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LIVE ATTENUATED VACCINES FOR
INFLUENZA VIRUSES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. provi-
sional application Ser. No. 62/079,227, filed Nov. 13, 2014,
which is herein incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Annual epidemics and pandemics of influenza (flu)
cause significant disease burden and excess mortality due to
complications globally. Vaccination with flu vaccine is con-
sidered to be the most effective way to alleviate disease bur-
den and mortality caused by influenza, as well as to prevent
future pandemics in humans. Currently there are two types of
flu vaccines in the market, split vaccines and cold-adapted
attenuated vaccines. Pitfalls from both vaccines have long
been recognized. Current split flu vaccines have low immu-
nogenicity and cannot be ready in a short timeframe in
response to the rapidly emerging strains, such as the HIN1
strain, which caused the 2009 pandemic. Poor immunogenic-
ity has been well known for the split vaccine, in particular
among old adults and young children. On the other hand, cold
attenuated vaccines are only allowed for use in people
between 2 to 49 years old. These problems have limited the
benefits of flu vaccines for the population that needs them
most. The quick production of low cost, abundant, and effec-
tive vaccines (capable of inducing a more robust immune
response) is ideal for intervention and prevention of influ-
enza, particularly seasonal influenza in young children and
the elderly.

[0003] Since the emergence of human infections with avian
H5N1 virus in Hong Kong in 1997, human infections with
other subtypes of avian influenza virus, including HIN2,
H7N7, H6N1 H7N9, H5N6, and H10N8, have been reported
in countries in which these subtypes of avian influenza virus
are circulating in poultry. Among these emerging influenza
viruses, 650 human infections with H5N1 virus have since
been identified from 16 countries, among these 386 were fatal
(see, world wide website: who.int/influenza/human_animal _
interface/EN_GIP_20140124
CumulativeNumberHSN1cases.pdf?ua=1). Most recently,
the emergence of H7N9 virus in China in 2013 has caused 450
human cases, 165 of which were fatal (http://www.who.int/
influenza/human_animal_interface/influenza_h7n9/risk-
assessment_h7n9_27junel4.pdf).

[0004] Human infections with other novel subtypes of
avian influenza virus, such as HION8 and H5N6, were also
reported in China. There is a concern that some of these
subtypes may gain further adaptation in humans or become
reassortant with seasonal flu virus and cause a new pandemic.
The experience of the 2009 pandemic of HIN1 showed
preparation of vaccine for human vaccination from the emer-
gence of a virus takes more than 6 months before availability
to the public. Current flu vaccine development will not meet
the requirement for the nature of rapid dissemination of pan-
demic influenza. It is a certainty that there will be new pan-
demics in the future; however, it is impossible to predict the
timing and subtype of virus.

[0005] Novel live attenuated influenza (fiu) vaccines would
meet the requirements for seasonal and pandemic vaccines.
Live attenuated flu vaccines have several advantages over the
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split or inactivated vaccines. Firstly, live attenuated vaccines
are able to induce better immune response in recipients; sec-
ondly, live attenuated vaccines use less vaccine for immuni-
zation; finally, attenuated live flu vaccines can be easily
applied through nasal administration.

BRIEF SUMMARY OF THE INVENTION

[0006] The development of a new vaccine technology to
meet the requirements of pandemic preparedness is
extremely important. As such, the present invention provides
attenuated influenza viruses and vaccine formulations that
can be quickly and easily produced.

[0007] In one aspect, the present invention provides an
attenuated influenza virus comprising a genetically modified
viral genome. The genetically modified viral genome com-
prises a disruption in the non-structural (NS1) coding seg-
ment and one or more base substitutions in the matrix mem-
brane protein coding segment.

[0008] In another aspect, the present invention provides a
vaccine formulation comprising an attenuated influenza virus
and a pharmaceutically acceptable carrier, the virus compris-
ing a disruption in the NS1 coding segment of the viral
genome and one or more base substitutions in the matrix
membrane protein coding segment of the viral genome.

[0009] In another aspect, the present invention provides
methods for generating an attenuated influenza virus com-
prising: introducing a disrupted coding sequence of an influ-
enza virus NS1 gene into a cell or egg; introducing a matrix
membrane coding sequence of an influenza virus into the cell
or egg, wherein the matrix membrane coding sequence com-
prises one or more base substitutions and wherein the cell or
egg comprises the remaining influenza virus gene segments
and viral proteins required to produce influenza virus par-
ticles; and culturing the cell or egg, wherein the attenuated
influenza virus is replicated.

[0010] Inyetanother aspect, the present invention provides
methods for inducing an immune response against an influ-
enza virus, comprising administering to a subject an effective
amount of a vaccine formulation comprising a genetically
engineered attenuated influenza virus and a pharmaceutically
acceptable carrier, in which the genome of the genetically
engineered attenuated influenza virus encodes a disrupted
NS1 protein and one or more matrix membrane proteins with
one or more missense mutations.

[0011] In some embodiments of the aspects provided, the
disruptioninthe NS1 coding segment is a deletion resulting in
aknockout of the encoded NS1 protein. The attenuated influ-
enza virus can be generated from influenza virus strains, such
as but not limited to, H7N9, HINI1, and H5N1. In some
embodiments of the viruses, formulations and methods pro-
vided, the base substitutions are selected from a G917A sub-
stitution, an A14U substitution, and combinations thereof.

[0012] The methods and compositions herein described
can be used in connection with pharmaceutical, medical, and
veterinary applications, as well as fundamental scientific
research and methodologies, as would be apparent to a skilled
person upon reading of the present disclosure. These and
other objects, features and advantages of the present inven-
tion will become clearer when the drawings as well as the
detailed description are taken into consideration.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] For a fuller understanding of the nature of the
present invention, reference should be had to the following
detailed description taken in connection with the accompa-
nying figures.

[0014] FIG. 1 shows results of a DNA agarose gel confirm-
ing deletion of the NS1 gene in the NS1-del recombinant
virus (WSN-DelINS1) versus wild-type (WSN-WT).

[0015] FIG. 2 shows sequencing data indicating the substi-
tution in the M segment of the HIN1 (A/Wisconsin/1/33)
strain with deleted NS1 after several passages in cells. HIN1
NS1-del virus was passaged in cells and virus genome was
sequenced after passaged viruses were stabilized. A single
substitution, A14U, was identified in the M segment of NS1-
del HIN1 virus.

[0016] FIG. 3 shows sequencing data indicating the substi-
tution, in the M segment of H7N9 virus, with deleted NS1
after several passages in cells. H7N9 NS1-del virus was pas-
saged in cells and virus genome was sequenced after passaged
viruses were stabilized. A single substitution, G917A, was
identified in the M segment of NS1-del H7N9 virus.

[0017] FIG. 4 is a graph showing the growth properties of
HINI NS1-del and wild type HINI viruses in Vero cells.
Growth ability of HIN1 NS1-del viruses were estimated and
compared with wild type virus (WSN-WT). WSN-deINS1-
M-WT, WSN-deINS1-A14U and WSN-deINS1-M-CA2 are
NS1 deleted viruses which contain the M segment with WT,
A14U and CA2 substitutions, respectively. CA2 is used as a
reference strain as it has been described in PR8 virus previ-
ously (Wielink et al., 2012, J. Virol 86(22): 12341.). In this
experiment, Vero cells were infected with WSN WT or vari-
ous NS1-deleted variants (at 0.001 MOI) respectively. Virus
titers (pfu) were estimated at different time points (day post
infection) by plaque assay using MDCK cells. As shown in
the figure, we found WSN-deINS1-A14U virus replicated
much higher titer than deINS1-M-WT and WSN-deINS1-M-
CA2 in Vero cells.

[0018] FIG. 51is a graph showing the growth properties of
NS1-del and wild type H7N9 viruses in Vero cells. Growth
ability of H7N9 NS1-del virus (ZJ1-DeINS1-M-G917A) was
estimated and compared with wild type virus (ZJ1-WT).
[0019] FIG. 6isagraph showing that NS1-del virus (WSN-
DeINS1-M-A14U) is not able to inhibit expression of inter-
feron P in infected cells.

[0020] FIG. 7 show graphs indicating that mutation in the
M segment of NS1-del virus (indicated as WSN-DeINS1-M-
A14U) enthanced M2 but down regulated M3 transcriptions
from M segment relative to wild-type M segment (indicated
as WSN-DeINS1-M-WT).

[0021] FIG. 8 shows a graph of results for a pathogenicity
test of NS1-del and wild type viruses in a mouse model.
Groups of six mice were inoculated with inoculums of 5x10*
each virus or 3 ug of split H7N9 vaccine as specified. Mice
were observed daily for changes in body weight for 14 days
(day 0 to day 14). Animals that lost more than 25% of their
pre-infection weight were euthanized according to protocol
of animal ethics and counted as fatal outcome.

[0022] FIG. 9 shows a graph of the average % weight
change in mice for the indicated days post-infection, indicat-
ing protection of mice from lethal dose challenge of H7N9
virus with vaccination of NS1-del vaccine. Mice that survived
from the experiment shown in FIG. 8 were then challenged
with 1x10° pfu of H7N9 WT virus. Mice were observed daily
for changes in body weight for 14 days (day 0 to day 14).
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Animals that lost more than 25% of their pre-infection weight
were euthanized according to the protocol of animal ethics
and counted as fatal outcome. All mice inoculated with PBS
died by day 10 of experiment after challenge of H7N9 virus.
Mice inoculated with split vaccine showed significant body
weight loss but were able to recover from infection. Mice
inoculated with WSN-deINSA-M-A14U showed slightly
decreased of body weight at the beginning of infection and
recovered rapidly. No symptom or body weight loss was
observed among mice inoculated with H7N9-deINS1-M-
G917A or HTN9-deINS1-M-G917A-A14U after challenge
with WT H7N9 virus.

[0023] FIG. 10 shows that DeINS1 HIN1 viruses cross
protect highly pathogenic avian HSN1 virus challenge. Mice
were inoculated with one doses (10* PFU) of either WSN-
DeINS1-M-A14U, 2009HINI1-DeINS1, 2009 HINI1-cold
adapted virus, or mock inoculated with PBS for two weeks
and then challenged with 100 MLD;,, of A/Vietnam/1194/04
H5N1 virus. Body weight loss (A) and (B) survival rate of
mice were recorded for 14 days post HSN1 virus challenge.

[0024] FIG. 11 shows DelNS1 live attenuated vaccines pro-
vide better cross protection than cold-adapted vaccine to high
doses challenge of HSN1 virus. Mice were inoculated with
one dose (10* PFU) of either 2009HIN1-DeINSI,
H7N9De3NS1-G917A, 2009 HIN1-cold adapted virus, or
mock inoculated with PBS, for two weeks and then chal-
lenged with 1000 MLD,, of A/Vietnam/1194/04 HSN1 virus.
Body weight loss (A) and (B) survival rate of mice were
recorded for 14 days post HSN1 virus challenge.

[0025] FIG. 12 shows construction and establishment of
stabilized WSN-DeINS1 virus. (A) Schematic illustration of
the NS segment transcripts and the NS mutant with an NS1

deletion. The DeINS1 plasmid was constructed by deleting
the intron regionranging from nt 57 to 528 in the NS segment.
NCR, noncoding region. (B) Confirmation of NS1 deletion in
rescued DelNS1 viruses. Viral RNA was extracted from P1

virus, and the NS segment was amplified by RT-PCR and
analyzed using agarose gel electrophoresis. (C) Plaque sizes
of DelNS1 and wild-type A/'WSN/33 viruses. (D) Titer (PFU/
ml) of DeINS1 virus after each passage. (E) Sequence analy-
sis of the DeINS1 virus genome revealed an A-to-U substitu-
tion at nucleotide position 14 in the M segment noncoding
region. The noncoding region is marked by a black line, and
the A14U mutation is indicated with an arrowhead. (F) Com-
parison of rescue efficiency for WSN-DeINS1 viruses con-
taining M-WT and M-A14U, M-A14U-CM15, M-A14C, and
M-A14G substitutions. NR, not rescued. (G) Rescue effi-
ciency of PRS8-DeINS1 viruses containing M-WT or
M-A14U. The DeINSI viruses were rescued with the indi-
cated M-WT or M mutant plasmids in mixed HEK293T and
MDCK cell cultures and then titrated by plaque assay. Values
plotted are means (+standard deviations [SD]) (n=3) and are
representative of data from at least 5 independent experi-
ments.

[0026] FIG. 13 shows growth kinetics of the M-A14U-
DelINS1 virus in MDCK and Vero cells. (A and B) Column-
purified reverse genetic WSN-WT, WSN-DeINS1-M-A14U,
and WSN-DeINS1-M-WT viruses were used to infect
MDCK cells (A) or Vero cells (B) at a multiplicity of infection
(MO]) of 0.1. Supernatants were collected at the indicated
time points and virus titrated by plaque assay. (C) Column-
purified reverse genetic PR8-WT and PR8-DelNS1-M-A14U
viruses were used to infect MDCK cells (left panel) and Vero
cells (right panel) at an MOI of 0.1. Supernatants were col-
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lected at 24 h post-infection and titrated by plaque assay. The
values (mean+SD; n=3) plotted are representative data from
at least 3 independent experiments.

[0027] FIG. 14 shows Loss of IFN-f suppression activity in
WSN-DelINS1 viruses. (A) HEK293T cells were transfected
with an IFN-" reporter plasmid 24 h prior to infection with
either WSN-WT or WSN-DeINS1-M-A14U at an MOI of 1
or with the positive control, SeV, at 50 HA units. After 24 h,
cells were harvested and cell lysates prepared for estimation
ofluciferase activity. The luciferase assays were performed in
triplicate, and values were normalized to the Renilla
luciferase control. (B) IFN-f and viral NP mRNA levels were
quantified by gRT-PCR after MDCK cells were infected with
WSN-WT or WSN-DeINS1-M-A14U at an MOI of 0.1 and
cultured for 16 h. Values were normalized against canine
actin. (C) Suppression of IRF3 dimerization in HEK293T
cells infected with WSN-WT, WSN-DeINS1-M-A14U, or
SeV was analyzed by native gel electrophoresis. (D) Activity
in suppressing [FN-} expression was compared in MDCK
cells infected with WSN-DeINS1-M-WT or WSN-DeINS1-
M-A14U virus. Similar to the experiment described for panel
B, MDCK cells were infected with the indicated viruses at an
MOI of 0.1, and at 16 h postinfection, IFN-p and NP mRNA
levels were quantified by qPCR. Values were normalized to
canine actin. (E) Groups of six BALB/c mice, aged 6 to 8
weeks, were intranasally inoculated with 5x10* PFU of
WSN-WT or WSN-DeINS1-M-A14U mutant virus, and
body weight was monitored daily for 14 days post-infection.
(F) Replication efficiency of viruses in lung tissues of
infected mice. Groups of three mice were infected with 10*
PFU of WSN-WT, WSN-DeINS1-M-WT, or WSN-DeINS1-
M-A14U mutant viruses and then euthanized at 72 h post-
infection, with lung tissues from each mouse being collected
and homogenized for virus titration by plaque assay using
MDCK cells. Statistical significance was analyzed by one-
way analysis of variance (ANOVA) or Student’s t test (**,
p<0.01). The bars plotted show means+SD (n=3), and the
results represent at least three independent experiments.

[0028] FIG. 15 shows the effect of M-A14U mutation on
M1 and M2 protein expression. (A) MDCK cells were
infected with WSN-WT or WSN-DeINS1-M-A14U virus at
an MOI of 2. Cells were harvested at the indicated time points
and cell lysates analyzed by Western blotting with specific
antibodies, as described in Materials and Methods. (B)
MDCK cells were infected with WSN-DeINS1-M-WT or
WSN-DeINS1-M-A14U virus at an MOI of 0.1. At 16 h
postinfection, cell lysates were collected for Western blotting
with specific antibodies. (C) MDCK cells were infected with
WSN-WT or WSN-M-A14U virus at an MOI of 5. Cell
lysates were prepared at the indicated time points for Western
blotting with specific antibodies. f-Tubulin was included as a
loading control. All of the results are representative of three
independent experiments.

[0029] FIG. 16 shows the effect of M-A14U substitution on
alternative splicing of M transcripts. (A) Schematic illustra-
tion of the M segment transcripts. The sequence of the 3' NCR
of the VRNA M segment is shown in red, with the mRNA3
splicing donor (SD) site highlighted in yellow. Splicing con-
sensus sequences for the donor site are indicated in green
above the noncoding region sequence (M, A or C; R, A or G).
(B) Analysis of levels of different M mRNAs in virus-infected
cells. MDCK cells were infected with the indicated viruses at
anMOT of 0.1. Total RNA was isolated at 16 h post-infection.
The mRNA levels for M1, M2, mRNA3, and M4 were deter-
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mined by quantitative RT-PCR, as described in Materials and
Methods. (C) HEK293T cells were transfected with
pHW2000-WSN-M-WT or pHW2000-WSN-M-A14U plas-
mid with or without cotransfection of pCX-WSN-NS1 for
coexpression of NS1. At 48 h post-transfection, total RNAs
were isolated. After DNase treatment, the mRNA levels were
determined by quantitative RT-PCR. (D) MDCK cells were
infected with PR8-WT, PR8-M-A14U, or PR8-DeINS1-M-
A14U virus at an MOI of 0.1. At 16 h post-infection, total
RNAs were isolated and mRNA levels measured by qPCR.
M2/M1 mRNA and mRNA3/M1 mRNA ratios are shown. All
the results plotted indicate means+SD (n=3) and are repre-
sentative of three independent experiments.

[0030] FIG. 17 shows the effect of M-A14U substitution on
M2/M1 mRNA ratio. (A) MDCK cells were infected with
WSN-WT, WSN-M-Al14U, WSN-M-A14G, or WSN-
MG12C-CM13 virus at an MOI of 5. Total RNAs were
extracted at the indicated time points and levels of mRNA3
determined by quantitative RT-PCR. (B) Analysis of growth
kinetics of WSN-WT, WSN-M-A14U, WSN-M-A14G, and
WSN-M-G12C-CM13 viruses. MDCK cells were infected
with these viruses at an MOI of 0.001. Supernatants were
collected at the indicated time points and titrated by plaque
assay. (C to E) MDCK cells were infected with WSN-WT,
WSN-M-A14U, WSN-DeINS1-M-WT, or WSN-DeINSI-
M-A14U virus at an MOI of 0.1. At 16 h after infection, total
RNAs were isolated, and the M2/M1, mRNA3/MI, and
M4/M1 mRNA ratios were determined by quantitative RT-
PCR. (F) Effect of mRNA3 on virus replication. HEK293T
cells were transfected with pCX-WSNmRNA3 or a control
vector 24 h prior to infection with WSN-DeINS1-M-A14U
virus at an MOIT of 0.1. Supernatants were collected at the
indicated time points and virus titrated by plaque assay. All of
the bars and points plotted indicate means+SD (n=3) from
three independent experiments. **, p=0.0013 by Student’s t
test.

[0031] FIG. 18 shows Regulation of M mRNA splicing host
machinery by viral NSI and polymerase proteins. (A)
HEK293T cells were transfected with increasing amounts of
pCX-WSN-NS1. At 24 h after transfection, cells were
infected with WSN-DeINS1-M-WT, WSN-DeINS1-M-
Al14U, or WSN-WT virus at an MOI of 0.5. Total RNAs were
isolated at 8 h post-infection and M1 mRNA, M2 mRNA, and
mRNA3 levels analyzed by quantitative RT-PCR. (B)
HEK293T cells were transfected with WT and various
mutants of the M segment cloned into pHW2000 plasmids,
which express M vRNA, with or without the pCX-WSN-NS1
plasmid. Cell lysates were prepared at 48 h post-transfection
for Western blotting with specific antibodies. f§-Tubulin was
included as a loading control. (C) Effect of A14U substitution
on M vRNA replication. MDCK cells were infected with
WSN-WT, WSN-M-A14U, or WSN-M-A14G virus at an
MOI of 5. At 4 and 10 h post-infection, total RNAs were
isolated for QRT-PCR analysis, and relative amounts of VRNA
were determined as described above. (D) The A14U substi-
tution enhances MvRNA replication. MDCK cells were
infected with WSN-DeINS1-M-WT or WSN-DeIlNS1-M-
A14U virus at an MOI of 0.1. Total RNAs were isolated at 16
h after infection. M and NP vRNA levels were determined by
quantitative RT-PCR, as described above. All bars plotted
show means+SD (n=3). The results represent three indepen-
dent experiments. * *, p<0.01; ***, p=0.0002 (by Student’s t
test).
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BRIEF DESCRIPTION OF THE SEQUENCES

[0032] SEQIDNO: 1: NS-529F, the forward primer for the
inverse PCR to delete the intron of the NS gene. (5'-GACAT-
ACTGATGAGGATGTCAAAAATG-3")

[0033] SEQ ID NO: 2: NS-56R, the reverse primer for the
inverse PCR to delete the intron of the NS gene. (5'-CT-
GAAAGCTTGACACAGTGTTTGG-3")

[0034] SEQ ID NO: 3: M-478F, the forward primer for real
time PCR for WSN-M1 and PR8-M1. (5'-CGGTCTCATAG-
GCAAATGGT-3)

[0035] SEQIDNO: 4: M-616R, the reverse primer for real
time PCR for WSN-MI1. (5'-CAATATCCATGGCCTCT-
GCT-3)

[0036] SEQ ID NO: 5: WSN-M2-F, the forward primer for
real time PCR for WSN-M2 and PR8-M2. (5'-CCGAGGTC-
GAAACGCCTATC-3")

[0037] SEQ ID NO: 6: WSNM2-R, the reverse primer for
real time PCR for WSN-M2, WSN-mRNA3 and WSN-M4.
(5-CTCTGGCACTCCTTCGGTAG-3")

[0038] SEQ ID NO: 7: WSN-mRNA3-F, the forward
primer for real time PCR for WSN-MRNA3 and PRS-
mRNA3. (5-AGCAAAAGCAGGCCTATC-3")

[0039] SEQ ID NO: 8: WSN-M4, the forward primer for
real time PCR for WSN-M4. (5'-ACCGATCTTGAGGC-
CTATC-3")

[0040] SEQIDNO: 9: The reverse primer for real time PCR
for PR8-M1. (5'-CAACCTCCATGGCCTCTGCT-3")

[0041] SEQ ID NO: 10: The reverse primer for PR8-M2
and PR8-mRNA3. (5"-CTTTGGCACTCCTTCCGTAG-3")
[0042] SEQ ID NO: 11: NP-625F, the forward primer for
real time PCR for WSN-NP. (5'-GGTGAGAATGGACG-
GAGAAC-3")

[0043] SEQ ID NO: 12: NP-738R, the forward primer for
real time PCR for WSN-NP. (5-CCGGCTCTCTCTCACT-
TGAT-3")

[0044] SEQ ID NO: 13: The forward primer for real time
PCR of canine IFN-f (5'-CCAGTTCCAGAAGGAGGACA-
39

[0045] SEQ ID NO: 14: The reverse primer for real time
PCR of canine IFN-f. (5'-CCTGTTGTCCCAGGTGAAGT-
3)

[0046] SEQ ID NO: 15: The forward primer for real time
PCR of canine p-actin (5'-CCCAAGGCCAACCGC-
GAGAAGAT-3")

[0047] SEQ ID NO: 16: The reverse primer for real time
PCR of canine f-actin. (5'-GTCCCGGCCAGCCAGGTC-
CAG-3")

DETAILED DISCLOSURE OF THE INVENTION

[0048] Severalaspects of the invention are described below,
with reference to examples for illustrative purposes only. It
should be understood that numerous specific details, relation-
ships, and methods are set forth to provide a full understand-
ing of the invention. One having ordinary skill in the relevant
art, however, will readily recognize that the invention can be
practiced without one or more of the specific details or prac-
ticed with other methods, protocols, reagents, cell lines and
animals. The present invention is not limited by the illustrated
ordering of acts or events, as some acts may occur in different
orders and/or concurrently with other acts or events. Further-
more, not all illustrated acts, steps or events are required to
implement a methodology in accordance with the present
invention. Many of the techniques and procedures described,
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or referenced herein, are well understood and commonly
employed using conventional methodology by those skilled
in the art.

[0049] The present invention provides methods of prepar-
ing live attenuated influenza A vaccine strains with knockout
of the key virulent gene, the influenza A virus interferon
antagonist, non-structural protein (NS1), designated herein as
NS1-del and DeIlNS1; the terms may be used interchangeably.
Knockout of the NS1 protein provides two advantages.
Firstly, the virus strain is avirulent to humans; secondly, it is
more important that the NS1-del vaccine can induce a much
better immune response from the host since NS1 is a strong
antagonist to both innate adaptive immunities. Typically, the
influenza A virus with knockout of the NS1 gene is unable to
grow well in cells or eggs, such as embryonated chicken eggs;
however, the present invention provides mechanisms for
compensating for this defect in virus replication through
mutations, such as at A14U or G917A, in the segment of the
virus genome that codes for matrix membrane proteins. As a
result, the present invention provides a novel way to generate
anattenuated vaccine which is avirulent to humans and can be
produced in a short time for application in prevention of
seasonal and pandemic influenza.

[0050] In one aspect, the present invention provides an
attenuated influenza virus comprising a genetically modified
viral genome. The genetically modified viral genome com-
prises a disruption in the non-structural (NS1) coding seg-
ment and one or more base substitutions in the matrix mem-
brane protein coding segment. The genetic modifications
result in a virus that has no NS1 protein,; yet, the virus retains
its viral replication abilities (due to the base substitution(s) in
the matrix membrane protein coding segment compensating
for NS1 loss).

[0051] In another aspect, the present invention provides a
vaccine formulation comprising an attenuated influenza virus
and a pharmaceutically acceptable carrier, the virus compris-
ing a disruption in the NS1 coding segment of the viral
genome and one or more base substitution in the matrix
membrane protein coding segment of the viral genome.

[0052] As used herein, the term “vaccine” or “vaccine for-
mulation” refers to a composition that stimulates an immune
response to a particular antigen or antigens (i.e., influenza
virus). Thus, a vaccine refers to a composition that is admin-
istered to a subject with the goal of establishing an immune
response and/or immune memory to a particular influenza
virus. It is also contemplated that the vaccine compositions
can comprise other substances designed to increase the ability
of the vaccine to generate an immune response. It is also
contemplated that the present invention can provide more
than one attenuated virus in the mixtures of compositions
herein disclosed. For example, a mixture can comprise an
attenuated HIN1 virus and an attenuated H5N1 virus. Also,
the disclosed methods can comprise the simultaneous or
separate administration of multiple vaccines. Thus, the
present invention further includes the administration of a
second, third, fourth, etc. attenuvated virus; wherein the sec-
ond, third, fourth, etc. attenuated virus is administered in a
separate vaccine for administration at the same time as or 1, 2,
3,4,5,6,10, 14,18, 21,30, 60, 90, 120, 180, 360 days (or any
number of days in between) after the first attenuated virus.

[0053] The term “pharmaceutically acceptable,” as used

herein with regard to compositions and formulations, means
approved by a regulatory agency of the Federal or a state
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government or listed in the U.S. Pharmacopeia or other gen-
erally recognized pharmacopeia for use in animals and/or in
humans.

[0054] The term “carrier” refers to a diluent, excipient,
and/or vehicle with which the compositions described herein
are administered. Such pharmaceutical carriers can be sterile
liquids, such as water and oils, including those of petroleum,
animal, vegetable or synthetic origin, such as peanut oil,
soybean oil, mineral oil, sesame oil and the like. Saline solu-
tions and aqueous dextrose and glycerol solutions can also be
employed as liquid carriers, particularly for injectable solu-
tions. Suitable pharmaceutical excipients include, but are not
limited to, starch, glucose, sucrose, gelatin, lactose, malt,
rice, flour, chalk, silica gel, sodium stearate, glycerol
monostearate, talc, sodium chloride, glycerol, propylene,
glycol, water, ethanol and the like. The compositions and
formulations described herein may also contain wetting or
emulsifying agents or suspending/diluting agents, or pH buff-
ering agents, or agents for modifying or maintaining the rate
of release of the composition. Formulations can include stan-
dard carriers such as pharmaceutical grades of mannitol, lac-
tose, sodium saccharine, starch, magnesium stearate, cellu-
lose, magnesium carbonate, etc. Such compositions and
vaccines will contain an effective amount of the attenuated
virus together with a suitable amount of carrier so as to
provide the proper form to the patient based on the mode of
administration to be used.

[0055] If for intravenous administration, the vaccines and
compositions can be packaged in solutions of sterile isotonic
aqueous buffer. Where necessary, the composition may also
include a solubilizing agent. The components of the compo-
sition are supplied either separately or mixed together in unit
dosage form. If the composition is to be administered by
infusion, it can be dispensed with an infusion bottle contain-
ing sterile pharmaceutical grade water or saline. Where the
composition is administered by injection, an ampoule of ster-
ile water or saline can be provided so that the ingredients may
be mixed prior to injection. The vaccines and compositions
may also be administered to the subject intranasally, intratra-
cheally, orally, intradermally, intramuscularly, intraperito-
neally, or subcutaneously.

[0056] In another aspect, the present invention provides
methods for generating an attenuated influenza virus com-
prising: introducing a disrupted coding sequence of an influ-
enza virus NS1 gene into a cell or egg; introducing a matrix
membrane coding sequence of an influenza virus into the cell
or egg, wherein the matrix membrane coding sequence com-
prises one or more base substitutions and wherein the cell or
egg comprises the remaining influenza virus gene segments
and viral proteins required to produce influenza virus par-
ticles; and culturing the cell or egg, wherein the attenuated
influenza virus is replicated. The NS1 disruption, in combi-
nation with the one or more base substitutions in the matrix
membrane coding sequence, results in attenuvated influenza
viruses that retain their abilities to replicate in the host cell or
egg.

[0057] Inyetanotheraspect, the present invention provides
methods for inducing an immune response against an influ-
enza virus, comprising administering to a subject an effective
amount of a vaccine formulation comprising a genetically
engineered attenuated influenza virus and a pharmaceutically
acceptable carrier, in which the genome of the genetically
engineered attenuated influenza virus encodes a disrupted
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NS1 protein and one or more matrix membrane proteins with
one or more missense mutations.

[0058] As used herein, the term “subject” refers to an ani-
mal. Typically, the terms “subject” and “patient” may be used
interchangeably herein in reference to a subject. As such, a
“subject” includes an animal that is being immunized, or the
recipient of a mixture of components as described herein,
such as an attenuated viral vaccine. The term “animal,”
includes, but is not limited to, mouse, rat, dog, guinea pig,
cow, horse, chicken, cat, rabbit, pig, monkey, chimpanzee,
and human.

[0059] The term “effective amount,” as used herein, refers
to an amount that is capable of inducing the necessary
immune response or otherwise capable of producing an
intended therapeutic effect.

[0060] In some embodiments of the viruses, vaccine for-
mulations, and methods of the present invention, the disrup-
tion in the NS1 coding segment is a deletion resulting in a
knockout of the encoded NS1 protein. In other embodiments,
the disruption in the NS1 coding segment results in a trun-
cated protein. The truncated NS1 protein loses, at least, the
ability to inhibit expression of interferon f in infected cells.

[0061] In some embodiments, the attenuated influenza
virus can be generated from influenza A virus strain such as,
but not limited to, H7N9, HIN1, and H5N1.

[0062] In some embodiments, the base substitutions in the
matrix membrane coding sequence of the influenza virus are
selected from a G917A substitution, an A14U substitution,
and combinations thereof. Such base substitutions result in
encoded matrix membrane protein products containing one or
more missense mutations. These mutations result in mutant
matrix membrane protein products that compensate for the
loss of NS function, resulting in at least partial rescue of viral
replication in cells and/or eggs. In some embodiments, the
rescue level of viral replication in the attenuated viruses is
comparable to wild-type live viruses.

Materials and Methods

Cells and Viruses

[0063] Humanembryonic kidney (HEK) 293T (ATCC)and
Vero cells (ATCC) were cultured at 37° C. in Dulbecco’s
minimal essential medium (DMEM) supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin sulfate (Life Technologies), while MDCK
(ATCC) cells were grown in Eagle’s minimal essential
medium (MEM) supplemented with the same amounts of
serum and antibiotics. Influenza A viruses were rescued by
reverse genetics and amplified in MDCK cells, as described
previously. Viruses were purified using Amicon Ultra-15 cen-
trifugal filter units (100 KD) (Millipore) to remove the cytok-
ines in the medium. Sendai virus (SeV) was propagated in
embryonated chicken eggs.

[0064] Plasmid Construction

[0065] Inverse PCR was carried out to delete the intron of
the NS gene inserted into the pHW2000 vector and the plas-
mid was phosphorylated and self-ligated. Primers for inverse
PCR were 5-GACATACTGATGAGGATGTCAAAAATG-
3" (NS-529F, SEQ IDNO: 1) and 5'-CTGAAAGCTTGACA-
CAGTGTTTGG-3' (NS-56R, SEQ ID NO: 2). For point
mutations, the QuikChange II site-directed mutagenesis kit
(Stratagene) was used.
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[0066] Passage of the DeINS1 Virus

[0067] Blind serial passage of the DeINS1 virus was per-
formed in this study. The DeINS1 virus was first rescued by
cotransfecting eight pHW2000 plasmids containing the eight
segments of the influenza virus genome into a HEK293T/
MDCK mixed cell culture; the supernatant was subsequently
collected at 72 h post-transfection and designated passage 0
(P0) virus. The PO virus obtained from the rescue procedure
was used to infect MDCK cells in a T25 flask at 37° C. Two or
three days later, the supernatant was transferred to infect fresh
MDCK cells. Virus titers were measured at each passage.
After 5 passages, when the virus titer in the subculture had
stabilized, a full genome sequence of each of the DelNS1
virus passages was obtained and analyzed.

[0068] Reporter Assay

[0069] HEK293T cells were seeded onto 48-well plates and
cotransfected with 50 ng each of the tested plasmids and
firefly luciferase reporter containing noncoding regions from
the M segment, together with 10 ng Renilla luciferase
reporter as a control. After 24 h of culture, luciferase activity
was measured according to the manufacturer’s instructions
(Promega). For the IFN-p promoter activity reporter assay,
cells were infected with the indicated viruses at a multiplicity
of infection (MOI) of 1 (influenza A virus) or 50 HA units
(SeV) at 24 h post-transfection. Firefly luciferase values were
normalized using the Renilla luciferase values.

[0070] Growth Kinetics

[0071] MDCK or Vero cells at 80 to 100% confluence
seeded in 24-well plates were infected with the indicated
viruses at an MOI of 0.1. After absorption for 1 h, the super-
natant was removed and cells washed twice with 500 pul phos-
phate-buffered saline (PBS). Infected cells were overlaid with
MEM containing 1 pg/ml tosylsulfonyl phenylalanyl chlo-
romethyl ketone (TPCK)-treated trypsin (Sigma) and incu-
bated at 37° C. Supernatants were collected at the indicated
time points and the virus titer determined by plaque assay in
MDCK cells.

[0072] Plaque Assay

[0073] Tenfold serial dilutions of each virus to be tested
were made in MEM. Confluent MDCK cells seeded onto
6-well plates were inoculated with virus for adsorption at 37°
C. for 1 hbefore supernatant was removed. Cells were washed
twice with PBS and then overlaid with 1% MEM agarose
containing 1 pg/ml TPCK-treated trypsin. Plates were placed
upside down in a 37° C. incubator for 48 h. Plates were then
fixed with 25% formalin for at least 2 h at room temperature.
After staining with 1% crystal violet in 20% ethanol, plates
were washed with tap water to remove excess dye. Plaques
were visualized with the naked eye and counted. The plaque
assay detected influenza virus at concentrations of >1 PFU/
ml.

[0074] Western Rlotting

[0075] MDCK cells were infected with the indicated
viruses at an MOI of 5 and lysed at different time points with
cell lysis buffer (50 mM Tris-HCI, 150 mM NaCl, and 1%
Triton X-100, pH 7.4). Cell debris was discarded after cen-
trifugation at a speed of 12,000 g for 15 min. Native poly-
acrylamide gel electrophoresis (NPAGE) was performed as
follows. 7 to 8% polyacrylamide gel was made without the
addition of SDS and with the stacking gel omitted.

[0076] Samples for N-PAGE were lysed with the passive
lysis buffer used in the luciferase assay. After mixing with 5x
loading buffer (1MTris-HCI [pH 6.8], 50% glycerol, 1% bro-
mophenol blue), samples were either stored at -80° C. or
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analyzed immediately, with the gel being pre-run for 30 min
at a constant current of 40 mA at 4° C. before loading
samples. Gels were then processed in a manner similar to that
for SDS-PAGE. Mouse monoclonal anti-M1 (sc-57881) and
rabbit polyclonal anti-IRF3 (sc-9082) antibodies were pur-
chased from Santa Cruz Biotechnology. Mouse monoclonal
anti-M2 (ab5416) was purchased from Abcam. Mouse mono-
clonal anti-p-tubulin was purchased from Sigma. NP, HA,
and NS1 were detected using laboratory-made antibodies at
dilutions of 1:5,000, 1:3,000, and 1:5,000, respectively.
[0077] Quantitative Real-Time PCR (qRT-PCR)

[0078] At the indicated time points after infection or trans-
fection, total RNA was isolated using RNAiso (TaKaRa).
DNA contamination was removed by DNase (Ambion) treat-
ment. Approximately 200 ng total RNA was reverse tran-
scribed using a high-capacity cDNA reverse transcription kit
(Life Technologies). The Unil2 and oligo(dT) primers were
used for preparing mRNA and vRNA, respectively, in reverse
transcription reactions. The SYBR Premix Ex Taq kit
(TaKaRa) was used for real-time PCR. Primers for WSN-M1
were 5'-CGGTCTCATAGGCAAATGGT-3' (M-478F, SEQ
ID NO: 3) and 5-CAATATCCATGGCCTCTGCT-3'
(M-616R, SEQ ID NO: 4). Primers for WSN-M2 were
5-CCGAGGTCGAAACGCCTATC-3" (WSN-M2-F, SEQ
ID NO: 5) and 5-CTCTGGCACTCCTTCGGTAG-3'
(WSNM2-R, SEQ ID NO: 6). The forward primer for WSN-
mRNA3 was 5'-AGCAAAAGCAGGCCTATC-3' (WSN-
mRNA3-F, SEQID NO: 7), and the forward primer for WSN-
M4 was 5'-ACCGATCTTGAGGCCTATC-3' (SEQ ID NO:
8). The reverse primer used for WSN-mRNA3 and WSN-M4
was WSN-M2-R. The forward primer for PR8-M1 was the
same as the WSN-M1 forward primer, M-478F, and the
reverse primer was 5-CAACCTCCATGGCCTCTGCT-3'
(SEQ ID NO: 9). The reverse primer for PR8-M2 and PRS-
mRNA3 was 5'-CTTTGGCACTCCTTCCGTAG-3' (SEQID
NO: 10), and forward primers were WSN-M2-F and WSN-
mRNA3-F, respectively. Primers for WSN-NP were 5'-GGT-
GAGAATGGACGGAGAAC-3' (NP-625F, SEQ ID NO: 11)
and 5-CCGGCTCTCTCTCACTTGAT-3' (NP-738R, SEQ
ID NO: 12). Primers for canine IFN-f were 5'-CCAGTTC-
CAGAAGGAGGACA-3' (forward, SEQ ID NO: 13) and
5CCTGTTGTCCCAGGTGAAGT-3" (reverse, SEQ ID
NO: 14).

[0079] Primers for canine p-actin were 5'-CCCAAGGC-
CAACCGCGAGAAGAT-3=(forward, SEQ ID NO: 15) and
5-GTCCCGGCCAGCCAGGTCCAG-3' (reverse, SEQ ID
NO: 16).

[0080] The relative mRNA levels were analyzed using an
established protocol. The amplification specificity of qRT-
PCR was confirmed by melting curve analysis at the end of
each program.

[0081] Mouse Infection

[0082] Mouse experiments were performed using 6 to 8
week old female BALB/c mice. To determine viral replication
in lung tissues, groups of 3 mice were infected intranasally
with 1x10* PFU of WSN-WT, WSN-DeINS1-M-WT, or
WSN-DelNS1-M-A14U virus, diluted in 25 pl of PBS. Three
days later, mice were euthanized and the lungs removed for
homogenization in 1 ml PBS. Viral titers were then deter-
mined by plaque assay in MDCK cells. To determine the
pathogenicity of the viruses, groups of 6 mice were inocu-
lated intranasally with 5x10* PFU of wild-type (WT) or
DeINS1-M-A14U virus in 25 pl of PBS or with PBS alone,
and the body weights of infected and control group mice were
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recorded daily for 14 days. Mice with body weight losses of
greater than 25% of the initial body weight were euthanized,
in accordance with animal ethics guidelines.

[0083] All patents, patent applications, provisional appli-
cations, and publications referred to or cited herein are incor-
porated by reference in their entirety, including all figures and
tables, to the extent they are not inconsistent with the explicit
teachings of this specification.

[0084] Following are examples that illustrate procedures
for practicing the invention. These examples should not be
construed as limiting. All percentages are by weight and all
solvent mixture proportions are by volume unless otherwise
noted.

Example 1

Substitutions in the M Segment for Virus Replication
in NS1-Del Virus

[0085] To obtain NS1-del virus strains, full length NS
genome segment NS derived respectively from HIN1, H7N9
and H5N1 were cloned in the pHW2000 vector. The coding
region of the NS1 was knocked out by a mutagenesis proto-
col, while intact NS2 (or NEP) was retained in the genome
segment. (FIG. 1) The NS1-del virus was rescued via co-
transfection of 8 segments of each virus into 293T cells. The
resulting rescued virus (very low intiter or even un-detectable
by conventional assay) was blindly passaged in A549 or
VERO cells. Supernatants were collected for titration and
sequencing analysis. Once the virus titer was stabilized in the
passage, sequences from each passage were compared.
Sequences from all 8 segments were compared with the
parental genome and substitutions were identified. Two sub-
stitutions in the M segment, namely A14U in the HIN1 and
G917A in the H7N9, were consistently observed in the
repeated experiments (FIGS. 2 and 3).

Example 2

Characterization of Growth of NS1-Del Virus with
Substitution in the M Segment

[0086] Growth kinetics of NS1-del viruses, versus wild
type counterparts, derived from HIN1 (WSN strain) (F1G. 4)
and H7N9 (Zhejiang Strain) (FIG. §) were analyzed in vari-
ous cell lines, including MDCK, VERO and A549. It was
found that NS1-del viruses are able to grow to certain levels in
MDCK or VERO cells. WSN-deINS1-A14U virus replicated
to amuch higher titer than deINS1-M-WT and WSN-deINS1-
M-CA2 in Vero cells. NS1-del viruses were further evaluated
using chicken embryonated eggs, and it was shown that these
viruses are able to propagate in eggs.

Example 3

Characterization of Antagonism of Interferon of
NS1-Del Virus

[0087] The major function of the NS1 protein is to inhibit
expression of interferon in infected cells. Experiments were
conducted to demonstrate that the NS1-del virus is not able to
suppress host interferon expression (FIG. 6). It was particu-
larly important to determine that the NS1-del virus has lost
this function since it is associated with the virulence of the
influenza virus.
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Example 4

Mutation in the M Segment of the NS1-Del Virus
Enhances M2 but Down Regulates M3 Transcription
from the M Segment

[0088] Because differential splicing of M2, M3 and M4
mRNAs play a role in the regulation of virus replication,
experiments were performed that showed substitution in the
M segment enhanced M2, but down regulated M3, mRNA
transcription (FIG. 7). This finding offers a mechanistic
explanation for the substitution of M for virus replication in
the absence of NS1 protein.

Example 5

Characterization of the NS1-Del Virus in Mice

[0089] To further evaluate pathogenic properties of NS1-
del viruses, experiments were conducted to examine NS1-del
viruses in mice. Groups of 6 mice were infected with wild
type H7N9 or NS1-del viruses and mortality and body
weights were recorded daily for two weeks. It was found that
mice infected with NS-del viruses showed no symptoms of
disease and maintained stable body weight while mice
infected with wild type H7N9 virus lost body weight from day
2 post infection; all infected mice succumbed on day 6. This
result demonstrated the NS1-del virus is not virulent to mice,
even at a high dose (FIG. 8).

Example 6

Protection of Mice from Lethal Challenge Via
Immunization of NS1-Del Virus

[0090] To test efficacy of an NS1-del vaccine in mice,
experiments were conducted as illustrated in FIG. 9. Groups
of 6 mice were first inoculated with 5x10* plaque forming
units (pfu) of either various versions of NS-del viruses, a split
vaccine, or PBS control. Two weeks later, mice were chal-
lenged with 10° pfu of wild type H7NO virus. Mice were
monitored for mortality, and body weights were recorded for
14 days. The results in FIG. 9 showed: (1) mice inoculated
with PBS control lost body weights from day 3 post infection
and all mice succumbed on day 10 post challenge; (2) mice
inoculated with H7N9 NS1-del viruses showed no apparent
body weight loss throughout the experiment; (3) mice inocu-
lated with HINT NS1-del virus showed slight body weight
loss during the first four days of infection but recovered after
that and stayed normally throughout rest of the experiment;
(4) mice inoculated with one dose of split H7N9 vaccine
showed significant body weight loss for the first week, but the
mice were able to recover from infection and regained body
weights. This experiment showed protection of mice from
challenge with alethal dose of highly pathogenic H7N9 virus.
The NS1-del vaccine provides better protection than the split
vaccine. Protection of mice from H7NO challenge by NS1-del
HINT1 virus further suggest the NS1-del vaccine may render
cross protection for hetero-subtype virus infection.

Example 7

Cross Protection of NS1-Del Vaccines to Lethal
Challenge with Avian H5N1 Virus

[0091] Experiments to verify cross protection of DeIlNS1
vaccines to lethal challenge with highly pathogenic avian
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H5NI1 virus were conducted. Besides DelNS1 virus derived
from WSN and H7N9 strains, DeINS1 virus from the 2009
pandemic HIN1 virus has similarly been constructed, desig-
nated as 2009H1N1-DeINS1 and evaluated for cross protec-
tion of lethal challenge by A/Vietnam/1194/04 HSN1 virus.
To test if inoculation of DelNS1 virus would provide better
protection to HSN1 virus infection in mice, a 2009 HIN1 cold
adapted virus, designated as 2009 HIN1-Cold adapted, was
used as control. The 2009 HIN1-Cold adapted virus contains
wild type NS1 gene in viral genome.

[0092] As shown in FIG. 10, although there is some body
weight lost in the beginning of infection (A), 80% of mice
inoculated with WSN-DeINS1, 2009HIN1-DeINS1 and
2009 HIN1-Cold adapted viruses survived challenge of 1194
H5N1 virus at lower lethal doses (100 MLDy,). This result
indicated inoculation with either cold-adapted or DeINS1
virus would provide cross protection to herterosubtypic virus
infection. However, the 2009H1N1-DelNS1 virus appears to
render better protection compared to the same live attenuated
virus containing wild type NS1 gene based on body weight
change after virus challenge (A). To further differentiate level
of protection between vaccine strains containing NS1 and
DelNS1, protection in mice challenged with higher lethal
dose (1000 MLDs,) of A/Vietnam/1194/04 H5N1 virus was
evaluated. As shown in FIG. 11, mice inoculated with PBS or
the 2009 HIN1-Cold adapted virus died after 6 and 9 days
post H5N1 virus challenge (A & B). However, 80% of mice
inoculated either with 2009 HIN1-DeINS1 or H/N9DeINS1-
MG917A virus survived the lethal challenge (B). Only less
than 15% of body weight loss was observed in the beginning
of infection and mice were able to recover after 10 days of
HS5N1 virus challenge. Taken together, these results show that
DeINS! influenza viruses provide much stronger cross pro-
tection than the vaccine strain which contains wild type NS1.

Example 8

A14U Substitution in the 3' Noncoding Region
(NCR) of the M Segment of Viral RNA Supports

Replication of Influenza Virus

[0093] This embodiment of the invention provides that
A14U Substitution in the 3' NCR of the M Segment of Viral
RNA supports replication of influenza virus with an NS1
deletion by modulating alternative splicing of M segment
mRNAs. The NS1 protein of influenza virus has multiple
functions and is a determinant of virulence. DelNS1 influenza
virus is a useful tool for studying virus replication and can
serve as effective live attenuated vaccines; however, the dele-
tion of NS1 severely diminishes virus replication, hampering
functional studies and vaccine production. The invention pro-
vides that WSN-DeINS1 viruses passaged in cells consis-
tently adapted to gain an A14U substitution in the 3' NCR of
the M segment of viral RNA (VRNA) which restored replica-
tive ability. DelNS1-M-A14U viruses cannot inhibit inter-
feron expression in virus infected-cells, providing an essen-
tial model for studying virus replication in the absence of the
NS1. Characterization of DeINS1-M-A14U virus showed
that the lack of NS1 has no apparent effect on expression of
other viral proteins, with the exception of M mRNAs. Expres-
sion of the M transcripts, M1, M2, mRNA3, and mRNA4, is
regulated by alternative splicing. The A14U substitution
changes the splicing donor site consensus sequence of
mRNA3, altering expression of M transcripts, with M2
expression significantly increased and mRNA3 markedly
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suppressed in DeINS1-M-A14U, but not DelNSI1-M-WT,
virus-infected cells. Further analysis revealed that the A14U
substitution also affects promoter function during replication
of the viral genome. The M-A14U mutation increases
MvRNA synthesis in DelNS1 virus infection and enhances
alternative splicing of M2 mRNA in the absence of other viral
proteins. The findings demonstrate that NS1 is directly
involved in influenza virus replication through modulation of
alternative splicing of M transcripts and provide strategic
information important to construction of vaccine strains with
NS1 deletions.

[0094] NSI1 of influenza virus has multiple functions.
Besides its role in antagonizing host antiviral activity, NS1 is
also believed to be involved in regulating virus replication.
The NS1 protein is a virulence determinant which inhibits
both innate and adaptive immunity and live attenuated viruses
with NS1 deletions show promise as effective vaccines. How-
ever, deletion of NS1 causes severe attenuation of virus rep-
lication during infection, impeding functional studies and
vaccine development. A replication-competent DelNS1 virus
which carries an A14U substitution in the 3' NCR of the
vRNA M segment is provided. M-A14U mutation supports
virus replication through modulation of alternative splicing
of mRNAs transcribed from the M segment. As such, the
invention provides replication-competent strains with NS1
deletions which can be used as a live attenuated vaccine.

[0095] Influenza A virus is an important human respiratory
tract pathogen which causes annual epidemics and occasional
pandemics. The influenza A virus genome contains eight
negative-sense single-stranded RNA segments. The seg-
mented genome allows frequent reassortment events to occur
between different influenza viruses, which can lead to altered
pathogenic and transmission properties in reassortant viruses.
The influenza A virus replication process is regulated by host
and viral factors during the infection cycle. Entry of influenza
virus into cells is initiated by attachment of viral hemagglu-
tinin (HA) to cellular sialic acid receptors, which mediates an
endocytotic process to release the viral genome into the cyto-
plasm. The viral genome is subsequently imported into the
nucleus via an importin-al/importin-f}1-dependent nuclear
import pathway, where the influenza virus utilizes genome-
bound viral RNP polymerase complex and host transcription
machinery to replicate the viral genome and express viral
mRNA for protein synthesis. At least 14 viral proteins have
been identified from virus-infected cells. Among these viral
proteins, PB1, PB2, PA, NP, HA,NA, M1, M2, NS1, and NS2
(NEP) are regularly expressed in infected cells. Expression of
PB1-F2, PB1-N40, and PA-X is less consistently observed
and may be associated with viral strain and infection condi-
tions. Expression of an M2-related protein, M42, was also
reported during infection with virus mutated at the mRNA4
splice donor site in the M segment transcript. However, many
influenza A virions may fail to express at least one essential
viral protein and become replication-incompetent infectious
particles. Expression of viral proteins is subject to both viral
and host controls and differential regulation of viral protein
expression may result in differences in the replication effi-
ciency of virus, leading to variable pathogenic outcomes of an
infection.

[0096] Among the eight genome segments of influenza A
virus, both the NS and M segments express differentially
spliced transcripts. Two matured mRNAs, NS1 and NS2
(NEP), and four mRNAs, M1, M2, M3, and M4, are
expressed from the NS and M segments, respectively. While
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there are four differentially spliced transcripts from the M
segment, only the matrix (M1) and ion channel (M2) proteins
have known roles in influenza A infection. M1 and M2 have
essential functions in viral nuclear export, virion packaging,
and budding during virus replication. No known function has
been found for the other two mRNAs derived from the M
segment, mMRNA3 and mRNA4. A study of viral mRNA
kinetics found that accumulation of M1 and M2 mRNA is
regulated during virus infection of cells. A similar phenom-
enon is also observed in NS1 and NS2 (NEP) splicing regu-
lation, which is coordinated with the progress of virus infec-
tion. The viral polymerase complex regulates the utilization
of alternative 5' splice sites in influenza virus M1 mRNA, in
coordination with the cellular splicing factor SF2/ASF, to
control the expression of M2 mRNA during virus replication.
However, another study showed that the NS1 protein regu-
lates splicing of M segment mRNAs and that this activity
requires NS1 to possess RNA binding function. Adaptive
substitutions were reported to be gained in the M segment
through passage of a reassortant virus containing H5 and N1
from A/turkey/Turkey/1/05 and the remaining segments from
the A/PR/8/34 strain, but with NS1 deleted. While the specific
functions of these M segment substitutions were not charac-
terized, the studies seem to suggest that there is an interaction
between NS1 and M functions in virus replication. Although
the NS1 protein is not essential for viral replication, it has
multiple functions, and deletion of the NSI gene leads to
severe attenuation of influenza virus replication. The attenu-
ation of DelNS1 virus may be due to aloss of ability to inhibit
host expression of interferon (IFN), since virus without NS1
is able to replicate normally in interferon-deficient cells.
However, several studies have shown that NS1 may also be
involved in regulation of influenza virus transcription and
replication through other mechanisms.

[0097] An embodiment of the invention provides DelNS1
influenza viruses derived from the A/WSN/33 and A/PR/8/34
strains. While deletion of the NS1 gene usually led to severe
attenuation of viruses in interferon-competent systems, an
adaptive substitution, A14U, in the 3' NCR the M segment of
VRNA significantly enhances the replication of DeINS1
viruses. Also, DelNS1 viruses are unable to express sufficient
amounts of M2 mRNA, probably due to the absence of NS1
function, and that the M-A14U substitution restores M2
expression.

The A14U Mutation in the Msegment is Sufficient to Restore
the Growth of DeINS1 WSN Virus

[0098] Although the NS1 protein of influenza virus is not
essential for virus replication, viruses that do not express
functional NS1 are severely attenuated and can replicate only
in IFN-deficient systems. Helper viruses which express NS1
in cells have been used to support production of DeINS1 virus
for vaccine studies. Substitutions in the M and NS segments
have been shown to restore the growth of DeINS1 virus rep-
lication in a study using a reassortant virus containing HA and
NA from an H5N1 virus and internal segments from A/PR/8/
34. However, the mechanism for the restoration of growth
was not defined. To better understand the role of NS1 in virus
replication and to develop a method for making DeINS1
viruses, a DelNS1 version of the A/WSN/33 strain was pro-
duced (FIG. 12A). Deletion of NS1 was confirmed by exami-
nation of the viral genome.

[0099] Plaque analysis showed DeINS1 viruses form sig-
nificantly smaller plaques than wild-type virus (FIGS. 12B
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and C). Replicative ability of the WSN-DeINS1 virus
increased within three passages in MDCK cells, with the
virus titer rising almost 2 logs compared to that of the original
DelINS1 virus (P1) (FIG. 12D). Sequence analysis confirmed
that a variant virus had been generated but found only one
substitution, A14U, in the 3' NCR of the vVRNA M segment
(M-A14U); no other mutations were found in the genome
(FIG.12E). To confirm that introduction of M-A14U in the M
segment is not a random event, the experiment was repeated
and the same A14U variant was obtained. To further test
whether the M-A14U mutation is sufficient to increase the
growth of DelNS1 virus, efficiencies of WSN-DeINS1 virus
was compared with M-WT or the M-A14U, M-A14UCM15,
M-A14G, or M-A14C mutation rescued using reverse genet-
ics and then plaque titrated the rescued viruses in MDCK
cells.

[0100] A14G is biochemically similar to A14U, and the
corresponding virus was also rescued, but not those with the
A14C mutation. To test the potential disruption of base pair-
ing by A14U, as it has been observed that mutations at posi-
tions 12 and 13 can affect virus growth, an M-A14U-CM15
mutant which contains an additional complementary muta-
tion at position 15 at the 3' end of M cRNA was included. It
appears that the A14U substitution is unique and requires no
complementary mutation. The titer of rescued DelNS1-M-
A14U mutant viruses was as high as 1.75x10° PFU/ml, about
750-fold higher than that of the M-WT DeINS1 virus (FIG.
12F). To test if the A14U substitution may also arise in other
cells, WSN-DeINS1 virus was passaged in Vero cells. How-
ever, no mutation was observed after more than eight pas-
sages.

[0101] To further verify that M-A14U also supports repli-
cation of other influenza virus strains, this substitution was
introduced into the M segment of a DeINS1 version of the
A/PR/8/34 strain and, consistent with the observation with
WSN, M-A14U significantly enhanced the titer of virus res-
cued (FIG. 12G), while PR8-DeINS1 virus without the
M-A14U substitution could not be rescued. These results
indicate that the M-14U substitution can restore virus repli-
cation in the absence of NS1 protein expression.

The M-A14U Substitution Supports Virus Replication but
does not Suppress IFN Expression

[0102] DeINSI influenza virus is unable to replicate in
MDCK cells and can be grown only in Vero cells. Analysis of
growth kinetics showed that M-A14U DeINS1 virus is able to
replicate to a titer comparable to that of the wild-type virus
(less than one log lower) in both MDCK and Vero cells (FIGS.
13A and B). Similarly, the M-A14U substitution supports
PR8 DelNS1 virus replication in Vero and MDCK cells, while
PRS8 DeINS1 virus without this substitution cannot be propa-
gated (FIG. 13C). The function of the NS1 protein as a viral
antagonist of host antiviral activity is well defined. Deletion
of NS1 attenuates virus ability to suppress interferon expres-
sion, as measured in a reporter assay and by qRT-PCR of
IFN-p activation (FIGS. 14A and B). The DeINS1-M-A14U
virus is unable to suppress activation of IRF3 in infected cells
(FIG. 14C). While M-A14U enables DeINS1 virus to grow
more efficiently than WSN-DeINS1-M-WT virus, this sub-
stitution has no effect on suppression of interferon (FIG.
14D). To further determine if the A14U substitution in the M
segment may alter the pathogenic properties of virus in vivo,
the virulence and replication was compared in lung tissues of
WSN-WT and WSN-DeINS1-M-A14U mutant viruses in
mice. While wild-type WSN strains cause rapid body weight
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loss and death in infected mice, no apparent pathogenicity
was observed with WSN-DelNS1-M-A14U mutant viruses.
Estimation of viral titers in the lung tissues of infected mice
shows that both WSN-DeINS1-M-A14U and WSN-DeINS1-
M-WT mutants replicate poorly in lung tissues, to levels
approximately 3 logs lower than are observed for WSN-WT
virus (FIGS. 14E and F). Thus, introduction of the M-A14U
substitution retain the avirulent properties possessed by
DeINS1 virus which make it suitable for use in vaccine devel-
opment.

[0103] The M-A14U substitution affects splicing of M
transcripts in virus replication. The NS1 protein is not a
component of the viral polymerase complex. The observation
that a sole A14U substitution in the M segment restores rep-
lication in DeINS1 virus suggests that NS1 may be involved
in regulating replication or transcription from the VRNA M
segment. To understand the molecular basis for the role of the
M-A14U substitution in supporting replication of virus with
an NS1 deletion, the expression of virus proteins during
infection of MDCK cells with DeINS1-M-A14U virus was
examined. While the expression pattern of viral HA and NP
proteins is largely similar in WSN-WT and DeINS1-MA14U
virus infections (FIG. 15A), M2 expression was unchanged
and M1 levels were significantly decreased in M-A14U
DeINS1 compared to WSN-WT virus infections. Comparison
of viral protein expression between DelNS1-M-A14U and
DeINS1-M-WT viruses also showed that the A14U substitu-
tion had an effect on the M1 and M2 proteins but not on HA
and NP (FIG. 15B). However, the enhancement effect of the
M-A14U substitution on M2 protein expression is not appar-
ent in WSN virus with intact NS1 function (FIG. 15C), sug-
gesting that M-A14U may be essential for compensation of
the loss of NS1 functions in regulation of expression and
splicing of M mRNAs.

[0104] The M-A14U mutation elevates expression of M2
mRNA through downregulation of mRNA3 during virus rep-
lication. During M segment transcription, differential splic-
ing occurs to generate four transcripts, with M1 and M2
mRNAs expressing M1 and M2 proteins, respectively, during
influenza virus infection (FIG. 15A). The function of mRNA3
and mRNA4 is unknown. Notably, the A14U mutation is
located in the mRNA3 splicing consensus sequence, which
covers nucleotides (nt) 9 to 17 at the 5' end of the noncoding
region of M mRNAs. The A14U substitution may alter the
splicing donor (SD) site consensus sequence of mMRNA3 from
CAG/GUA to CAG/GUU and affects production of mRNA3.
Also, the A14U substitution in the VRNA M segment may
support DelNS1 virus growth by downregulating mRNA3
expression to increase the ratio of M2 to M1 mRNA expres-
sion.

[0105] To verify this hypothesis, gRT-PCR analysis was
used to examine mRNA3 levels in virus-infected cells. As
expected, among the four M mRNA transcripts, M1, M2, and
M4 were significantly increased but mRNA3 was almost
completely abolished in WSN-DeINS1-MA14U virus-in-
fectedMDCKecells (FIG. 16B). In contrast, the expression of
NPmRNA was not affected by M-A14U substitution in
DeINS1 viruses (FIG. 16B), suggesting that deletion of NS1
is specifically associated with regulation of expression from
the M segment.

[0106] Further, HEK293T cells were transfected with
either M-A14U or M-WT segment plasmids which express
full-length M mRNA. While levels of M1 mRNA are similar
for M-WT and M-A14U plasmids, expression of mRNA3 is
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markedly downregulated and that of M2 mRNA is signifi-
cantly upregulated from the M-A14U plasmid (FIG. 16C).
Coexpression of NS1 further demonstrated the positive effect
of NS1 on transcription of M mRNAs; the A14U substitution
may have arisen in the DelNS1 virus to compensate for the
NS1-associated enhancement of M mRNA expression. The
M-A14U substitution has a similar effect in supporting rep-
lication of DelNS1 virus derived from the A/PR/8/34 strain
(FIGS. 12G and 13C). Examination of differentially spliced
M transcripts from PR8-DelNS1-M-A14U virus-infected
cells found patterns similar to those observed with WSN-
DeINS1-MA14U (FIG. 16D), supporting conservation of
function for this nucleotide in both WSN and PRS strains.
Thus, M-A14U substitution in the VRNA M segment alters
the splicing pattern of M1 mRNA during virus infection, even
in the absence of other viral proteins.

The M-A14U Mutation Results in an Increased Ratio of M2
mRNA to M1 mRNA

[0107] To further explore the molecular mechanism under-
lying the effects of M-A14U on virus replication in the
absence of NS1 expression, mutants were made which down-
regulate the expression of mRNA3. The M-G12C-CM13
mutant virus markedly downregulates the expression of
mRNA3. Also, the expression of mRNA3 is reduced in WSN-
MA14U, WSN-M-A14G, and WSN-MG12C-CM13 virus
infection (FIG. 17A). However, growth kinetics analysis
showed that replication of this virus is attenuated, with the
WSN-DeINS1-M-G12CCM13 virus unable to be efficiently
rescued (FIG. 17B) suggesting that downregulation of
mRNA3 may not be directly associated with virus growth.
The M1 matrix protein is involved in VRNA nuclear export,
while M2 has an ion channel function and is involved in the
virus uncoating and budding process during influenza virus
replication. There may be a coordination of expression of M1
and M2 over the course of the viral replication through regu-
lation of alternative splicing of M1 mRNA and that NS1 may
play also a role in this. The ratio of M1 to M2 may be altered
in DeINS1 virus infection, as seen in the above (FIGS. 15 and
16). M2 is reported to be selectively expressed during the
early hours of virus infection, which suggests a critical role
for M2 in the early phase of virus replication. In addition to its
role in the virus uncoating and budding process, M2 is
reported to interact with autophagosomes and inflamma-
somes, suggesting that it plays other roles during virus repli-
cation. In the absence of NS1, which has multiple functions to
antagonize host antiviral activities, DeINS1 viruses may
adapt to preferentially express M2 in an attempt to maintain
an optimal balance for virus replication.

[0108] To understand the effect of M-A14U on regulation
of differential splicing of M transcripts, the ratio of M2
mRNA to M1 mRNA in virus-infected cells was determined.
The M2/M1 ratios was compared in cells infected with WSN-
M-A14U, WSN-DeINS1-M-WT, WSNDeINS1-M-A14U,
and WT WSN viruses. The M2/M1 splicing efficiency in
WSN-DelNS1-M-Al14U-infected cells was about 6-fold
higher than that in WSN-DelNS1-M-WT-infected cells (FIG.
17C). However, comparison between WSN-WT and WSN-
M-A14U M2/M1 ratios revealed that while M2 is upregulated
with the A14U substitution, the effect is not as significant
(less than a 2-fold difference) as that seen between the WSN-
DelINS1 viruses (FIG. 17C). Expression of mRNA3 is dimin-
ished and M4 mRNA is downregulated in both WSN-WT-M-
Al14U and WSNDeINS1-M-A14U virus infections (FIGS.
17D and B).
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[0109] To further test the effect of MRNA3 on virus growth,
mRNA3 was expressed from a plasmid, but no negative effect
was observed on virus titers (FIG. 17F), which suggests that
alternative splicing for expression of mRNA3 may be solely
for modulating the levels of M1 and M2 mRNAs. These
results support the hypothesis that M-A14U mutation leads to
increased alternative splicing for production of M2, and per-
haps also M1, mRNAs to enhance virus replication in the
absence of NS1 expression.

The M-A14U Mutation Enhances Alternative Splicing of M2
mRNAs and Synthesis of M vVRNA

[0110] Previous studies have suggested that splicing of M
segment mRNAs can be regulated by the viral RNP complex,
in conjunction with the host factor SF2 or NS1. These mecha-
nisms may be associated with the M-A14U substitution. The
M-A14U substitution affects splicing efficiency of M1
mRNA and that this property is required to compensate for
lack of NSI1 expression. In a mechanism where NSI is
involved in the regulation of splicing of M transcripts into M2
mRNA during virus replication, it seems possible that
DeINS1 virus may be forced to obtain an adaptive substitu-
tion in the regulatory element at the promoter region of the
VRNA M segment which normally associates with NS1 in
order to compensate for a lack of NSI function.

[0111] To test this hypothesis, the effect of restoring NS1
expression on the M2/M1 ratio was examined in DelNS1-M-
WT virus-infected cells. Increasing amounts of NS1 expres-
sion vector were transfected into HEK293T cells 24 h prior to
infection with virus, and expression of M1 and M2 viral
mRNAs was estimated by quantitative RT-PCR. The amount
of the M2 spliced form rises as levels of NS1 expression
increase in DelNS1-M-WT virus-infected cells (FIG. 18A).
Using plasmids which express both the vRNA and mRNA of
the M segment, it was observed that even in the absence of
other viral proteins, all plasmids with substitutions at position
14 expressed higher levels of M2 protein, but not M1, than
M-WT, which indicates that M-A14U is associated with
upregulation of the M2 spliced form (FIG. 18B). Cotransfec-
tion of NS1 plasmid M significantly enhances the expression
of M1 from all of these plasmids, and levels of M2 are upregu-
lated more significantly for plasmids which have a substitu-
tion at the 14” position or at the 12 position to downregulate
mRNA3 (G12C-CM13) (FIGS. 17A and 18B). This result
strongly suggests that NS1 can function to allow preferential
expression of M1 and M2 through downregulation of the
alternative splicing site for mRNA3, while substitutions at
this splicing site allow efficient processing of M1 into the M2
spliced form.

[0112] The A14U substitution occurs in the 3' noncoding
region of the M vRNA segment (5' of cRNA or 5' mRNA),
which is also the promoter region for replication of the viral
genome. This mutation may affect the binding of the viral
polymerase complex to enhance VRNA synthesis from the M
segment, producing more M1 mRNA for splicing into M2
mRNA during virus replication. M vRNA synthesis levels in
cells infected with mutant viruses containing variations at
position 14 and with an intact NS1 gene was tested. The level
of M vRNA produced from the WSN-M-A14U mutant was
approximately 15-fold higher than that for WSN-WT virus
(FIG. 18C). In contrast, relatively lower levels of M vRNA
were observed for the WSN-M-A14G mutant than for WSN-
WTvirus-infected cells (FIG. 18C).

[0113] Whether elevated production of M vRNA is associ-
ated with DeINS1-MA14U virus infection was tested. The
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levels of M vRNA are significantly higher in WSN-DeINS1-
M-A14U than in WSNDeINS1-M-WT virus infections, while
no similar trend is observed for NP vRNA (FIG. 18D). Thus,
M-A14U mutation positively affects M vRNA synthesis and
that this effect may be required for replication of NS1-defi-
cient viruses.

[0114] Influenza virus utilizes the viral polymerase com-
plex and host machinery to transcribe and replicate the viral
genome in the nucleus. Coordination of expression of viral
products for switching from transcription to replication and
nuclear export of VRNAs to the cytoplasm is critical for
optimal replication efficiency. The viral proteins M1 and NEP
(NS2) are involved in nuclear export of vRNPs. M2 is a
structural protein and is involved in the virus uncoating pro-
cess during the early phase of entry and virion budding in the
late stage of virus infection. M1/M2 and NS1/NS2 (NEP)
viral proteins are expressed through alternatively spliced
mRNAs from the M and NS segments, respectively. While
there is no direct involvement of proteins from the M or NS
segment in the viral polymerase complex, it is suggested that
virus replication can be regulated through modulation of
alternative splicing of M1/M2 and NS1/NEP (NS2) mRNAs.
While influenza virus utilizes viral polymerases to replicate
and a cap-snatching mechanism to transcribe the viral
genome, it is believed that the virus is dependent on host
machinery for mRNA splicing. Expression of spliced NS and
M mRNAs is highly regulated. NS1 was found to inhibit host
pre-mRNA splicing through interaction with CPSF and may
also have the same effect on viral mRNA.

[0115] Previous studies showed that both viral and host
mechanisms are involved in the regulation of differential
splicingof MmRNAs. Since M1 and M2 proteins have essen-
tial functions required for different stages of viral infection,
such as RNP nuclear export, virus assembly, and budding
processes, control of the timing of M1 and M2 expression to
optimize efficiency of viral genome replication is critical for
virus infection. The 3' NCR of the vVRNA M segment contains
25 nucleotides which comprise a promoter for transcription
initiation and alternative splicing sites for posttranscriptional
processing of mRNA (FIG. 16A). The viral polymerase com-
plex may be binding onto the NCR promoter region to block
the splicing site for expression of mRNA3, leading to the
alternative utilization of another splicing site for M2 mRNA.
Another study found that it is the NS1 protein which regulates
the accumulation of M2 in virus replication. However, the
regulatory effect of NS1 on accumulation of M2 was not
observed in Vero cells infected with DeINS1 virus.

[0116] The role of the NS1 protein in virus replication was
studied by constructing an NS1 deletion virus derived from
the A/WSN/33 influenza virus strain. A14U substitution in
the noncoding region of the M segment arose in DelNS1 virus
after a few passages. The DelNS1-M-A14U virus was able to
replicate to a level approximately similar to that for the wild-
typevirus in cells, indicating a functional linkage between the
NS1 protein and the transcription or replication of M vRNA.
Four mRNAs, M1, M2, mRNA3, and M4, are expressed from
M vRNA. DeINS1-M-A14U virus expresses elevated levels
of M2 spliced from M1 mRNA while suppressing the expres-
sionof mRNA3, linking the role of NS1 with regulation of the
alternative splicing of M transcripts. The evidence for the
effect of A14U on alternative splicing of M mRNAs came
from an analysis of expression of M segments containing
A14U and other substitutions, performed in the absence of
other viral proteins. The M-A14U segment expresses higher
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levels of M2 protein, while the level of M1 is unchanged
(FIG. 18B), suggesting the A14U substitution favors M2 pro-
duction by the host splicing machinery.

[0117] A14U is situated right within the splice donor site
formRNA3 expression (FIG. 16A), and it seems likely that
this substitution abolishes or affects the binding of splicing
factors to this motif, leading to the selection of the adjacent
splice donor site which produces M2 mRNA instead. This
hypothesis is supported by the evidence that other substitu-
tions at this site also enhance M2 expression in the absence of
other viral proteins (FIG. 18B). Restoration of NS1 expres-
sion by transfecting cells with an NS1-expressing plasmid
prior to virus infection significantly increased the M2/M1
mRNA ratio in DeINS1-M-WT virus-infected cells, confirm-
ing that NS1 is directly involved in the regulation of M2
mRNA splicing.

[0118] The A14U substitution may have dual roles, modu-
lating VRNA synthesis and mRNA splicing, as the levels of M
VvRNA were significantly enhanced in DelNS1-M-A14U
virus infections compared to DeINSI-M-WT infections,
while no similar effect was observed for NP vRNA. There-
fore, a compound effect of the A14U substitution in the M
VRNA 3' promoter region would result in higher efficiency of
the viral polymerase complex, generating more vRNA for
transcription into mRNA, combined with blockage of the
mRNA3 splicing site to allow expression of M2 mRNA.
While the NS1 protein is not recognized as an essential ele-
ment for viral replication, it has multiple functions as an
antagonist of host antiviral activity.

[0119] Therefore, for a virus lacking NS1 to replicate in
cells, alternative viral elements to counter host antiviral activ-
ity would be required. The M2 protein has been found to
interact with inflammasomes and autophagosomes during
influenza virus infection. Thus, M2 may be required to main-
tain optimal replication for virus under conditions where NS1
is absent and that the A14U adaptive mutant is thus selected to
drive expression of higher levels of M2 for such purposes.

[0120] Since NS1 interferes with both innate and adaptive
immune responses during virus infection and is an influenza
virulence determinant, DeINS1 virus is regarded as a prom-
ising live attenuated vaccine candidate. Animal experiments
show that live attenuated vaccines lacking NS1 may induce
better immune responses. However, deletion of NS1 severely
affects virus replication, and it is difficult to produce high
titers of attenuated virus for vaccine applications. In the pre-
vious attempts in the art to propagate NS1-deficient viruses to
high titers, DeINS1 virus was found to be restricted to being
amplified in limited systems, for example, in an [IFN-deficient
system or in an NS1-expressing system. The invention dem-
onstrates that a A14U substitution in the NCR of the M
segment was sufficient to support replication of DelNS1
viruses to a level close to that of wild-type virus in both
MDCK and Vero cells. The effect of the A14U substitution on
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DeINS1 virus replication in A/WSN/33 and A/PR/8/34
strains can be extrapolated in other influenza virus strains and
subtypes.

Example 9

DelNS1 Vaccines Protects Mice from Lethal Dose
Challenge of Wild-Type Viruses

[0121] Inoculation of H7N9 DeINS1 vaccine has no
adverse effect on mice and provides full protection to a lethal
dose challenge of wild type H7TN9 virus. Inoculation of HIN1
DeINS1 vaccine has no adverse effects on mice and is able to
provide protection to a lethal dose challenge of wild type
H7NO virus after a slightly delayed response, indicating that
DelINS1 vaccine provides cross protection for hetero-subtype
virus infection. While split H7N9 vaccine is able to protect
mice from lethal challenge, the protective effect is less than
with either H7N9 or HIN1 DelNS1 vaccines.

[0122] The present invention provides a simple and reliable
method to produce any subtype of avirulent strain of influenza
Avirus via introduction of a substitution in one of the internal
genes of the virus. With only a simple modification in one of
the internal gene segments, the NS1-deletion viruses can be
easily rescued and propagated to high titers, comparable to
the wild type virus. In the methods provided by the present
invention, the DeINS1 viruses can be easily rescued from
regular cell lines without the use of helper viruses and viruses
can be propagated to relatively high titers in cells or eggs. A
single nucleotide substitution in the M segment of the genome
coding for the matrix membrane proteins of the virus is suf-
ficient for the high rescue efficiency of corresponding NS1
deleted virus via reverse genetics. Because of its easy propa-
gation in either Vero cells or eggs and well-characterized
safety properties, there are other potential applications of this
NS1-del influenza virus vaccine system. In addition to being
used as live attenuated vaccine for various subtypes of influ-
enza A virus, including future pandemic strains, the DeINS!
influenza virus vaccine can be used to make vaccine for
prevention of other respiratory viral agents which currently
still do nothave a vaccine. The space generated from the NS1
deletion can be inserted with another gene segment from
other viruses, such as MERS coronavirus or EBOLA, to
induce cell-mediated immunity to counter infection with
these pathogens.

[0123] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light thereof
will be suggested to persons skilled in the art and are to be
included within the spirit and purview of this application. In
addition, any elements or limitations of any invention or
embodiment thereof disclosed herein can be combined with
any and/or all other elements or limitations (individually or in
any combination) or any other invention or embodiment
thereof disclosed herein, and all such combinations are con-
templated with the scope of the invention without limitation
thereto.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 16

<210> SEQ ID NO 1

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 1
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gacatactga tgaggatgte aaaaaty

<210> SEQ ID NO 2

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 2

ctgaaagcett gacacagtgt ttgg

<210> SEQ ID NO 3

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 3

cggtcteata ggcaaatggt

<210> SEQ ID NO 4

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 4

caatatccat ggcctectget

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 5

ccgaggtega aacgcectatce

<210> SEQ ID NO 6

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 6

ctetggeact cctteggtay

<210> SEQ ID NO 7

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 7

agcaaaagca ggcctate

<210> SEQ ID NO 8

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 8

accgatcttyg aggcectatc

<210> SEQ ID NO 9

<211> LENGTH: 20
<212> TYPE: DNA
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<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 9

caacctecat ggectetget

<210> SEQ ID NO 10

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 10

ctttggcact ccttecgtag

<210> SEQ ID NO 11

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 11

ggtgagaatyg gacggagaac

<210> SEQ ID NO 12

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

<400> SEQUENCE: 12

ceggetetet ctecacttgat

<210> SEQ ID NO 13

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 13

ccagtteccag aaggaggaca

<210> SEQ ID NO 14

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus
<400> SEQUENCE: 14

cctgttgtee caggtgaagt

<210> SEQ ID NO 15

<211> LENGTH: 23

<212> TYPE: DNA

«213> ORGANISM: Influenza A virus

<400> SEQUENCE: 15

cccaaggcca accgcgagaa gat

<210> SEQ ID NO 16

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Influenza A virus

«<400> SEQUENCE: 16

gtoeoggeca gecaggteca g
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We claim:

1. An attenuated influenza virus, comprising:

a genetically modified viral genome comprising:

adisruption in a non-structural (NS1) coding segment; and

a base substitution in a matrix membrane protein coding

segment.

2. The virus of claim 1, wherein the disruption in the NS1
coding segment is a deletion resulting in a knockout of the
encoded NS1 protein.

3. The virus of claim 1, wherein the attenuated influenza
virus is attenuated influenza virus strain H7N9.

4. The virus of claim 1, wherein the attenuated influenza
virus is attenuated influenza virus strain HIN1.

5. The virus of claim 1, wherein the attenuated influenza
virus is attenuated influenza virus strain HSNI.

6. The virus of claim 1, wherein the base substitution is an
A14U substitution.

7. The virus of claim 1, wherein the base substitution is a
G917A substitution.

8. The virus of claim 1, wherein the base substitution is
selected from a G917A substitution, an A14U substitution,
and combinations thereof.

9. A vaccine formulation comprising:

an attenuated influenza virus according to claim 1, and

a physiologically acceptable carrier.

10. The vaccine formulation of claim 9, wherein the dis-
ruption in the NS1 coding segment is a deletion resulting in a
knockout of the encoded NS1 protein.

11. The vaccine formulation of ¢claim 9, wherein the attenu-
ated influenza virus is attenuated H7N9.

12. The vaccine formulation of claim 9, wherein the attenu-
ated influenza virus is attenvated HIN1.

13. The vaccine formulation of claim 9, wherein the attenu-
ated influenza virus is attenuated HSN1.

14. The vaccine formulation of claim 9, wherein the base
substitution is an A14U substitution.
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15. The vaccine formulation of claim 9, wherein the base
substitution is a G917A substitution.

16. The vaccine formulation of claim 9, wherein the base
substitution is selected from a G917A substitution, an A14U
substitution, and combinations thereof.

17. A method for generating an attenuated influenza virus
according to claim 1, the method comprising;

introducing a disrupted coding sequence of an influenza

virus NS1 gene into a cell or egg;
introducing a matrix membrane coding sequence of an
influenza virus into the cell or egg, wherein the matrix
membrane coding sequence comprises one or more base
substitutions and wherein the cell or egg comprises the
remaining influenza virus gene segments and viral pro-
teins required to produce influenza virus particles; and

culturing the cell or egg, wherein the attenuated influenza
virus is replicated.

18. The method of claim 17, wherein the disrupted coding
sequence of the influenza virus NS1 gene is a deletion result-
ing in a knockout of the encoded NS1 protein.

19. The method of claim 17, wherein the influenza virus
being attenuated is H7N9.

20. The method of claim 17, wherein the influenza virus
being attenuated is HIN1.

21. The method of claim 17, wherein influenza virus being
attenuated is HSN1.

22. The method of claim 17, wherein the base substitution
is an A14U substitution.

23. The method of claim 17, wherein the base substitution
is a G917A substitution.

24. The method of claim 17, wherein the base substitution
1s selected from a G917 A substitution, an A14U substitution,
and combinations thereof.
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