA, influenza virus
PBI1, influenza virus PB2, influenza virus HA, influenza
virus NP, influenza virus M, and influenza virus NS seg-
ments. In one embodiment, at least one plasmid for mRNA
production includes transcription cassettes for one or more
of influenza virus PA, influenza virus PB1, influenza virus
PB2 or influenza virus NP, e.g., the at least one plasmid for
mRNA production includes cassettes for influenza virus PA,
influenza virus PB1, influenza virus PB2 and influenza virus
NP. In one embodiment, one plasmid for mRNA production
includes three of the cassettes, wherein the composition
further comprises another plasmid for mRNA production
with a Polll promoter operably linked to a DNA coding
region for an influenza virus gene linked to a Polll tran-
scription termination sequence. For instance, one plasmid
for mRNA production includes transcription cassettes for
influenza virus PA, influenza virus PB1, influenza virus PB2
and another plasmid includes a transcription cassette for
influenza virus NP. In another embodiment, at least one
plasmid for vRNA production includes transcription cas-
settes for influenza virus PA, influenza virus PB1, influenza
virus PB2, influenza virus NP, influenza virus M, and
influenza virus NS. Also included is a plasmid for vVRNA
production which includes a transcription cassette compris-
ing a Poll promoter operably linked to an influenza virus HA
cDNA, e.g., a full-length influenza virus HA cDNA, linked
to a Poll transcription termination sequence. For instance,
one plasmid for mRNA production includes cassettes for
influenza virus PA, influenza virus PB1, influenza virus PB2
and influenza virus NP. In another embodiment, one plasmid
for mRNA production includes three of the cassettes,
wherein the composition further comprises another plasmid
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for mRNA production with a Polll promoter operably linked
to a DNA coding region for an influenza virus gene linked
to a Polll transcription termination sequence, wherein the
DNA coding region is for an influenza virus gene that is not
on the plasmid which includes the three cassettes, e.g., the
at least one plasmid for mRNA production includes cassettes
for influenza virus PA, influenza virus PB1, influenza virus
PB2 and the other plasmid includes a cassette for influenza
virus NP.

In one embodiment, a composition of the invention com-
prises a vector which includes up to seven transcription
cassettes selected from: a transcription cassette comprising
a Poll promoter operably linked to an influenza virus PA
cDNA, e.g., a full-length influenza virus PA ¢cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus PB1 ¢cDNA, e.g., a full-length influenza virus
PB1 cDNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
moter operably linked to an influenza virus PB2 cDNA, e.g.,
a full-length influenza virus PB2 ¢DNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus HA c¢DNA, e.g., a full-length influenza virus HA
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a Poll promoter operably
linked to an influenza virus NA cDNA (or NA and NB
cDNA), e.g., a full-length influenza virus NA cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus NP ¢cDNA, e.g., a full-length influenza virus
NP ¢DNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
moter operably linked to an influenza virus M ¢cDNA, e.g.,
a full-length influenza virus M ¢DNA, linked to a Poll
transcription termination sequence, and a transcription cas-
sette comprising a Poll promoter operably linked to an
influenza virus NS ¢cDNA, e.g., a full-length influenza virus
NS cDNA, linked to a Poll transcription termination
sequence. In one embodiment, the HA in a transcription
cassette is a type A HA. In another embodiment, the HA in
a transcription cassette is a type B HA. In one embodiment,
the RNA polymerase I promoter is a human RNA poly-
merase | promoter. In one embodiment, the composition
includes transcription cassettes comprising a Poll promoter
operably linked to an influenza virus DNA sequence for M1
and BM2 or for both M1 and M2, linked to a Poll transcrip-
tion termination sequence.

Also provided a composition comprising a vector which
includes one or more transcription cassettes selected from a
transcription cassette comprising a Polll promoter operably
linked to a DNA coding region for influenza virus PA linked
to a Polll transcription termination sequence, a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus PB1 linked to a Polll
transcription termination sequence, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB2 linked to a Polll
transcription termination sequence, and/or a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus NP linked to a Polll
transcription termination sequence.

In another embodiment, the invention provides a compo-
sition comprising a plasmid which includes one or more
transcription cassettes for viral segment production (in one
embodiment for less than 8 viral segments for influenza A
and B viruses or less than 7 for influenza C viruses and in
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another embodiment at least one modified segment where
there are at least two segments, where the modified segment
is modified so that a functional influenza protein(s) is/are not
expressed from that modified segment) and one or more
trasneption cassettes for mRNA production. The cassettes
are selected from a transcription cassette comprising a Poll
promoter operably linked to an influenza virus HA cDNA,
e.g., a full-length influenza virus HA cDNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus NA cDNA, e.g., a full-length influenza virus NA
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a Poll promoter operably
linked to an influenza virus M cDNA, e.g., a full-length
influenza virus M ¢DNA, influenza virus linked to a Poll
transcription termination sequence, and a transcription cas-
sette comprising a Poll promoter operably linked to an
influenza virus NS ¢cDNA, e.g., a full-length influenza virus
NS cDNA, linked to a Poll transcription termination
sequence; and one or more transcription cassettes selected
from a transcription cassette comprising a Poll promoter and
a Poll transcription termination sequence and a Polll pro-
moter and a Polll transcription termination sequence each
operably linked to a ¢cDNA for influenza virus PA, e.g., a
full-length influenza virus PA cDNA, a transcription cassette
comprising a Poll promoter and a Poll transcription termi-
nation sequence and a Polll promoter and Polll transcription
termination sequence each operably linked to a cDNA for
influenza virus PB1, e.g., a full-length influenza virus PB1
c¢DNA, a transcription cassette comprising a Poll promoter
and a Poll transcription termination sequence and a Polll
promoter and a Poll transcription termination sequence each
operably linked to a cDNA for influenza virus PB2, e.g., a
full-length influenza virus PB2 ¢cDNA, and a transcription
cassette comprising a Poll promoter and a Poll transcription
termination sequence and a Polll promoter and a Polll
transcription termination sequence each operably linked to a
c¢DNA for influenza virus NP, e.g., a full-length influenza
virus NP ¢cDNA. In one embodiment, the HA in a transcrip-
tion cassette is a type A HA. In another embodiment, the HA
in a transcription cassette is a type B HA. In one embodi-
ment, the RNA Poll promoter is a human RNA Poll pro-
moter. In one embodiment, the composition further includes
a transcription cassette comprising a Poll promoter operably
linked to an influenza virus M ¢cDNA, e.g., one having M1
and BM2, linked to a Poll transcription termination
sequence.

Further provided is a composition comprising a vector
which includes a transcription cassette comprising a Poll
promoter and a Poll transcription termination sequence and
a Polll promoter and a Polll transcription termination
sequence each operably linked to a cDNA for influenza virus
PA, e.g., a full-length influenza virus PA, a transcription
cassette comprising a Poll promoter and a Poll transcription
termination sequence and a Polll promoter and Polll tran-
scription termination sequence each operably linked to a
c¢DNA for influenza virus PB1, e.g., a full-length influenza
virus PB1 ¢cDNA, a transcription cassette comprising a Poll
promoter and a Poll transcription termination sequence and
a Polll promoter and a Polll transcription termination
sequence each operably linked to a cDNA for influenza virus
PB2, e.g., a full-length influenza virus PB2 ¢cDNA, and a
transcription cassette comprising a Poll promoter and a Poll
transcription termination sequence and a Polll promoter and
a Polll transcription termination sequence each operably
linked to a cDNA for influenza virus NP, e.g., a full-length
influenza virus NP cDNA.



US 10,494,613 B2

27

The compositions of the invention may include vectors
with influenza virus sequences having one or more addi-
tional mutations including additional attenuating mutations.
For example, additional attenuating mutations may be desir-
able for some recombinant human influenza viruses
employed in vaccines, e.g., for H5 viruses including HA
viruses. For example, additional mutations may include, but
are not limited to, a substitution in the HA cleavage site, a
substitution in or a deletion in the transmembrane (TM)
domain of M2 (see U.S. Pat. No. 6,872,395 and U.S.
application Ser. No. 60/944,680), e.g., for influenza A virus,
substitutions may be at any one or more of residues 25 to 43
in the TM domain of M2, for instance, at positions 27, 30,
31, 34, 38, and/or 41 of the TM domain of M2 (for example,
a V27T, A30P, S31N, or W41A substitution), or a deletion in
the TM domain of M2, for instance, a deletion of at least
residue 29, 30 or 31, or any combination thereof, in the TM
domain of M2, a deletion in the cytoplasmic tail of M2, e.g.,
including a deletion of 2 or more residues and up to 21
residues of the cytoplasmic tail of M2, such as a deletion of
the 11 C-terminal amino acids of the M2 cytoplasmic tail, or
one or more substitutions associated with temperature sen-
sitivity (e.g., cold adapted viruses), such as substitutions in
PB1, e.g., K391E, E581G, or A661T, substitutions in PB2,
e.g., N2658S, and/or substitutions in NP, e.g., D34G (see Jin
et al., Virology, 206:18 (2003)).

Exemplary Methods

The invention also provides a method to prepare an
influenza virus. The method includes contacting a cell with
at least two VLPs, each VLP having one and up to eight
segments selected from an influenza virus PA segment; an
influenza virus PB1 segment; an influenza virus PB2 seg-
ment; an influenza virus NP segment; an influenza virus M
segment; an influenza virus NS segment; an influenza virus
NA segment; or an influenza virus HA segment; and wherein
the VLP comprises PA, PB1, PB2, NP, and HA or a
non-influenza virus host cell binding protein, and NA;
wherein in one embodiment, the first VLP has at least one
segment that is not present in the second VLP and the second
VLP has at least one viral segment that is not present in the
first host cell. The HA segment may be any one of H1-H18
and the NA may be any one of N1-N11.

Each VLP may be prepared by contacting a cell with one
or up to eight transcription cassettes for viral segment
production selected from a transcription cassette comprising
a Poll promoter operably linked to an influenza virus PA
cDNA, e.g., a full-length influenza virus PA ¢cDNA, linked
to a Poll transcription termination sequence, a transcription
cassette comprising a Poll promoter operably linked to an
influenza virus PB1 ¢cDNA, e.g., a full-length influenza virus
PB1 cDNA, linked to a Poll transcription termination
sequence, a transcription cassette comprising a Poll pro-
moter operably linked to an influenza virus PB2 cDNA, e.g.,
a full-length influenza virus PB2 ¢DNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus HA c¢DNA, e.g., a full-length influenza virus HA
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a Poll promoter operably
linked to an influenza virus NA cDNA, e.g., a full-length
influenza virus NA c¢DNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus NP
cDNA, e.g., a full-length influenza virus NP ¢cDNA, linked
to a Poll transcription termination sequence, and/or a tran-
scription cassette comprising a Poll promoter operably
linked to an influenza virus M cDNA, e.g., a full-length
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influenza virus M cDNA, linked to a Poll transcription
termination sequence and/or a transcription cassette com-
prising a Poll promoter operably linked to an influenza virus
NS ¢cDNA, e.g., a full-length influenza virus NS cDNA,
linked to a Poll transcription termination sequence; and a
plasmid which includes one or more transcription cassettes
selected from a transcription cassette, a transcription cas-
sette comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PA, a transcription cassette
comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB1, a transcription cas-
sette comprising a Polll promoter operably linked to a DNA
coding region for influenza virus PB2, and/or a transcription
cassette comprising a Polll promoter operably linked to a
DNA coding region for influenza virus NP.

In one embodiment, a method to prepare a VLP includes
contacting a cell with a vector which includes one and up to
eight transcription cassettes for VRNA production selected
from a transcription cassette comprising a Poll promoter
operably linked to an influenza virus HA cDNA, e.g., a
full-length influenza virus HA cDNA, linked to a Poll
transcription termination sequence, a transcription cassette
comprising a Poll promoter operably linked to an influenza
virus NA cDNA, e.g., a full-length influenza virus NA
c¢DNA, linked to a Poll transcription termination sequence,
a transcription cassette comprising a promoter operably
linked to an influenza virus M cDNA, e.g., a full-length
influenza virus M cDNA, linked to a Poll transcription
termination sequence, a transcription cassette comprising a
Poll promoter operably linked to an influenza virus NS
cDNA, e.g., a full-length influenza virus NS cDNA, linked
to a Poll transcription termination sequence, and optionally
includes one or more transcription cassettes selected from a
transcription cassette comprising a Poll promoter and a Poll
transcription termination sequence and a Polll promoter and
a Polll transcription termination sequence each operably
linked to a cDNA for influenza virus PA, e.g., a full-length
influenza virus PA ¢cDNA, a transcription cassette compris-
ing a Poll promoter and a Poll transcription termination
sequence and a Polll promoter and a Polll transcription
termination sequence each operably linked to a cDNA for
influenza virus PB1, e.g., a full-length influenza virus PB1
c¢DNA, a transcription cassette comprising a Poll promoter
and a Poll transcription termination sequence and a Poll
promoter and a Polll transcription termination sequence
each operably linked to a ¢cDNA for influenza virus PB2,
e.g., a full-length influenza virus PB2 cDNA, and/or a
transcription cassette comprising a Poll promoter and a Poll
transcription termination sequence and a Polll promoter and
a Polll transcription termination sequence each operably
linked to a cDNA for influenza virus NP e.g., a full-length
influenza virus NP cDNA.

In one embodiment, the method of the invention includes
contacting a cell with one or more vectors comprising a
transcription cassette comprising a promoter linked to '
influenza virus sequences comprising 5' influenza virus
noncoding sequences and optionally adjacent portions of the
coding sequence (see PCT/US03/04233, which is incorpo-
rated by reference herein), linked to a DNA of interest linked
to 3' influenza virus sequences comprising 3' influenza virus
noncoding sequences and optionally adjacent portions of the
coding sequence, linked to a transcription termination
sequence (see PCT/US03/04233). In one embodiment, the
DNA of interest is in the sense orientation. In another
embodiment, the DNA of interest is in the negative sense
orientation. The DNA of interest may include an open
reading frame encoding an immunogenic polypeptide or
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peptide of a pathogen or a therapeutic polypeptide or pep-
tide. The DNA of interest may be operably linked to a Poll
promoter and a Poll transcription termination sequence,
and/or the DNA of interest is operably linked to a Polll
promoter and a Poill transcription termination sequence.

The methods of the invention may be employed to prepare
recombinant influenza viruses. In one embodiment, the
methods include the use of vectors with influenza virus
sequences having mutations including additional attenuating
mutations. For example, attenuating mutations may be desir-
able for some recombinant human influenza viruses
employed in vaccines, e.g., for H5 viruses including HA
viruses. For example, additional mutations may include, but
are not limited to, a substitution in the HA cleavage site, a
substitution in or a deletion in the transmembrane (TM)
domain of M2 (see U.S. Pat. No. 6,872,395 and U.S.
application Ser. No. 60/944,680), e.g., for influenza A virus,
substitutions may be at any one or more of residues 25 to 43
in the TM domain of M2, for instance, at positions 27, 30,
31, 34, 38, and/or 41 of the TM domain of M2 (for example,
a V27T, A30P, S31N, or W41A substitution), or a deletion in
the TM domain of M2, for instance, a deletion of at least
residue 29, 30 or 31, or any combination thereof, in the TM
domain of M2, a deletion in the cytoplasmic tail of M2, e.g.,
including a deletion of 2 or more residues and up to 21
residues of the cytoplasmic tail of M2, such as a deletion of
the 11 C-terminal amino acids of the M2 cytoplasmic tail, or
one or more substitutions associated with temperature sen-
sitivity (e.g., cold adapted viruses), such as substitutions in
PB1, e.g., K391E, E581G, or A661T, substitutions in PB2,
e.g., N2658S, and/or substitutions in NP, e.g., D34G (see Jin
et al., Virology, 306:18 (2003)).

Cell Lines and Influenza Viruses that can be Used in the
Present Invention

According to the present invention, any cell which sup-
ports efficient replication of influenza virus can be employed
in the invention, including mutant cells which express
reduced or decreased levels of one or more sialic acids
which are receptors for influenza virus. Viruses obtained by
the methods can be made into a reassortant virus.

In one embodiment, the cells are WHO certified, or
certifiable, continuous cell lines, e.g., Vero cells. The
requirements for certifying such cell lines include charac-
terization with respect to at least one of genealogy, growth
characteristics, immunological markers, virus susceptibility
tumorigenicity and storage conditions, as well as by testing
in animals, eggs, and cell culture. Such characterization is
used to confirm that the cells are free from detectable
adventitious agents. In some countries, karyology may also
be required. In addition, tumorigenicity may be tested in
cells that are at the same passage level as those used for
vaccine production. The vaccine virus may be purified by a
process that has been shown to give consistent results (see,
e.g., World Health Organization, 1982).

In one embodiment, a complete characterization of the
cell lines to be used is established, so that appropriate tests
for purity of the final product can be included. Data that can
be used for the characterization of a cell to be used in the
present invention includes (a) information on its origin,
derivation, and passage history; (b) information on its
growth and morphological characteristics; (¢) results of tests
of adventitious agents; (d) distinguishing features, such as
biochemical, immunological, and cytogenetic patterns
which allow the cells to be clearly recognized among other
cell lines; and (e) results of tests for tumorigenicity. In one
embodiment, the passage level, or population doubling, of
the host cell used is as low as possible.
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In one embodiment, the virus produced in the cell is
highly purified prior to vaccine or gene therapy formulation.
Generally, the purification procedures will result in the
extensive removal of cellular DNA, other cellular compo-
nents, and adventitious agents. Procedures that extensively
degrade or denature DNA can also be used. See, e.g.,
Mizrahi, 1990.

Exemplary cells for propagating or producing influenza
virus include but are not limited to 293 cells, a 293T cells,
DF-1 cells, A549 cells, Vero cells or MDCK cells.
Vaccines

A vaccine of the invention may comprise immunogenic
proteins including glycoproteins of any pathogen, e.g., an
immunogenic protein from one or more bacteria, viruses,
yeast or fungi. Thus, in one embodiment, the influenza
viruses of the invention may be vaccine vectors for influenza
virus or other viral pathogens including but not limited to
lentiviruses such as HIV, hepatitis B virus, hepatitis C virus,
herpes viruses such as CMV or HSV or foot and mouth
disease virus.

A complete virion vaccine is concentrated by ultrafiltra-
tion and then purified by zonal centrifugation or by chro-
matography. It is inactivated before or after purification
using formalin or beta-propiolactone, for instance.

A subunit vaccine comprises purified glycoproteins. Such
a vaccine may be prepared as follows: using viral suspen-
sions fragmented by treatment with detergent, the surface
antigens are purified, by ultracentrifugation for example.
The subunit vaccines thus contain mainly HA protein, and
also NA. The detergent used may be cationic detergent for
example, such as hexadecyl trimethyl ammonium bromide
(Bachmeyer, 1975), an anionic detergent such as ammonium
deoxycholate (Webster et al., 1977); or a nonionic detergent
such as that commercialized under the name TRITON X100.
The hemagglutinin may also be isolated after treatment of
the virions with a protease such as bromelin, then purified by
a method.

A split vaccine comprises virions which have been sub-
jected to treatment with agents that dissolve lipids. A split
vaccine can be prepared as follows: an aqueous suspension
of the purified virus obtained as above, inactivated or not, is
treated, under stirring, by lipid solvents such as ethyl ether
or chloroform, associated with detergents. The dissolution of
the viral envelope lipids results in fragmentation of the viral
particles. The aqueous phase is recuperated containing the
split vaccine, constituted mainly of hemagglutinin and
neuraminidase with their original lipid environment
removed, and the core or its degradation products. Then the
residual infectious particles are inactivated if this has not
already been done.

Inactivated Vaccines. Inactivated influenza virus vaccines
of'the invention are provided by inactivating replicated virus
of the invention using known methods, such as, but not
limited to, formalin or fB-propiolactone treatment. Inacti-
vated vaccine types that can be used in the invention can
include whole-virus (WV) vaccines or subvirion (SV) (split)
vaccines. The WV vaccine contains intact, inactivated virus,
while the SV vaccine contains purified virus disrupted with
detergents that solubilize the lipid-containing viral envelope,
followed by chemical inactivation of residual virus.

In addition, vaccines that can be used include those
containing the isolated HA and NA surface proteins, which
are referred to as surface antigen or subunit vaccines. In
general, the responses to SV and surface antigen (i.e.,
purified HA or NA) vaccines are similar. An experimental
inactivated WV vaccine containing an NA antigen immu-
nologically related to the epidemic virus and an unrelated
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HA appears to be less effective than conventional vaccines
(Ogra et al.,, 1977). Inactivated vaccines containing both
relevant surface antigens may be employed.
Pharmaceutical Compositions

Pharmaceutical compositions of the present invention,
suitable for inoculation or for parenteral or oral administra-
tion, comprise attenuated or inactivated influenza viruses,
optionally further comprising sterile aqueous or non-aque-
ous solutions, suspensions, and emulsions. The composi-
tions can further comprise auxiliary agents or excipients, as
known in the art. See, e.g., Berkow et al., 1987; Avery’s
Drug Treatment, 1987. The composition of the invention is
generally presented in the form of individual doses (unit
doses).

Conventional vaccines generally contain about 0.1 to 200
ug, e.g., 10 to 15 ng, of HA from each of the strains entering
into their composition. The vaccine forming the main con-
stituent of the vaccine composition of the invention may
comprise a virus of type A, B or C, or any combination
thereof, for example, at least two of the three types, at least
two of different subtypes, at least two of the same type, at
least two of the same subtype, or a different isolate(s) or
reassortant(s). Human influenza virus type A includes HINT1,
H2N2 and H3N2 subtypes.

Preparations for parenteral administration include sterile
aqueous or non-aqueous solutions, suspensions, and/or
emulsions, which may contain auxiliary agents or excipients
known in the art. Examples of non-aqueous solvents are
propylene glycol, polyethylene glycol, vegetable oils such as
olive oil, and injectable organic esters such as ethyl oleate.
Carriers or occlusive dressings can be used to increase skin
permeability and enhance antigen absorption. Liquid dosage
forms for oral administration may generally comprise a
liposome solution containing the liquid dosage form. Suit-
able forms for suspending liposomes include emulsions,
suspensions, solutions, syrups, and elixirs containing inert
diluents commonly used in the art, such as purified water.
Besides the inert diluents, such compositions can also
include adjuvants, wetting agents, emulsifying and suspend-
ing agents, or sweetening, flavoring, or perfuming agents.
See, e.g., Avery’s, 1987.

When a composition of the present invention is used for
administration to an individual, it can further comprise salts,
buffers, adjuvants, or other substances which are desirable
for improving the efficacy of the composition. For vaccines,
adjuvants, substances which can augment a specific immune
response, can be used. Normally, the adjuvant and the
composition are mixed prior to presentation to the immune
system, or presented separately, but into the same site of the
organism being immunized. Examples of materials suitable
for use in vaccine compositions are provided.

Heterogeneity in a vaccine may be provided by mixing
replicated influenza viruses for at least two influenza virus
strains, such as 2-50 strains or any range or value therein.
Influenza A or B virus strains having a modern antigenic
composition may be employed. According to the present
invention, vaccines can be provided for variations in a single
strain of an influenza virus, using techniques known in the
art.

A pharmaceutical composition according to the present
invention may further or additionally comprise at least one
chemotherapeutic compound, for example, for gene therapy,
immunosuppressants, anti-inflammatory agents or immune
enhancers, and for vaccines, chemotherapeutics including,
but not limited to, gamma globulin, amantadine, guanidine,
hydroxybenzimidazole, interferon-o, interferon-f3, inter-
feron-y, tumor necrosis factor-alpha, thiosemicarbarzones,
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methisazone, rifampin, ribavirin, a pyrimidine analog, a
purine analog, foscarnet, phosphonoacetic acid, acyclovir,
dideoxynucleosides, a protease inhibitor, or ganciclovir.

The composition can also contain variable but small
quantities of endotoxin-free formaldehyde, and preserva-
tives, which have been found safe and not contributing to
undesirable effects in the organism to which the composition
is administered.

Pharmaceutical Purposes

The administration of the composition (or the antisera that
it elicits) may be for either a “prophylactic” or “therapeutic”
purpose. When provided prophylactically, the compositions
of the invention which are vaccines, are provided before any
symptom of a pathogen infection becomes manifest. The
prophylactic administration of the composition serves to
prevent or attenuate any subsequent infection. The gene
therapy compositions of the invention may be provided
before any symptom of a disease becomes manifest. The
prophylactic administration of the composition serves to
prevent or attenuate one or more symptoms associated with
the disease.

When provided therapeutically, an attenuated or inacti-
vated viral vaccine is provided upon the detection of a
symptom of actual infection. The therapeutic administration
of the compound(s) serves to attenuate any actual infection.
See, e.g., Avery, 1987. When provided therapeutically, a
gene therapy composition is provided upon the detection of
a symptom or indication of the disease. The therapeutic
administration of the compound(s) serves to attenuate a
symptom or indication of that disease.

Thus, an attenuated or inactivated vaccine composition of
the present invention may thus be provided either before the
onset of infection (so as to prevent or attenuate an antici-
pated infection) or after the initiation of an actual infection.
Similarly, for gene therapy, the composition may be pro-
vided before any symptom of a disorder or disease is
manifested or after one or more symptoms are detected.

A composition is said to be “pharmacologically accept-
able” if its administration can be tolerated by a recipient
patient. Such an agent is said to be administered in a
“therapeutically effective amount” if the amount adminis-
tered is physiologically significant. A composition of the
present invention is physiologically significant if its pres-
ence results in a detectable change in the physiology of a
recipient patient, e.g., enhances at least one primary or
secondary humoral or cellular immune response against at
least one strain of an infectious influenza virus.

The “protection” provided need not be absolute, i.e., the
influenza infection need not be totally prevented or eradi-
cated, if there is a statistically significant improvement
compared with a control population or set of patients.
Protection may be limited to mitigating the severity or
rapidity of onset of symptoms of the influenza virus infec-
tion.

Pharmaceutical Administration

A composition of the present invention may confer resis-
tance to one or more pathogens, e.g., one or more influenza
virus strains, by either passive immunization or active
immunization. In active immunization, an inactivated or
attenuated live vaccine composition is administered prophy-
lactically to a host (e.g., a mammal), and the host’s immune
response to the administration protects against infection
and/or disease. For passive immunization, the elicited anti-
sera can be recovered and administered to a recipient sus-
pected of having an infection caused by at least one influ-
enza virus strain. A gene therapy composition of the present
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invention may yield prophylactic or therapeutic levels of the
desired gene product by active immunization.

In one embodiment, the vaccine is provided to a mam-
malian female (at or prior to pregnancy or parturition), under
conditions of time and amount sufficient to cause the pro-
duction of an immune response which serves to protect both
the female and the fetus or newborn (via passive incorpo-
ration of the antibodies across the placenta or in the mother’s
milk).

The present invention thus includes methods for prevent-
ing or attenuating a disorder or disease, e.g., an infection by
at least one strain of pathogen. As used herein, a vaccine is
said to prevent or attenuate a disease if its administration
results either in the total or partial attenuation (i.e., suppres-
sion) of a symptom or condition of the disease, or in the total
or partial immunity of the individual to the disease. As used
herein, a gene therapy composition is said to prevent or
attenuate a disease if its administration results either in the
total or partial attenuation (i.e., suppression) of a symptom
or condition of the disease, or in the total or partial immunity
of the individual to the disease.

At least one inactivated or attenuated influenza virus, or
composition thereof, of the present invention may be admin-
istered by any means that achieve the intended purposes,
using a pharmaceutical composition as previously described.

For example, administration of such a composition may
be by various parenteral routes such as subcutaneous, intra-
venous, intradermal, intramuscular, intraperitoneal, intrana-
sal, oral or transdermal routes. Parenteral administration can
be by bolus injection or by gradual perfusion over time. One
mode of using a pharmaceutical composition of the present
invention is by intramuscular or subcutaneous application.
See, e.g., Avery, 1987.

A typical regimen for preventing, suppressing, or treating
an influenza virus related pathology, comprises administra-
tion of an effective amount of a vaccine composition as
described herein, administered as a single treatment, or
repeated as enhancing or booster dosages, over a period up
to and including between one week and about 24 months, or
any range or value therein.

According to the present invention, an “effective amount”
of'a composition is one that is sufficient to achieve a desired
biological effect. It is understood that the effective dosage
will be dependent upon the age, sex, health, and weight of
the recipient, kind of concurrent treatment, if any, frequency
of treatment, and the nature of the effect wanted. The ranges
of effective doses provided below are not intended to limit
the invention and represent suggested dose ranges. How-
ever, the dosage will be tailored to the individual subject, as
is understood and determinable by one of skill in the art. See,
e.g., Avery’s, 1987; and Ebadi, 1985.

The dosage of an attenuated virus vaccine for a mamma-
lian (e.g., human) or avian adult organism can be from about
103-107 plaque forming units (PFUYkg, or any range or
value therein. The dose of inactivated vaccine can range
from about 0.1 to 200, e.g., 50 ug of hemagglutinin protein.
However, the dosage should be a safe and effective amount
as determined by conventional methods, using existing
vaccines as a starting point.

The dosage of immunoreactive HA in each dose of
replicated virus vaccine can be standardized to contain a
suitable amount, e.g., 1-50 ug or any range or value therein,
or the amount recommended by the U.S. Public Health
Service (PHS), which is usually 15 pg, per component for
older children <3 years of age, and 7.5 g per component for
older children <3 years of age. The quantity of NA can also
be standardized, however, this glycoprotein can be labile

20

25

30

40

45

55

34

during the processor purification and storage. Each 0.5-ml
dose of vaccine may contain approximately 1-50 billion
virus particles, e.g., 10 billion particles.

EXAMPLE I
Characterization of a 7 Segment Influenza A Virus

NA-deficient viruses that lack the NA vRNA combine
several attractive features: (i) high levels of attenuation; (ii)
ease of generation by reverse genetics and (iii) biosafety,
since there are no point mutations that may cause reversion
to the wild-type phenotype. Moreover, reassortment of the 7
segment virus with a circulating wild-type strain would only
re-create the wild-type strain from which the 7 segment
virus was derived. Such a virus may be of particular interest
for H5 and H3 influenza viruses. Although several candidate
HS5NI1 virus vaccines have been developed (Bresson et al.,
2006; Treanor et al., 2006), preclinical and clinical studies
with inactivated subvirion or split vaccines have demon-
strated that high doses of HA are needed to achieve adequate
immune responses (Treanor et al., 2006). Even in the pres-
ence of adjuvant, 30 pug of HA were required to achieve an
immune response equivalent to that typically found for
non-adjuvanted H3 HA vaccines (Bresson et al., 2006).

Previously, viruses that lacked NA activity were prepared
by passaging virus in the presence of an antibody to the NA
molecule, while sialidase activity was provided by a cell line
expressing NA or by exogenously applied bacterial siali-
dase. Both approaches resulted in viruses that contained
large internal deletions in their NA genes. These viruses,
which have an internally deleted NA segment and do not
express functional NA (they are NA-deficient viruses), rep-
licated in cell culture, eggs, and mice. Viruses deficient in
NA may also be passaged in mutant cells such as those
disclosed in U.S. application Ser. No. 10/081,170, e.g.,
MaKs cells, the disclosure of which is incorporated by
reference herein, and Brandi et al., J. Biol. Chem., 263:
16283 (1988)).

Materials and Methods

Viruses. Human HS5N1 viruses [A/Vietnam/1203/2004
(VN1203) and A/Vietnam/1194/2004 (VN1204)] were used.
Human isolates were grown in Madin-Darby canine kidney
(MDCK) cells and maintained in minimal essential medium
with 5% newborn calf serum. All experiments with live
viruses and with transfectants generated by reverse genetics
were performed in a biosafety level 3 containment labora-
tory approved for such use by the CDC and the U.S.
Department of Agriculture.

Plasmid construction and reverse genetics. The cDNAs of
the VN1194 and another human H5N1 virus A/Indonesia/
7/2005 (Indonesia7) were synthesized by reverse transcrip-
tion of viral RNA with an oligonucleotide (Uni 12) comple-
mentary to the conserved 3' end of the viral RNA, as
described in Hatta et al. (2001). The cDNA was amplified by
PCR with gene-specific oligonucleotide primers and then
sequenced. The generation of plasmid constructs for viral
RNA production (pPoll), and containing the genes of
VN1194 and Indonesia7 viruses flanked by the human RNA
polymerase I promoter and the mouse RNA polymerase |
terminator, is described in Neumann et al. (1999). All
constructs were sequenced to ensure the absence of
unwanted mutations. Automated sequencing was performed
at the University of Wisconsin-Madison Biotechnology
Center. Transfectant viruses were produced by reverse
genetics as described by Neumann et al. (1999).
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Experimental infection. The MLD,,, that is, the dose of
virus lethal to 50% of mice, for the VNI1194 and
VN1194NA-viruses (a 7 segment virus lacking the NA
vRNA) was determined by intranasal inoculation of anes-
thetized 4-week-old female BALB/c mice with 10-fold
serial dilutions of virus. Infected mice were observed daily
for 14 days. For virus titration in organs, mice were infected
intranasally with 100 (VN1194) or 10° PFU (VN1194NA-)
of virus and euthanized on day 3 and day 6 post-infection as
described in Gao et al. (1999).

To evaluate the protective efficacy of VN1194NA- against
challenge with lethal doses of highly pathogenic H5N1
viruses, each mouse was infected intranasally with 10° PFU
of VN1194NA-. As a control, mice were inoculated intra-
nasally with phosphate-buffered saline (PBS). Fourteen days
later, serum samples, as well as trachea-lung and nasal
washes, were collected from a subset of mice and examined
for virus-specific immunoglobulin A (IgA) or G (IgG)
antibodies, using VN1194 as an antigen, by use of an
enzyme-linked immunosorbent assay (ELISA). On day 21
post-vaccination, the remaining mice were challenged intra-
nasally with 100 MLD;, of wild-type VN1194, VN1203, or
Indonesia7 virus and monitored daily for survival and body
weight for 14 days. Virus titers were determined in organs
from six mice per group at 3 and 6 days post-challenge.
Results

A mutant A/Vietnam/1194/04 (H5N1) virus lacking the
NA segment (“VN1194NA-") and a virus in which the NA
segment was replaced with a mutant NA segment possessing
an eGFP gene (“VN1194NAeGFP”) were found to replicate
in MDCK cells without exogenous neuraminidase treatment
(Table 1).

TABLE 1

Virus titers in MDCK cells

VN1194NA- P2 virus: 8.5 x 10° pfu/ml
VN1194NA- P10 virus: 4.3 x 10° pfu/ml
VN1194NAeGFP P2 virus: 2.3 x 10% pfu/ml
VN1194NAeGFP P10 virus: 3.0 x 10* pfu/ml

The resulting viruses were characterized for the presence
or absence of NA, eGFP or NS segments. The MLD, for the
VN1194NA- virus in mice was >10° (P10: 4.3x10° pfu/ml)
while that for wild-type virus was 3.1. Wild type VN1194
virus was isolated from a variety of organs, including brain.
VN1194NA- was isolated only from nasal turbinates, indi-
cating that the VN1194NA-virus is attenuated in mice.

To test the NA virus as a vaccine, Balb/c (4 week old,
female) mice were immunized with VN1194NA- virus.
Challenge viruses were VN1194 wild-type, A/Vietnam/
1203/04, and A/Indonesia/7/05 (100 LDso). The vaccination
schedule was as follows, day 0, vaccination; days 3 and 6,
organ sampling from 3 mice/group; day 14, serum, lung and
NT wash collection (5 mice/group); day 21, challenge; days
24 and 27, organ sampling, 6 mice/group; from day 21 to
day 35, weigh and morbidity check, 8 mice/group daily; and
day 35, end.

All of the mice vaccinated with VN1194NA- survived a
lethal challenge (100 LDs,) with highly pathogenic HSN1
viruses [wild type VN1194, A/Vietnam/1203/04 (Clade 1;
VN1203), and A/Indonesia/7/05 (Clade 2; Indonesia7)],
whereas all of the control mice died or had to be euthanized
due to their disease by day 8 post-challenge. High titers of
IgG and IgA antibodies against wild-type VN1194 were
detected in the serum, lung and nasal washes of vaccinated
mice 14 days after immunization. Although the body weight
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of the vaccinated mice challenged with VN1194 and
VN1203 virus dropped slightly on day 4 post-challenge, the
mice recovered. Similarly, the body weight of vaccinated
mice challenged with Indonesia7 dropped until day 6 post-
challenge; however, all of the mice again recovered com-
pletely. By contrast, the control mice did not recover.
Viruses were isolated from a variety of organs in control
mice, whereas virus replication was restricted to respiratory
organs in vaccinated mice.

Summary

An A/Vietnam/1194/04(H5N1) (VN1194) mutant virus
was generated that entirely lacks an NA gene (VN1194NA-),
that is, it contains only seven RNA segments. In MDCK
cells, this virus grew to about 10* plaque-forming units (pfu)
per ml of cell culture supernatant. However, after 10 con-
secutive passages in MDCK cells, virus titers increased to
about 10° pfu per ml of cell culture supernatant, suggesting
that VN1194NA- had acquired mutations that allowed its
efficient growth in cell culture. Nevertheless, this variant
remained highly attenuated in mice, with an MLDso (the
amount of viruses required to kill 50% of infected animals)
of >10° pfu. By contrast, the MLDso for the parental
VN1194 virus was 3.1 pfu. Hence, the 7 segment virus
grows to reasonable titers in cell culture but is highly
attenuated in mice, suggesting its potential for use as a live
attenuated vaccine.

ANA-VLP may be employed with a complementing VLP,
such as those described in Example I1I and in the claims, to
infect a cell and produce replication competent influenza
virus

EXAMPLE II

7 Segment Influenza Viruses and Additional
Attenuating Mutations

To establish NA-deficient influenza viruses as live,
attenuated vaccines, recombinant viruses of the NA-defi-
cient influenza virus H3 and HS subtypes are generated and
evaluated. Live, attenuated, NA-deficient H3 wvaccine
viruses may provide protection against ‘seasonal influenza’.
By contrast, live, attenuated, NA-deficient HS vaccine
viruses likely are reserved for a pandemic caused by a virus
of this subtype, since the use of this vaccine may introduce
a new HA subtype into human populations. In the event of
an H5N1 influenza virus pandemic, when viruses of this
subtype are already circulating in humans, a live, attenuated
HS5N1 vaccine would be invaluable, as its immunogenicity
would be expected to be superior to that of inactivated
vaccines.

Generation of a Live, Attenuated, NA-deficient HSN1 Virus

Highly pathogenic HSN1 influenza viruses now fall into
multiple clades, prompting the generation of candidate vac-
cine viruses for two of these clades: NA-deficient A/Viet-
nam/1194/04 (VN1194, clade 1) and A/Indonesia/5/05 (Ind/
05, clade 2).

To generate a NA-deficient VN1194 virus for use as a
vaccine, a RNA polymerase [ based plasmid for the expres-
sion of a modified HA protein encoding an avirulent-type
HA cleavage site sequence is prepared. The HA protein of
VN1194 HA contains a multibasic cleavage site as shown in
Table 2 (cleavage occurs between the Arg and Gly residues
as depicted by the arrow).
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TABLE 2
|
VN1194 R E R R R K K R G
AGA GAG AGA AGA AGA AAA  AAG  AGA GGA
VN1194-HA,, R E T R G
AGA GAA ACG  AGA GGA

To generate an avirulent-type HA cleavage sequence, the
multibasic sequence is altered to RETR, an avirulent-type
sequence. The conversion of the HA cleavage site from a
‘virulent’ to an ‘avirulent’ type further attenuates the 7
segment vaccine virus. Other attenuating mutations useful
for vaccine viruses such as HS and H3 viruses are disclosed
in Example III.

To generate an NA-deficient Ind/05 virus, VRNA is iso-
lated, reverse transcribed, cloned, and sequenced. To estab-
lish a consensus sequence for this virus, at least three clones
per segment are sequenced. Full-length viral cDNAs that
adhere to the consensus sequence are cloned between RNA
polymerase 1 promoter and terminator sequences as
described in Hatta et al. (2001) and Neumann et al. (1999).
A RNA polymerase I plasmid expressing a ‘detoxified” HA
protein of Ind/05 is also prepared.

Vero cells that are qualified for human vaccine virus
production are used to generate virus. Vero cells suitable for
this purpose can be obtained from ATCC. Specifically, Vero
cells are transfected with 7 RNA polymerase I plasmids for
the synthesis of VN1194 or Ind/05 vRNAs (encoding wild-
type PB2, PB1, PA, NP, M, and NS segments, and the
modified HA segment; no NA segment plasmid is included),
and with 4 plasmids for the expression of the nucleoprotein
and the three polymerase proteins. When a cytopathic effect
(CPE) is observed, virus-containing cell culture supernatants
are harvested and all 7 vRNA segments are sequenced to
confirm the authenticity of the viruses (VN1194HA , NA- or
Ind/05HA , NA-, respectively). Since the initial titers of
VN1194HA , NA- and Ind/05HA , NA- may be low, a CPE
may not initially be observed in plasmid-transfected cells. In
this event, cell culture supernatant from plasmid-transfected
Vero cells is collected at 96 hours post-infection and pas-
saged once in fresh Vero cells. Once a CPE is observed, the
supernatants are collected and the authenticity of the viruses
tested. For the original VNI1194HA , NA- and Ind/
05SHA , NA- virus stocks, their titers are determined by
plaque assays in MDCK cells.

To obtain variants that grow to reasonable titers in cell
culture, the virus is serially passaged, in parallel, in both
Vero and MDCK cells. Briefly, cells are infected at a
multiplicity of infection (m.0.i.) 0of 0.01 and virus-containing
cell culture supernatants harvested when most of the cells
have lysed due to virus infection. After each passage, virus
titers are determined in MDCK cells. Viruses are passaged
until titers reach at least 10° pfu per ml of cell culture
supernatant, e.g., about 8 to 12 serial passages. The variant
(i.e., Vero or MDCK grown virus) that grows to the highest
titers is used.

Once VNI1194HA  NA- and Ind/0OSHA , NA- variants
that grow to high titers in cell culture are obtained, stock
viruses are generated, aliquoted, and stored at -80° C. Stock
viruses are sequenced entirely to confirm their authenticity
and to identify the mutations that arose from adaptation to
Vero or MDCK cells.

In parallel, both wild-type viruses (i.e., VN1194 and
Ind/05) are generated in Vero cells. These viruses are used
in both live and formalin-inactivated forms as controls. For
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formalin-inactivated vaccines, the HA concentration is
established as described in Katz et al. (1989).
Generation of an NA-deficient H3 Virus

Following the strategy outlined above for the generation
of NA-deficient HS viruses, a NA-deficient H3 virus is
generated for use against ‘seasonal influenza’. Specifically,
a NA-deficient virus based on the A/Yokohama/2017/03
(Yok) virus, a recent human H3N2 virus, is prepared using
reverse genetics. A Yok virus that lacks the NA segment
(YokNA-) is generated and high-growth variants are pre-
pared in Vero and MDCK cells. The high-growth YokNA-
variant may be developed into a master seed virus. High-
growth YokNA-variants developed in Vero and MDCK cells
are sequenced completely, and all mutations found in the
high-growth, Vero cell grown YokNA-variant are introduced
into RNA polymerase I plasmids for YokNA-generation,
using site-directed mutagenesis. All mutations found in the
high-growth, MDCK cell grown YokNA-variant are intro-
duced into another set of RNA polymerase I plasmids for
YokNA-generation, using site-directed mutagenesis.

As described above for HSN1 viruses, the wild-type Yok
virus is also generated in Vero cells. Both live and formalin-
inactivated Yok viruses serve as controls. For formalin-
inactivated vaccines, the HA concentration is established.

If high-growth variants are not obtained after 15 serial
passages, cell lines that produce reduced amounts of sialic
acids (hence alleviating the need for NA activity) are used to
support the growth of viruses that lack NA, e.g., a MDCK
cell line that expresses low amounts of sialic acid (Hughes
etal., 2001) and supports efficient growth of an NA-deficient
virus (Shinya et al., 2004). A similar strategy may be used
to establish a Vero cell line that expresses low amounts of
sialic acid.

Pathogenicity and Immunogenicity of NA-deficient HS and
H3 Influenza Viruses

Live, attenuated vaccines are sufficiently attenuated
(cause no or mild disease symptoms), immunogenic (stimu-
late strong humoral and cellular immune responses), and
protective (provide protective immunity to immunized indi-
viduals).

The following viruses are assessed for pathogenicity and

immunogenicity:
TABLE 3

H5N1 viruses

VNI1194HA , NA- Live, attenuated, NA-deficient virus; avirulent
HA cleavage sequence

VN1194 Parental virus, live

VNI1194;,.... Parental virus, formalin-inactivated

Ind/05HA ,, NA- Live, attenuated, NA-deficient virus; avirulent
HA cleavage sequence

Ind/05 Parental virus, live

Ind/05,,c.. Parental virus, formalin-inactivated

H3N2 virus

YokNA- Live, attenuated, NA-deficient virus

Yok Parental virus, live

YoKy,aee. Parental virus, formalin-inactivated
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Pathogenicity and Virulence of NA-deficient H5 Viruses
(VNI1194HA , NA-, Ind/05HA , NA-)

Highly pathogenic H5N1 influenza viruses, such as
VN1194 and Ind/05, typically kill mice within 8 days of
infection. To assess the level of attenuation for
VN1194HA , NA- and Ind/0OSHA , NA-, their LD, values
are determined. LD, values are also determined for the
parental VN1194 and Ind/05 viruses, but not for formalin-
inactivated viruses.

Briefly, BALB/c mice (5 animals/group) and/or ferrets (3
animals/group) are inoculated intranasally with ten-fold
dilutions of live, attenuated (VN1194HA , NA- and Ind/
05HA , NA-) or live parental virus (starting from 10° pfu)
and observed daily for signs of disease. Control animals are
inoculated with the same amount of live parental virus.
Additional controls are mock-infected. Since highly patho-
genic H5N1 influenza viruses are known to cause systemic
infection, viral titers are determined in lungs, nasal turbi-
nates, heart, spleen, kidney, liver, colon, pancreas, and brain
on days 3 and 6 post-infection. VN1194HA , NA- and
Ind/05SHA , NA-virus, by contrast, show significant attenu-
ation, that is, no virus spread beyond the respiratory organs
and lower overall virus titers.

Pathogenicity and Virulence of an NA-deficient H3 Virus
(YokNA-)

In contrast to highly pathogenic H5N1 influenza viruses,
human H3N2 viruses typically do not cause systemic infec-
tion in mice or ferrets and do not kill these animals. To
establish the level of attenuation for YOkNA- as compared to
the parental Yok virus, mice and ferrets are infected intra-
nasally as described above. Animals are observed daily for
signs of disease such as weight loss, reduced activity, or
sneezing (for ferrets). In parallel, virus titers are determined
in nasal turbinates and lungs of infected animals on days 1,
3, and 6 post-infection. For Yok virus, signs of mild disease
occur early in the infection, which may clear by day 6
post-infection. For YokNA-virus, low virus titers are
observed on day 1 (reflecting the virus’s limited ability to
replicate) and less pronounced, if not no disease symptoms
and little if any virus replication, are observed on day 3
post-infection
Immunogenicity of NA-deficient H5 and H3 Influenza
Viruses

For live, attenuated vaccines, the balance between attenu-
ation and immunogenicity is important. To assess the immu-
nogenicity of VN1194HA  NA-, Ind/0SHA  NA-, and
YokNA-, humoral and cellular immune responses are tested
in mice, and a humoral response is tested in ferrets.

Hemagglutination Inhibition (HI) and Neutralization
Tests. To determine the levels of serum antibodies to HA,
hemagglutination inhibition and neutralization tests are per-
formed. Mice and ferrets are infected with ten-fold dilutions
(starting with 10° pfu) of VN1194HA , A-, Ind/05HA , NA-,
or YokNA virus. In parallel, control animals are infected
with the same amounts of live parental virus or with 30 pg
of HA for inactivated parental viruses. Mock-infected ani-
mals serve as negative controls. On days 7, 14, 30, and 90
post-infection, serum samples are collected from the subor-
bital capillary vein of mice (or the jugular vein of ferrets; the
latter will be anesthetized for this procedure). Mice infected
with live VN1194 or Ind/05 virus die within 7-8 days
post-infection.

For live, attenuated and inactivated viruses, a two-dose
regimen is also tested. Animals are infected as described
above and then boosted with the same dose of virus 30 days
later. This two-dose regimen is not conducted for live
parental viruses, since mice infected with high doses die
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within 7-8 days of the first immunization, whereas those
infected with low doses survive and develop sterile immu-
nity (Katz et al., 2000).

For HI assays, serum samples are treated with receptor-
destroying enzyme and sodium periodate, and then tested
with H5 and H3 viruses. For HS viruses, representative
strains isolated since 1997 from birds and humans that cover
both clades are included. For H3 viruses, representative
human isolates from 2000 forward are included. HI assays
are typically performed with chicken or turkey erythrocytes;
however, these erythrocytes have low sensitivity for anti-
bodies to H5 HA. Horse erythrocytes have improved sen-
sitivity (Stephenson et al., 2004), therefore, horse erythro-
cytes are employed for HI assays with HS5 viruses.
Moreover, some human H3 viruses do not agglutinate
chicken erythrocytes efficiently, but bind to guinea pig
erythrocytes (Stephensen et al., 2003). For H3 viruses, HI
assays are performed with guinea pig erythrocytes. The HI
titer of serum is expressed as the reciprocal of the highest
dilution of serum that causes the complete inhibition of 4
hemagglutination units of antigen. A fourfold increase in HI
titers is considered significant; titers of 1:40 or more are
believed to be protective (Porter et al., 1979).

For neutralization assays, serum samples are treated as
described for HI assays, then mixed with equal volumes of
homologous or heterologous virus (100 pfu each), incubated
for 1 hour at room temperature, and then inoculated onto
MDCK cells, following established protocols (Bridges et al.,
2002). MDCK cells are infected with 100 pfu of virus in the
presence of a control serum that does not react with HSN1
or H3N2 viruses. The neutralizing antibody titer is the
reciprocal of the highest dilution of serum that reduces the
plaque number by 50%.

Inactivated influenza vaccines produce higher serum HI
titers than live, attenuated vaccine viruses (Cox et al., 2004).
Thus, the serum HI titers induced by VN1194HA , NA-,
Ind/05HA , NA-, and YokNA- may be low. It is possible that
an antibody response is not detected in animals infected with
NA-deficient viruses. While detectable serum antibody titers
provide an indication of immunogenicity for inactivated
vaccines, the lack of such titers does not necessarily exclude
protective efficacy for the vaccine.

Antibody resonse. To further assess the humoral response
to infection with VN1194HA , NA-, Ind/0SHA , NA-, or
YokNA-virus, IgA- and IgG-specific ELISAs are conducted
on serum and bronchoalveolar lavage (BAL) samples from
infected mice and ferrets.

Serum samples are obtained as described above. To obtain
BAL fluid, animals are euthanized, catheterized, the tracheae
and lungs washed with phosphate-buffered saline (PBS), and
the fluid drawn into a syringe attached to the catheter. The
levels of IgA and IgG antibodies are determined by use of
established protocols (Kida et al., 1982). Briefly, the viruses
used for immunization are absorbed to microtiter plates,
incubated with serially diluted serum or BAL samples,
washed, and incubated with anti-mouse peroxidase-conju-
gated IgA or IgG antibodies. Samples are then incubated
with a peroxidase substrate. The reaction product is quan-
tified on an ELISA reader at 405 nm. Samples derived from
mock-infected animals are used to establish a baseline.

Inactivated influenza virus vaccines induce appreciably
higher levels of serum antibodies than do live, attenuated
vaccines (Cox et al., 2004). Yet, live, attenuated influenza
virus vaccines are more potent inducers of IgA in nasal
washes, while inactivated vaccines induce predominantly
IgG mucosal antibodies. For animals infected with the live,
attenuated, NA-deficient viruses and the live parental
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viruses, relatively low levels of serum antibodies are
expected relative to animals infected with inactivated
viruses. The live viruses, however, are expected to be
superior to inactivated viruses with respect to inducing
mucosal IgA antibodies.

Cellular immune response. To assess the cellular immune
responses to infection with live, attenuated NA-deficient HS
or H3 viruses, virus-specific CD8 T cell responses in mice
are measured. Animals are inoculated with live parental
virus, live, attenuated virus, or inactivated virus, as
described above. On days 7, 14, 30, and 90 post-infection
(for the parental HS viruses, only the first time-point can be
tested since animals die by day 7 or 8 post-infection), BAL
fluids are collected as described above, as well as lungs,
spleen and cervical and mediastinal lymph nodes. For lymph
nodes and spleen, single cell suspensions of mononuclear
cells are prepared as described in Hogan et al. (2001). For
lungs, a cell suspension is generated according to estab-
lished protocols (Masopust et al., 2001) and mononuclear
cells obtained using a Percoll gradient. All mononuclear
cells are then stained with labeled-MHC I tetramers specific
to the influenza epitopes (K NP, ., s:TYQRTRALYV (SEQ
ID NO: 1); KY HAS | ¢ 5s06: [YSTVASSL (SEQ ID NO: 2)) in
BALB/c mice, and with anti-CDS, anti-LFA-1, and anti-
CD62L antibodies. The number of virus-specific CD8 T
cells is determined by flow cytometry.

In parallel, intracellular cytokine staining is used to mea-
sure functional cytotoxic T cells. Mononuclear cells are
stimulated with epitope peptides in the presence of Brefeldin
A, which inhibits cytokine secretion. Staining for cell sur-
face CD8 and intracellular IFN-y, TNF-a, or IL-2 is
achieved with a Cytofix/Cytoperm kit (BD-Pharmingen),
and the number of cytokine-producing CD8 T cells is
measured by flow cytometry.

Live, attenuated influenza viruses typically elicit a stron-
ger cellular immune response than inactivated viruses. More
potent virus-specific CD8 T cell stimulation is expected in
animals infected with live parental viruses or live, attenuated
viruses than in animals infected with inactivated viruses.
Protective Efficacy of NA-deficient HSN1 Viruses

To assess the protective efficacy of NA-deficient viruses,
groups of mice (or ferrets; 9 animals/group) are immunized
intranasally with the same doses of live, attenuated, NA-
deficient viruses or inactivated viruses that were tested for
immunogenicity. If the immunogenicity studies show the
two-dose regimen with a booster immunization to be more
efficient than a single immunization, a booster immunization
is also conducted for protection studies. If both regimens are
of comparable efficacy, mice are immunized only once.
Mock-infected animals serve as controls. One to three
months post-immunization, animals are challenged with
lethal doses (10 or 100 MLDs,, for mice; 10° pfu for ferrets)
of homologous VN1194 or Ind/05 virus. Animals are
observed daily for signs of disease. On days 3 and 6
post-challenge, three animals per group are euthanized.
Virus titers in organs and serum antibody titers are deter-
mined.

For mouse experiments, mock-vaccinated animals are
expected to succumb to systemic infection caused by
VN1194 or Ind/05 virus. For ferret experiments, mock-
vaccinated animals challenged with Ind/05 virus are
expected to die, whereas those infected with VN1194 are
expected to lose weight but to recover from virus infection.
By contrast, all vaccinated animals are expected to be
protected against lethal challenge or weight loss. The live,
attenuated NA-deficient viruses are expected to provide
better protection than the inactivated viruses. Better protec-
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tion may include higher survival rates, lower virus titers,
restricted virus spread, and/or, reduced weight loss after
challenge.

Vaccines to highly pathogenic H5N1 influenza viruses
may provide protection against isolates from both clades. To
assess whether the live, attenuated NA-deficient HSN1 vac-
cine viruses provide cross protection, animals are immu-
nized as above and challenged with 10 or 100 MLD;, (for
mice), or with 10° pfu (for ferrets), of the respective heter-
ologous virus (i.e., animals immunized with
VN1194HA , NA-(clade 1) virus are challenged with Ind/05
(dade 2) virus and vice versa). Some cross-protection is
expected, although the protective efficacy may be lower than
that observed with homologous virus.

Protective Efficacy of an NA-deficient H3N2 Virus

To establish the protective efficacy of an NA-deficient
H3N2 virus, immunization and challenge studies are carried
out essentially as described above for HSN1 viruses. Groups
of mice (and ferrets; 9 animals/group) are immunized intra-
nasally with the same doses of YokNA- or Yok, that are
tested for immunogenicity. Mock-infected animals serve as
controls. One to three months post-immunization, animals
are challenged with 10° pfu of Yok virus. Animals are
observed daily for signs of disease. On days 3 and 6
post-challenge, three animals per group are euthanized.
Virus titers in nasal turbinates and lungs and serum antibody
titers are determined.

Signs of disease are expected in mock-immunized control
animals but not in vaccinated animals. Limited virus repli-
cation is expected in the nasal turbinates and lungs of
vaccinated animals.

If VN1194HA , NA-, Ind/05SHA , NA-, and/or YokNA-
are too pathogenic, additional attenuating mutations are
introduced into their genomes. If the NA-deficient viruses
are too attenuated, viruses that contain all 8 VRNAs but lack
functional NA, for example, by deleting large portions of the
NA reading frame are generated.

The invention will be further described by the following
non-limiting examples.

EXAMPLE III

Reverse genetics systems for influenza A viruses are built
on the concept that cells are transtected with plasmids for the
synthesis of all eight influenza A viral genomic segments
within one cell. A different strategy for the generation of
influenza viruses from plasmids is provided herein. Cells are
transfected with seven RNA polymerase I plasmids (for
example, the plasmid encoding the HA vRNA is omitted).
Cells are cotransfected with plasmids expressing the poly-
merase and NP proteins to initiate viral replication and
transcription. The HA protein is provided from a protein
expression plasmid or from a stable cell line. Virus-like
particles (VLPs) are released that possess only seven vVRNA
segments. These particles can infect fresh cells, but will not
undergo additional rounds of propagation due to the lack of
the HA vRNA.

In parallel, cells are transfected with a different set of
seven RNA polymerase I plasmids (any segment except that
lacking in the parallel experiment can be omitted; in the
example described here, any segment except HA can be
omitted). The ‘missing’ protein is provided from a protein
expressing plasmid or cell line; cells are also transfected
with proteins expression plasmids for the polymerases and
NP. As described above, VLPs possessing seven VRNAs are
released.



US 10,494,613 B2

43

The two populations of VLPs (one lacking the HA viral
RNA; the other lacking one of the other seven viral RNAs)
are mixed and inoculated into fresh cells. In cells infected
with both types of VLPs, all eight vVRNAs will be present
and infectious influenza viruses will be generated.

Similarly, infectious influenza viruses can be generated
from VLPs possessing fewer than seven viral RNAs. Any
combination of VLPs can be used as long as all eight
different vVRNAs are present in VLP-infected cells: for
example, eight different VLPs could be generated that
possess one VRNA each. If a cell is infected with VLPs
possessing the PB2, PB1, PA, HA, NP, NA, M, or NS viral
RNAs separately, infectious virus will be generated. In
another example, one population of VL.Ps could possess four
viral RNAs, and a second population of VLPs could possess
the remaining four viral RNAs. Again, co-infection of cells
with these two populations of VLPs results in the generation
of replicating virus.

Procedure

1. Generation of VLPs (lacking the PB2 or HA vRNA

segment, respectively) in 293T cells.

TABLE 4

pPoll plasmids

Remaining Protein expression
pPoll-PB2  pPoll-HA six segments plasmids
VLP-1 — WSN WSN 10
VLP-2 PR8 — WSN 10

2. Co-infection of MDCK cells with mixed VLPs. As
controls, MDCK cells were infected with VLP-1 or VLP-2
only.

3. Perform plaque assays and sequence replicating virus.
Results

Infectious virus (>10® pfu/mL) was detected in MDCK
cells co-infected with VLP-1 and VLP-2, but not in
MDCK cells infected with either VLP.

Sequence analysis of a plaque derived from MDCK cells
co-infected with VLP-1 and -2 confirmed that the PB2
gene originated from PRS virus, and that the HA gene
originated from WSN virus.

Conclusion

Infectious virus can be generated upon co-infection of
cells with two seven-segment viruses lacking different
vRNAs.

This is a new method for producing infectious replication-
competent influenza viruses/vaccines from cDNAs, which
can be designed to incorporate any HA/NA combination
corresponding to seasonal/pandemic influenza, as well as
various attenuating, stabilizing, or growth-enhancing muta-
tions, and/or the introduction of heterologous sequences, and
a host of other innovations related to the study of influenza
and the production of vaccines.

EXAMPLE IV
Experiment 1

Two VLPs possessing different sets of seven viral RNAs
(VRNAs) were generated. Specifically, 293T cells were
transfected with plasmids expressing all viral proteins, and
with plasmids expressing seven VRNAs:

a. In VLP-1, the PB2-vRNA was omitted

b. In VLP-2, the HA-vRNA was omitted.
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TABLE 5

pPoll plasmids Protein expression

pPoll-PB2 pPoll-HA Other 6 plasmids
VLP-1 — WSN WSN 10
VLP-2 PRS8 — WSN 10

The VLP-containing supernatants of plasmid-transfected
cells were collected and mixed. The VLP mixture was used
to infect MDCK cells. As controls, MDCK cells were
infected with VLP-1 or VLP-2 only. High titers (3x10®
PFU/mL) of replicating virus were detected in MDCK cells
infected with both VLPs. Sequence analysis confirmed that
the replicating virus possessed the HA segment of WSN
virus and the PB2 segment of PR8 virus. Replicating virus
was not detected in MDCK cells infected with one VLP
only.

Thus, infectious influenza viruses can be generated from
two replication-incompetent VLPs.

Experiment 2

Two VLPs possessing different sets of four vRNAs were
generated. VLP-4 possessed the PB1, PB2, PA, and HA
vRNAs and VLP-3 possessed the NP, NA, M, and NS
vRNAs. The experiment was carried out as described above.

In MDCK cells co-infected with VLP-3 and VLP-4, a
high virus titer (1.8x10® PFU/mL) was detected. Therefore,
infectious influenza viruses can be generated from two
replication-incompetent VLPs possessing four vRNAs each.

TABLE 6

pPoll plasmids

pPoll-PB2 pPoll-NP
pPoll-PB1 pPoll-NA
pPoll-PA pPoll-M Protein expression
pPoll-HA pPoll-NS plasmids
VLP-3 — WSN 10
VLP-4 WSN — 10

Experiment 3

Eight VLPs possessing one VRNA each were generated
(see Table 7). The experiment was carried out as described
above. No cytopathic effect or hemagglutination titer was
detected in VLP-infected MDCK cells.

TABLE 7
Protein expression
pPoll plasmids plasmids
VLP-5 pPoll-WSN-PB2 only 10
VLP-6 pPoll-WSN-PB1 only 10
VLP-7 pPoll-WSN-PA only 10
VLP-8 pPoll-WSN-HA only 10
VLP-9 pPoll-WSN-NP only 10
VLP-10 pPoll-WSN-NA only 10
VLP-11 pPoll-WSN-M only 10
VLP-12 pPoll-WSN-NS only 10
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All publications, patents and patent applications are incor-
porated herein by reference. While in the foregoing speci-
fication, this invention has been described in relation to
certain embodiments thereof, and many details have been set
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skilled in the art that the invention is susceptible to addi-
tional embodiments and that certain of the details herein
may be varied considerably without departing from the basic
principles of the invention.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 9

TYPE: PRT

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic peptide
<400> SEQUENCE: 1

Thr Tyr Gln Arg Thr Arg Ala Leu Val
1 5

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 9

TYPE: PRT

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic peptide
<400> SEQUENCE: 2

Ile Tyr Ser Thr Val Ala Ser Ser Leu
1 5

What is claimed is:

1. A method to prepare influenza A or B virus comprising:

infecting a host cell with two different VLPs, wherein a
first isolated VLP has at least one and up to eight
influenza A virus segments and a second VLP has at
least one and up to eight influenza A virus viral seg-
ments, wherein the first VLP and the second VLP
comprise one or up to eight influenza A virus viral
segments selected from:

an influenza virus PA segment;

an influenza virus PB1 segment;

an influenza virus PB2 segment;

an influenza virus NP segment;

an influenza virus M segment;

an influenza virus NS segment;

an influenza virus NA segment; or

an influenza virus HA segment or a modified HA segment
having sequences for a non-influenza host cell binding
protein; or

wherein the first VLLP and the second VLP comprise one
or up to eight influenza B virus viral segments selected
from:

an influenza virus PA segment;

an influenza virus PB1 segment;

an influenza virus PB2 segment;

influenza virus NP segment;

an influenza virus M segment;

an influenza virus NS segment;

an influenza virus NA segment; or

an influenza virus HA segment or a modified HA segment
having sequences for a non-influenza host cell binding
protein;
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and

wherein the first VLP and the second VLP each comprise
PA, PB1 PB2, NP, and HA or a non-influenza host cell
binding protein;

wherein the first VLP has at least one viral segment that

is not present in the second VLP or wherein the first

VLP has at least one segment that is modified in the

second VLP so that a functional influenza virus protein

is not expressed from that modified segment; and
isolating progeny virus.

2. The method of claim 1, wherein the second VLP has at
least one viral segment that is not present in the first VLP.

3. The method of claim 1, wherein at least one of the viral
segments of the first VLP is from the same virus isolate as
the corresponding viral segment in the second VLP.

4. The method of claim 1, wherein at least one of the viral
segments of the first VLP is from a different virus isolate as
the corresponding segment in the second VLP.

5. The method of claim 1, wherein the first VP has 7 viral
segments of or the second VLP has 7 viral segments; or
wherein the first VLP has 7 viral segments and the second
VLP has 6 viral segments; or wherein the first VLP has at
least 3 viral segments and the second VLP has 7 viral
segments; or wherein the first VLP has at least 4 viral
segments and the second VLP has at least 4 viral segments;
or wherein the first VLP has less than 8 viral segments and
the second VLP has less than 8 viral segments.

6. The method of claim 1, wherein the viral segments for
HA and NA are from the same virus isolate.

#* #* #* #* #*



