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PRE(UW

PA
AGCGAAAGEA GOTACTGATC CAAAATGGOAA GATTTTGTGC GACAATGOTT
CAATCCGATG ATTGTCGAGC TTGCGGAAAA AACAATGAAA GAGTATGGGG
AGGACCTGAA AATCGAAACA AACAAATTTG CAGCAATATG CACTCACTTG
GAAGTATGOT TCATGTATTC AGATTTTCAC TTCATCAATG AGCAAGGCGA
GTCAATAATC GTAGAACTTG GTGATCCAAA TGCACTTTTG AAGCACAGAT
TTGAAATAAT COAGGGAAGA GATCGCACAA TGGUOTGGAC AGTAGTAAAC
AGTATTTGCA ACACTACAGG GGCTGAGAAA CCAAAGTTTC TACCAGATTT
GTATGATTAC AAGGAGAATA GATTCATCGA AATTGGAGTA AUAAGGAGAD
AAGTTCACAT ATACTATCTG GAAAAGGOCA ATAAAATTAA ATCTGAGAAA
ACACACATCC ACATTITCTC GTTCACTGGE GAAGAAATGG CCACAAAGGE
AGAUTACACT CTCGATGAAG AAAGCAGGGC TAGGATCAAA ACCAGAUTAT
TCACCATAAG ACAAGAAATG GCCAGCAGAG GOCTCTGGGA TTCOTTTCGT
CAGTCCGAGA GAGGAGAAGA GACAATTGAA GAAAGGTTTG AAATCACAGH
AACAATGOGC AAGCTTGCOG ACCAAAGTCT CCCGCCGAAL TTCTCUAGES
TTGAAAATTT TAGAGCCUTAT GTGGATGGAT TCGAACCGAA COGUTACATT
GAGGGUAAGC TGTCTCAAAT GTCCAAAGAA GTAAATGCTA GAATTGAACC
TITTTTGAAA ACAACACCAC GACCACTTAG ACTTCCGAAT GGGUCTCCCT
GTTCTCAGCG GTCCAAATTC CTGCTOATGG ATGOCTTAAA ATTAAGCATT
GAGGACCCAA GTCATGAAGS AGAGGGAATA COGCTATATG ATGCAATCAA
ATGCATGAGA ACATTCTTTG GATGGAAGGA ACCCAATGTT GTTAAACCAC
ACGAAAAGGG AATAAATCCA AATTATOTTC TGTCATGOAA GCAAGTACTG
GOAGAACTGC AGGACATTGA GAATGAGOAG AAAATTCUAA AGACTAAAAA
TATGAAGAAA ACAAGTCAGC TAAAGTGOGC ACTTGGTOAG AACATGGCAC
CAGAAAAGGT AGACTTTGAC GACTGTAAAG ATGTAGGTGA TITGAAGCAA
TATGATAGTG ATGAACCAGA ATTGAGGTCG CTTGCAAGTT GGATTCAGAA
TGAGTTTAAC AAGGCATGCG AACTGACAGA TTCAAGCTGG ATAGAGCTEG
ATGAGATTGG AGAAGATGTG GOTCCAATTG AACACATTGC AAGCATGAGA
AGGAATTATT TCACATCAGA GGTGTOTCAC TGCAGAGOCA CAGAATACAT
AATGAAGGGA GTGTACATCA ATACTGCUTT GOTTAATGCA TCTTGTGCAG
CAATGGATGA TTTCCAATTA ATTCCAATGA TAAGCAAGTG TAGAACTAAG
GAGGGAAGGC GAAAGACCAA CTTCTATGGT TTCATCATAA AAGGAAGATE
COACTTAAGS AATGACACCG ACGTGOTAAA CTTTGTGAGC ATGGAGTTTT
CTCTCACTGA CCCAAGACTT GAACCACATA AATGGGAGAA GTACTGTGTT
CTTGAGATAG GAGATATGCT TATAAGAAGT GCCATAGGCC AGGTTTCAAG
GOCCATGTTC TTGTATGTCGA GAACAAATGE AACCTCAAAA ATTAAAATGA
AATGGGGAAT GOGAGATGAGG COTTGCCTCC TCCAGTCACT TCAACAAATT
GAGAGTATGA TTGAAGCTGA GTCCTCTGTC AAAGAGAAAG ACATGACCAA
AGAGTTOTTT GAGAACAAAT CAGAAACATG GCOCATTGGA GAGTCCOCTA
AAGGAGTGOA GGAAAGTTOC ATTGGGAAGG TCTGCAGGAL TTTATTAGCA

Fip. 25
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AAGTCGGTAT TCAACAGCTT GTATGCATCOT CCACAALTTAG AAGGATTTTC
AGCTGAATCA AGAAAACTGE TTCTTATCGT TCAGGOTCTT AGGGACAACC
TGGAACCTGG GACCTTTGAT CTTOGGOGGOC TATATOAAGC AATTGAGGAG
TGCCTGATTA ATGATCCCTG GGTTTTIGCTT AATGCTICTT GGTTCAACTC
CTTCCTTACA CATGCATTGA GTTAGTTGTG GCAGTGUTAC TATTTGUTAT
CCATACTGTC CAAAAAAGTA CCTTGTTTCT ACT

{(SEQ D NOT)

AGCOGAAAGCA GOGCAAACCAT TTGAATGGAT GTCAATCCGA

CCUTACTTTT CTTAAAAGTO CCAGCACAAA ATGUTATAAG CACAACTTIC
CCTTATACTG GAGAUCCTCO TTACAGCCAT GOGACAGHAA CAGGATACAC
CATGGATACT GTCAACAGOGA CACATCAGTA UTCAGAAAAG GGAAGATGGA
CAACAAACAC COAAACTGGA GCACCGUAAL TCAAUCCGAT TGATGGGUCA
CTGCCAGAAG ACAATOGAACT AAGTGOHTTAT GOOCAAACAG ATTGTGTATY
GOAGGCOGATG GUTTTCOTTG AGGAATCOCA TCCTOGTATT TTTGAAAACT
COTOGTATTGA AAUGATGUAG GTTUTTCAGC AAACACGAGT AGACAAGULG
ACACAAGGOC GACAGACCTA TCGACTGOACT CTAAATAGAA ACCAACCTTGE
TGCAACAGCA TTGGUCAACA CAATAGAAGT GTTCAGATOA AATGGUCTCA
COGCCAATGA GTCTGGAAGG CTCATAGACT TCUTTAAGGA TGTAATGGAG
TCAATGAATA AAGAAGAAAT GOOGOATCACA ACTCATTTTC AGAGAAAGAG
ACGOGTGAGA GAUAATATGA CTAAGAAAAT GATAACACAG AGAATAATGG
GTAAAAAGAA GCAGAGATTO AACAAAAGOA GTTATCTAAT TAGAGCATTG
ACCTUTGAACA CAATGACCAA AGATGCTGAG AGAGGGAAGUC TAAAACGGAG
AGCAATTGUA ACCCCAGGUA TOOAAATAAG GGOGGTTTGTA TACTTIGTTG
AGACACTGGO AAGGAGTATA TCTGAGAAAC TTGAACAATC AGGGTTGOCA
GTTGHAGOGCA ATGAGAAGAA AGCAAAGTTG GUAAATHTTG TAAGGAAGAT
GATGACCAAT TCTCAGGACA CCGAACTTTC TITCACTUATC ACTGGAGATA
ACACCAAATG GAACGAAAAT CAGAATCOTC GGATGTTTIT GGCCATGATC
ACATATATGA CCAGAAATCA GCCUGAATHE TTCAGAAATOG TICTAAGTAY
TGCTCCAATA ATGTTCTCAA ACAAAATOGC GAGACTGUGOA AAAGGUTATA
TGTTTOGAGAG CAAGAGTATG AAAUTTAGAA CTCAAATACTUTGCAGAAATG
CTAGUAAGCA TCCATTIGAA ATATTICAAYT GATICAACAA GAAAGAAGAT
TGAAAAAATC CGACCGCTCT TAATAGAGGG CACTGCATCA TTOAGCCCTG
GAATGATGAT GOGUATGTTC AATATGTTAA GCACTGTATT AGGCGTOTCC
ATCCTOGAATC TTGOGACAAAA GAGATACACT AAGACTAUTT ACTGGTOGOA
TOGGTCTTCAA TOCTCTGACG ATTTTGOTCT GATTOTGAAT GCACCCAATC
ATGAAGGGAT TCAAGCCGGA GTCGACAGHT TTTATOGAAT CTGTAAGCTA
CTTGGAATCA ATATGAGCAA GAAAAAGTCT TACATAAACA GAACAGOTAC
ATTTGAATTIC ACAAGTTTTT TCTATCGTTA TGGGTTTGTT GUCAATTTCA
GUATGGAGCT TOCCAGTTTT GGGOGTGETOTG GOATCAACGA GTCAGUGOAL
ATGAGTATTG GAGTTACTGT CATCAAAAAC AATATGATAA ACAATGATCT

g ol
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TGOTCCAGCA ACAGCTCAAA TGOGCCOTTCA GTTUTTCATC AAAGATTALA
GOTACACGTA CCGATGCCAT ATAGGTGACA CACAAATACA AACCCGAAGA
TCATTTGAAA TAAAGAAACT GTGUGGAGUAA ACCCGTTCCA AAGUTGHACT
GUTGGTCTCC GACGOAGGUC CAAATTTATA CAACATTAGA AATUTCCACA
TTCCTGAAGT CTOUUTAAAA TGGOAATTCA TGGATGAGGA TTACCAGGOGG
COUTTATGUA ACCCAUTGAA CCCATHTOTC AGUCATAAALG AAATTGAATC
AATGAACAAT GCAGTGATGA TGUCAGCACA TOGTCCAGCC AAAAACATGG
AGTATOATGC TOTTGCAACA ACACACTCOT GUATCCUCAA AAGAAATCGA
TCCATCTTGA ATACAAGTCA AAGAGOAGTA CTTGAGGATG AACAAATGTA
CCAAAGGTOCTOCAATTTAT TTGAAAAATT CTTCCCCAGT AGTICATACA
GAAGACUCAGT CGGGATATCC AGTATGGTOO AGGUTATGOT TTCCAGAGCC
COAATTGATG CACGGATTGA TTTCGAATCOT GGAAGGATAA AGAAAGAAGA
GTTCACTGAG ATCATOGAAGA TCTGTTCCAC CATTGAAGAG CTUAGACGGL
AAAAATAGTG AATTTAGCTT GTCCTTCATO AAAAAATOCC TIGTTICTAC

T

(SEQ I NO2)

PB2

AGCGAAAGUA GOTCAATTAT ATTCAATATG GAAAGAATAA AAGAACTALG
AAATCTAATG TCGCAGTOTC GUACCCGUGA GATAUTCACA AAAACCACCG
TGOGACCATAT GGCCATAATC AAGAAGTACA CATCAGGAAG ACAGGAGAAG
AACCCAGCAT TTAGOGATGAA ATGOATGATG GUAATGAAAT ATCUAATTAL
AGCAGACAAG AGUATAACGO AAATGATTICC TGAGAGAAAT GAGCAAGUAL
AAACTTTATG GAGTAAAATG AATGATGOOG GATCAGATCG AGTGATGGTA
TCACCTOTGG CTGTGACATG GTGGAATAGG AATGOACUCAA TAATAAATAC
AGTTCATTAT CCAAAAATCT ACAAAACTTA TTTTGAAAGA GTCGAAAGGC
TAAAGCATGG AACCTTTGOC COTGTCCATT TTAGAAACCA AGTCAAAATA
CGTOCGGAGAG TTGACATAAA TCOTGGTUAT GUAGATCTCA GTGCCAAGGA
GGCACAGOGAT GTAATCATGG AAGTTOTTTYT CCCTAACGAA GTOGHAGOCA
GOATACTAAC ATCGGAATOG CAACTAALGA TAACCAAAGA GAAGAAAGAA
GAACTCCAGG ATTQUAAAAT TTCTCCOTTIC ATCGTTGCAT ACATCGTTIGGA
GAGAGAACTG GTCCHGCAAAA CGAGATTOUT CCCAGTOGGET GUGTGHGAACAA
GCAGTGTGTA CATTGAAGTG TTGCATTTGA CTCAAGGAAC ATGUTGGGAA
CAGATGTATA CTCCAGGAGO GGAAGTGAGG AATGATGATG TTGATCAAAG
CTTGATTATT GUTGCTAGGA ACATAGTGAG AAGAGCTGCA GTATCAGCAG
ATCCACTAGC ATCTTTATTG GAGATGTGUC ACAGCACATCA GATTGGTGGA
ATTAGGATOGE TAGACATOCT TAGGCAGAAL CUAACAGAAG AGCAAGUCGT
GGATATATOC AAGGUTGCAA TGGGACTGAG AATTAGCTCA TCCTTCAGTT
TTOGTOGOGATT CACATTTAAG AGAACAAGUG GATCATCAGT CAAGAGAGAG
GAAGAGGTGU TTACGGOGCAA TCTTCAAACA TTGAAGATAA GAGTGCATGA
QUGOGATATGAA GAGTTCACAA TGOTTGGOAG AAGAGUAACA GUCATACUTCA
GAAAAGCAAU CAGGAGATTGC ATTCAGUTGA TAGTOGAGTOG GAGAGALGAA
CAGTCGATTG CCGAAGCAAT AATTGTGGOC ATGGTATTTT CACAAGAGGA

I
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TTGTATGATA AAAGCAGTCA GAGGTGATCT GAATTICGTC AATAGGGCGA
ATCAACGATT GAATCCTATG CATCAACTTT TAAGACATTT TCAGAAGGAT
GUGAAAGTGU TTTTTCAAAA TTGGUGOAGTT GAACTTATCG ACAATGTGAT
FOGAATGATT GGGATATTGE COCACATGAL TCCAAGCATC GAGATGETCAA
TGAGAGGAGT GAGAATCAGC AAAATGGGETG TAGATGAGTA CTCCAGUALG
GAGAGGOTAG TGGTGAGUAT TCACCHGTTTT TIGAGAATCC GGHACCAACG
AGGAAATGTA CTACTGTOTC CCGAGGAGHT CAGTGAAATUA CAGGUAATAG
AGAAACTGAL AATAACTTAC TCATCGTUAA TGATGTGHGA GATTAATGHT
CCTGAATCAG TGTTGGTCAA TACCTATCAA TGGATCATCA GAAAUTGGGA
AACTOGTTAAA ATTCAGTGUT COCAGAACCO TACAATGUTA TACAATAAAA
TGGAATTTGA ACCATTICAG TCTTTAGTAC CTAAGGOCAT TAGAGGCCAA
TACAGTGOGT TTGTAAGAAC TCTGTTCCAA CAAATGAGGS ATGTGCTTGE
GACATTTOGAT ACCGCACAGA TAATAAAACT TCTTCOCTTC GCAGCCGCTC
CAUCCAAAGCA AAGTAGAATG CAGTTICTCOT CATTTACTGT GAATGTGAGG
GOATCAGGAA TOAGAATACT TGTAAGGOGE AATTCTCCTG TATTCAACTA
TAACAAGGCC ACGAAGAGAC TCACAGTTCT CGGAAAGGAT GUTGHCACTT
TAACTGAAGA COCCAGATGAA GLCACAGUTG GAGTGGAGTC CGUTOGTTOTG
AGHGUATTCC TCATTICTGHG CAAAGAAGAC AAGAGATATG GOGUCAGCALT
AAGUATCAAT GAACTGAGCA ACCTTGCGAA AGGAGAGAAG GUTAATGTGC
TAATTGGGCA AGGAGACGTE GTGTTGOTAA TGAAACGGAA ACGGLGACTCT
AGCATACTTA CTGACAGUCA GACAGCOALT AAAAGAATTC GUATOGCCAT
CAATTAGTGT CGAATAGTTT AAAAACCACC TTGTTTCTAC T (SEQ 1D NO3)

AGCAAAAGCA GOGTAGATAA TCACTCACTG AGTGACATCA

AAATCATGOC GTCTCAAGGC ACCAAACGAT CTTACGAACA GATGGAGACT
GATGGAGAAC GCCAGAATGE CACTGAAATC AGAGUATOCG TCGHGAAAAAT
GATTGGTGGA ATTGGACGAT TCTACATCCA AATGTGOACC GAACTCAAAC
TCAGTGATTA TCGAGGOACGG TTCATCCAAA ACAGUTTAAC AATAGAGAGA
ATGGTGCTCT CTOUTTTTGA COAAAGUAGA AATAAATACT TTGAAGAACA
TCCCAGTGOG GGGAAAGATC CTAAGAAAAC TGGAGGACCT ATATACAGGA
GAGTAAACGG AAAGTOOATG AGAGAACTCA TCUTTTATOA CAAAGAAGAA
ATAAGGCOAA TCTGGUGOCA AGUTAATAAT GGTGACGATG CAACGGUTGH
TCTGACTCAC ATGATGATCT GGUATTCCAA TTTGAATGAT GUAAUTTATC
AGAGGACAAG AGCTCTTOTT CGCACCGUAA TGOATCCCAG GATGTOGUICT
CTGATGOAAG GTTCAACTOT CCCTAGGAGH TCTGGAGCUG CAGHTGUTGE
AGTCAAAGOA GTTGGAACAA TOUTOGATGGA ATTOGTCAGA ATGATCAAAL
GTGGGATCAA TOGATCGGAAC TTCTGOAGGG GTGAGAATGG ACGAAAAACA
AGAATTGOTT ATGAAAGAAT GTGCAACATT CTCAAAGGGA AATTICAAAC
TGCTGCACAA AAAGCAATGA TGGATCAAGT GAGAGAGAGL CGGAACCCAG
GOAATGUTGA GTTCGAAGAT CTCACTTTTC TAGCACGGTC TGLCACTCATA
TTGAGAGGGT COGTTGOTCA CAAGTOCTGE CTGCCTGOCT GTGTGTATGE
ACCTGOCGTA GCCAGTGOET ACCGATTTTGA AAGGUGAGGOA TACTCTCOTAG
TCGGAATAGA CCCTTTCAGA CTGUTTCAAA ACAGCCAAGT GTACAGCCTA

Fip )



U.S. Patent Feb. 8, 2022 Sheet 40 of 54 US 11,241,492 B2

ATCAGACCAA ATGAGAATCC AGCACACAAG AGTCAACTOG TGTGGATGEE
ATGCCATTCT GOCGCATTTG AAGATCTAAG AGTATTAAGC TTCATCAAAG
GOACGAAGOT GUTCCCAAGA GGGAAGOUTTT CCACTAGAGG AGTTCAAATT
GUTTCCAATG AAAATATGGA GAUTATGOGAA TCAAGTACAC TTGAACTGAG
AAGUCAGGTAC TGGGCCATAA GOACTAGAAG TGGAGGAAAC ACTAATCAAL
AGAGGGCATC TCCGGOCCAA ATCAGCATAC AACCTACGTT CTCAGTACAG
AGAAATOTCC CTTTTGACAG AACAACCATT ATGGUAGCAT TCAATOGGGAA
TACAGAGOGH AGAACATCTO ACATGAGGAL CGAAATCATA AGGATGATGO
AAAGTGCAAG ACCAGAAGAT GTOTCTTTCC AGGGGUGGGO AGTCTTCGAG
CTCTOGHACG AAAAGGOAGU GAGCCOGATO GTGEOTTOCT TTGACATGAG
TAATGAAGGA TCTTATTTCT TCGUAGACAA TGUAGAGOAG TACGACAATT
AAAGAAAAAT ACCCTTGTTT CTACT

(SEQID NO4)

M

AGCAAAAGCA GGTAGATATT GAAAGATGAG TCTTCTAACC GAGGTOGAAA
COTACGTACT CTCTATCATC COGTCAGGOC CCCTCAAAGU CGAGATCGCA
CAGAGACTTG AAGATOTOTT TGCAGUGGAAD AACACCOGATC TTGAGGTTCT
CATGGAATGG CTAAAGACAA GACCAATCCOT GTCACCOTOTG ACTAAGGGGA
TTTTAGGATT TGTGTTCACG CTCACCGTGE CCAGTGAGOG AGGACTGCAG
COTAGACGUT THHTCCAAAA TOCCUTTAAT GGHAACGHGH ATCCAAATAA
CATGGACAAA GCAGTTAAACTGTATAGGAA GUTCAAGAGG GAGATAACAT
TCCATGGOGE CAAAGAAATC TCACTCAGTT ATTCTGOTGH TOHCALTTHOC
AGTTGTATGG GUCTCATATA CAACAGGATG GGGGUTGTGA CCATTGAAGT
GGCATTTGOO CTOGTATOTG CAACCTCTOA ACAGATTIGET GACTCCCAGT
ATCGGTCTCA TAGGCAAATG GTHACAACAA CCAATCCACT AATCAGACATY
GAGAACAGAA TGGTTTTAGC CAGCACTACA GCTAAGGUTA TGOAGUAAAT
GOGUTGOATCG AGTOAGUAAG CAGUAGAGHC CATOGOGAGOTT GUTAGTCAGH
CTAGACAAAT GGTOGCAAGCG ATGAGAACCA TTGUGGACTCA TCCTAGCTCC
AGTOGUTGOTC TGAAAAATGA TCTTOTTOAA AATTTOUAGG COTATCAGAA
ACGAATOGGOGG GTGCAGATOC AACGOTTCAA GTCATCCTCT CACTATTGOC
GCAAATATCA TTGGOGATCTT GCACTTOACA TTGTGOGATTC TTOATCGTCT
TTTTTTCAAA TGOATTTACC GTCGCTTTAA ATACGGALTG AAAGGAGOHGE
CTTCTACGGA AGGAGTGUCA AAGTCTATGA GGGAAGAATA TOGAAAGGAA
CAGCAGAGTG CTGTGGATGC TCGACGATGGT CATTTTGTCA GCATAGAGCT
GGAGTAAAAA ACTACUTTGT TTCTACT (SEQ I N5

AGCAAAAGCA GGOTGACAAA AACATAATOG ATCCAAACAC TOGTGTCAAGC
TTTCAGGTAG ATTGCTTICT TTGGUATGETC CGULAAACGAG TTGCAGALCA

AGAACTAGUGC GATGCCCCAT TOOTTOGATOS GOTTOGUCGA GATCAGAAATY
CCCTAAGAGG AAGGOGGCAGT ACTCTCGHTC TGGACATCAA GACAGUCACA

I
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COTGOTGOAA AGCAGATAGT GOAGCGGATT CTGAAAGAAG AATCCGATGA
GOUACTTAAA ATGACCATGE CCTCTGTACC TCCGTCGCGT TACCTAACTS
ACATGACTCT TGAGGAAATG TCAAGGGACT GOTCCATGOT CATACCCAAG
CAGAAAGTGG CAGGCCCTOT TTGTATCAGA ATGGACCAGE CGATCATGGA
TAAGAACATC ATACTOAAAG CGAACTTCAG TGTGATTTIT GACCGGCTGE
AGACTCTAAT ATTGCTAAGG GOTTICACCG AAGAGGGAGT AATTGTTGGC
GAAATTICAC CATTGCUTTC TCTTCCAGGA CATACTGOTG AGGATGTUAA
AAATGCAGTT GOAGTCCTCA TCGGAGGACT TGAATGGAAT GATAACACAG
TTCGAGTCTC TGAAACTCTA CAGAGATTCG CTTGGAGAAG CAGTAATGAG
AATGGGAGAL CTOCAUTCAC TCCAAAACAG AAACGAGAAA TGUGUGGGAAC
AATTAGGTCA GAAGTTTGAA GAAATAAGAT GGTTGATTGA AGAAGTGAGA
CACAAACTGA AGATAACAGA GAATAGTTTT GAGCAAATAA CATTTATGCA
AGCCTTACAT CTATTGOTTG AAGTGGAGUA AGAGATAAGA ACTTTCTOGT
TICAGUTTAT TTAGTACTAA AAAACACCCT TGTTTCTACY

(SEQ ID NO:H)

HaA

AGCAAAAGCAGOGGGAAAATAAAAACAACCAAAATGAAGGCAAACTTACTGGTOCT
GTTATGTGCACTTGCAGCTGCAGAT
GUAGACACAATATGTATAGGUTACCATOCGAACAATTICAACCGACACTOTTGACAC
AGTACTCGAGAAGAATGTGACAGT
GACACACTCTGTTAACCTOCTCOAAGACAGCCACAACGO AAAACTATCGTAGATTAA
AAGGAATAGCCCCACTACAATTGG
GUGAAATOTAACATCOCCGGATOOLUTCTTGOGAAACTCAD AATGUGACCUACTGUTT
CCAGTGAGATCATGGTCCTACATT
GTAGAAACACCAAACTCTGAGAATGUGAATATGTTATCCAGGAGATTICATUGACTAT
GAGGAGCTGAGGRAGUAATTGAG

CTCAGTUTCATCATTOG AAAGATTCGAAATATTTCOCAAAGAAAGCTCATUGGCCCAA
COACAACACAAACGGAGTAACGE
CAGCATGCTCCCATCAGGOGGAAAAGCAGTTTTTACAGAAATTTGUTATGGUTGACGG
AGAAGGAGGGUTCATACCCAAAG
CTOAAAAATTCTTATGTGAACAAAAAAGGGAAAGAAGTCCTICTACTOTOGGUTAT
TCATCALCCGCUTAATAGTAAGGA
ACAACAGAATCTCTATCAGAATGAAAATGCTTATGTCTCTGTAGTGATTTCAAATTA
TAACAGGAGATITACCCCGGAAA
TAGCAGAAAGACCUAAAGTAAGAGATCAAGCTGUGAGOGATOAATTATTACTGGALT
TTGUTAAAACCCGGAGACACAATA
ATATTTGAGGCAAATCOGAAATCTAATAGCACCAATOTATGCTTTCGCACTGAGTAGA
LOGOTTTGOGGTCCGGUATCATCAC
CTCAAACGUCATCAATGUATGAGTGTAACACGAAGTOTCAAACACCOOTGOOAGOTA
TAAACAGCAGTCTCCCTTACCAGA
ATATACACCCAGTCACAATAGCGAGAGTGCCCAAAATACGTCAGGAGTGUCAAATTG
AGOGATGGTTACAGGACTAAGGAALC

S 25
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ATTCCOTCCATTUCAATCUCAGAGGTCTATITGCAGCCATICUCGUGTTTTATIGAAGGS
GGATGGACTGGAATGATAGATGG
APGOTATGOTTATCATCATCAGAATGAACAGGUATUAGGCTATOCAGOGH AT AAA
AAAGCACACAAAATGOCATTAACG
GUATTACAAACAAGGTOGAACAUTGTTATCGAGAAAATGAACATTCAATTUACAGCT
GTOGOGTAAAGAATTCAACAAATTA
GAAAAAAGGATGGAAAATTTAAATAAAAAAGTTIGATGATGGATTTCTGGATCATITG
GACATATAATGCAGAATTGTTAGT
TCTACTGGAAAATGAMAGGACTCTGUATTTCCATGACTCAAATOTOAAGAATUTGTA
TGAGAAAGTAAAAAGCCAATTAA
AGAATAATGCCAAAGAAATCGUOAAATCGUATCGTTTTIGAGTTCTACCACAAGTUTGAL
ASTGAATGCATGGAAAGTGTAAGA
AATGGGACTTATGATTATCCCAAATATICACGAAGAGTCAAAGTTGAACAGGGAAAA
GUTAGATGGAGTGAAATTGGAATC
AATOGGOATCTATCAGATTCTGGCOGATCTACTCAACTGTCCOCAGTTCACTGGTOGOT
TTTOGTOTCCCTGOGGOUAATCA
GTTICTGGATGTGTTCTAATGGATCTITOCAGTGCAGAATATGUATCTGAGATTAGA
ATTTCAGAGATATGAGGAAAAAC

ACCCTTGTTTCTACT (SEQ ID NO:T)

AGUAAAAGCAGGUOTTITAAAATGAATCOAAATCAGAAAATAATAACUATTIGGATCA
ATCTOTCTGGTAGTCGGACTAATT
AGCCTAATATTGCAAATAGGUGAATATAATCTCAATATGGATTAGCCATTCAATTCAA
ACTGOGAAGTCAAAACCATACTGG
AATATGUAACCAAAACATCATTACCTATAAAAATAGUACCTGGGTAAAGGACALAA
CTTCAGTGATATTAACCGGCAATT
CATCTCTTIGTCCCATCOGTOGOGTGGOGUTATATACAGCAAAGACAATAGOATAAGAA
TTGGTTCCAAAGGAGACGTTITTT
GTCATAAGAGAGCCCTTTATTTCATCGTTCTCACTTGGAATGCAGGACCTTITTICTGA
CCCAAGGTOGOCTTACTGAATGA
CAAGUATTCAAGTOGGGACTGTTAAGG ACAGAAGUCCTTATAGGGUCTTAATGAGUT
GCCCTGTCGETGAAGCTCCGTCCC
COTACAATTCAAGATTTIGAATCGGTTGCTTGOTCAGCAAGTGUATGTCATGATGGCA
TOOOCTGOUTAACAATCGGAATT
TCAGGTCCAGATAATGGAGCAGTGOUTGTATTAAAATACAACGGUATAATAACTGA
AACCATAAAAAGTTOCGAGGAAGAA
AATATTGAGGACACAAGAGTCTGAATGTGUOTGTGTAAATGOTTCATOTTTTACTAT
AATCACTCATOGCCCGAGTOGATO
GGUTGGCCTOGTACAAAATTITCAAGATOCGAAAAGGGGAAGGTTACTAAATCAATA
SAGTTGAATGUACCTAATTCTCAL
TATGAGGAATGTTCOTGTTACCCTGATACCGOCAAAGTGATGTOTGTGTGCAGAGAC
AATTGGCATGOTTCGAACCGGEC
ATGGUGTOGTCTTTCGATCAAAACCTOOGATTATCAAATAGOGATACATCTGOAGTGGGET
TTTCGGTGACAACCCGOGTCCOG
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AAGATGGAACAGGCAGUTGTGGTCCAGTGTATGTTOATGGAGUAAACGGAGTAAAG
GOATTTTCATATAGGTATGGTAAT

SOTOTTTOOATAGGAAGGACCAAAAGTCACAGTTCCACGACATGGUTTTOAGATGAT
TTGGOGATCCTAATGGATGGACAGA
GACTGATAGTAAGTTCTCTGTOGAGGUAAGATUTTCGTGGUAATGACTCGATTGUTCAGE
GTATAGCGGAAGTTTCGTICAAC
ATCCTOAGCTGACAGGGCTAGACTGTATGAGOGCCOTGCTTOTGGGTTGAATTAATCA
GGGOGATUGACCTAAAGAAAAAACA
ATCTGOACTAGTOCOGAGCAGCATTTICTITITGTGGUGTGAATAGTGATACTGTAGAT
TOOTCTTGGCCAGACGGTGCTOA
STTGCUATTCAGCATTGACAAGTAGTCTGTTCAAAAAACTOCTTGTITCTALT (BEQ
Y NO:3B)

Cambridee

THAnot

L 2K
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MERIKELRNLMSQSRTREILTKTTVDHMAIIKKYTSGR
QEKNPALRMKWMMAMEYPITADKRITEMIPERNEQGQ
TLWSKMNDAGSDRVMVSPLAVIWWNRNGPMTNTVHY
PKIYKTYFERVERLKHGTFEFGPVHFRNQOQVKIRRRVDINPG
HADLSAKEAQDVIMEVVFPNEVGARILTRESQLTITKEK
KEELQDCKISPLMVAYMULERELVREKTRFLPVAGGTSESY
YIEVLHLTQGTCWEQMYTPGGEVEKNDDVDQSLITAARN
IVRRAAVSADPLASLLEMCHSTQIGGIRMVDILKQONPTE
EQAVDICKAAMGLRISSSFSFGGFTFERTSGASVEKREEE
VLTGNLQTLEKIRVHEGSEEFTMVGRRATAILRKATRRLI
QLIVSGRDEQSTIABEAIIVAMVFSQEDOMIKAVRGOGDLNEY
NRANQRILNPMHQLLRHFQEDAKVLFOQNWGOGVEPIDNVM
GMIGILPDMTPSIEMSMRGVRISKMGVDEYSSTERVVY
SIDRFLRVREDQRGNVLLIPEEVSETQGTEKLTITYSSSEM
MWEINGPESVLVNTYQWIIRNWERETVEKIQWSQNPETMLY
NEMBEFEPFQSLVPEAIRGQYSOCGFVRTLFQUMRDVLGTF
DTAQIIKLLPFAAAPPKQSRMQOQUESSFTVNVRGSGMRILY
ROGNSPVFNYNKATKRLTVLGKDAGTLTEDPDEGTAGY
ESAVLRGFLILGKEDRRYGPALSINELSNLAKGEKANYVYL
TGQGDVYVVLVMEERKRDSSILTDSQTATRERIRMAIN

7.l
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MDVNPTLLFLEKEVPAQMNAISTTFEFPYTGDPPYSHGTGTOY
TMDTVYVNRTHQYSEKGRWTTINTETGAPQLNPIDGPLPED

QOTRVDRDKLTQGRQTYDWTLNRNQOPAATALANTIEVFEFR
SNGLTANESGRLIDFLKDVMESMKKEEMGITTHFQRKR
RVEDNMTKEMITQRTIGKREQRLNKRGYLIRALTLNT
MTKDAERGKLEKRRAIATPGMQIRGEVYFVETLARSICE
KLEQSGLPVGGNEKKAKLANVVREEKMMTNSQDTELSFT
ITGDNTREWNENQNPRMFLAMITYMTRNQPEWFRNVLS
TAPIMESNKMARLGKGYMEFESKSMEKLRTQIPAEMELASHE
DLEYFNDSTREKIEKIRPLLIEGTASLSPOMMMOGMENM
LSTVLGVSILNLGQKRYTKTTYWWDGLOQSSDRDDFALIVN
APNHEGIQAGVDRFYRTCKLLGINMSISKKKSYINRTGTF
EFTSFFYRYGEFVANFSMELPSFOVESGINESADMSIGVTY
IKNNMINNDLGPATAQMALQLFIKDYRYTYRCHRGDT
QIQTRRIFEIKKLWEQTRSKAGLLYSDGGPNLYNIRNLH
IPEVCLEWELMDEDRYQGRLONPLNPFVSHKEIESMNNA
VMMPAHGPFPARKNMEYDAVATTHSWIPKENRSILNTSOR
GYLEDEQOMYQRCCNLFEKFFPSSSYRRPVGISSEMVEAM
VSRARIDARIDFESGRIKKEEFTEIMKICSTIEHELRRQK

Ii7.25/
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MEDFVRQCFNPMIVELAEKTMEKEYGEDLKIETNEKFAAL
CTHLEVCFMYSDFHFINEQGESRIIVELGDPNALLKHEREFE
IHHEGRDRTMAWTVVNSICNTTGAEKPKFLPRLYDYXEN
REIEIGVTRREVHIYYLEKANKIKSEKTHIHIFSFTGEEM
ATRADYTLDEESRARIKTRLFTIRQEMASRGLWDSFERQ
SERGEETIEERFEITGTMRRKLADQSLPPNIFSSLENFRAY
VRDGFEPNGYIHGKLSOMSKEVNARIEPFLKTTPRPLRLP
NGPPCSQRSKFLLMDALKLSIEDPSHEGEGIPLYDAIKC
MRTFFOGWEKEPNVVEKPHEKGINPNYLLSWEKQVLAELQDI
ENEEKIPRKTKNMEKTSQLEWALGENMAPEKVDRDFDDRCK
DYGDLEKQYDSDEPELRSLASWIONEFNKACELTDSSWHE
ELDEIGCGEDVAPIEHIASMRRNYFTSEVISHCRATEYIMKG
VYINTALLNASCAAMDDFQLIPMISKCETKEGRRKTNL
YGFITKGRSHLRNDTDVYNEVEMEFSLTDPRLEPHKWE
KYCVLEIGDMLLRSAIGQVSRPMFLYVRETNGTSKIKMK
WOMEMRRCLLOQSLOQOQIESMIEAESSVKEKDMTXKEFFEN

I 25K
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KSETWPIGESPKGVEESSIGEVUORTLLAKSVENSLYASPE
QLEGKFSAESRKLLLIVQALRDNLEPGTFDLGOGLYEAILEE
CLINDPWYLLNASWENSFELTHAL SStop

MASQGTERSYEQMETDGERQNATHIRASYVGEMIGGIG
REYIOMCTELKLSDYEGRLIQNSLTIERMVLIEAFDERRN
KYLEEHPSAGKDPKKTGGPIYRRVNGKXKWMRELILYDKE
EIRRIWRQANNGDDATAGLTHMMIWHSNLNDATYQRT
RALVRTGOGMDPRMCSLMQGSTLPRESGAAGAAVKGVGT
MVMELVRMIKRGINDRNFWRGENGRKTRIAYERMONI
LEGKFQTAAQKAMMDOQVRESENPGNAEBEFEDLTFLARS
ALILRGSESVAHKSCLPACVYGPAVASGYDFEREGYSLVG
IDPFRLLONSQVYSLIRPNENPAHESQLYVWMACHSAAF
EDLRVLSFIKGTKVVPROGKLSTRGVQIASNENMETMES
STLELRSRERYWAIRTRSGGNTNQORASAGQISIQPTFSVQ
ENLPFDRTTVMAAFTGOGNTEGRTSDMRERTEIIRMMESARP
EDVSFQGROVFELSDEKAASPIVPSFDMSNEGSYFREGD
NAEEYDNSto

SCPCEAIEGOE GO Ay AL A - gaetGadaTgad DL Caacd Jagguodann QO Al o

/1725



U.S. Patent Feb. 8, 2022 Sheet 48 of 54 US 11,241,492 B2

MSLLTEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDL
EVIMEWLKTREPILSPLTKGILGEVFTLTVPSERGLQRRR
FYOQNALNGNGDPNNMDKAVEKLYRKLEREITFHGAKE]
SLSYSAGALASCMGLIYNRMGAVTTEVAFGLVUOATCE
RIADSQHRESHREOMVTTTNPLIRHENREMVYLASTTAKAM
EOQOMAGSSEQAAEAMEVASQAROMVQAMRTIGTHPSSS
AGLENDLLENLQAYQRKRMGVOMQRYK Stop

V%4



NS1: ORF of NS1 gene
2A: autoproteolytic cleavage site
NEP: ORF of nuclear export protein
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1
MUTATIONS THAT CONFER GENETIC
STABILITY TO GENES IN INFLUENZA
VIRUSES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of the filing date of
U.S. application Ser. No. 62/795,821, filed on Jan. 23, 2019,
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 virus is a respiratory pathogen that causes
annual epidemics and sporadic pandemics (Wright et al.,
2013). Moreover, highly pathogenic avian H5N1 and the
recently emerged H7NO influenza viruses have caused an
appreciable number of human infections with high mortality
rates (Watanabe et al., 2013; Zhang et al., 2013). Influenza
viruses infect respiratory epithelial cells and alveolar mac-
rophages in mammalian hosts (Yu et al., 2010). The host
immune system recognizes the RNA genome of influenza
viruses via cytosolic sensors (Diebold et al., 2004; Pichlmair
et al., 2006), which trigger innate immune responses that
lead to the production of type I interferons (IFNs) and
proinflammatory cytokines and chemokines (Honda and
Taniguchi, 2006). Type I IFNs upregulate the production of
antiviral proteins including myxovirus resistance (Mx), oli-
goadenylate synthetase (OAS), and interferon-stimulated
gene 15 (ISG15) (Garcia-Sastre et al., 2011). Dysregulation
of the innate immune responses to influenza virus infection
causes lung pathology mediated by infiltrating immune
cells, including macrophages and neutrophils (Heron et al.,
2008; Perrone et al., 2008). Although several studies have
addressed host responses to influenza virus infections
(Fakuyama and Kawaoka, 2011), the mechanisms of influ-
enza virus-induced pathology are still not fully understood.

To analyze the immune responses to influenza virus
infection in vivo, viruses have been generated that expressed
a fluorescent reporter protein (Kittel et al., 2004; Shinya et
al., 2004). However, these viruses were significantly attenu-
ated (Kittel et al., 2004; Shinya et al., 2004) and may not
accurately reflect natural infections. For example, Manicas-
samy et al. (2010) generated a GFP-expressing influenza
virus, which they used to assess the route of antigen pre-
sentation upon influenza virus infection (Helft et al., 2012).
However, the GFP gene was not stably maintained during
replication in mouse lung or cultured cells (Manicassamy et
al., 2010).

Highly pathogenic avian influenza viruses (HPAI) of the
H5N1 subtype continue to evolve in nature, threatening
animal and public health. These viruses were first identified
in Guangdong province in China in 1996 (Li et al., 2006),
and have since been found in over 63 countries in multiple
avian species, repeatedly infecting mammals such as pigs
and humans (Li et al., 2010; Neumann et al., 2010). By
December 2013, 648 human cases of H5N1 virus infection
had been confirmed by the World health organization
(WHO), of which 384 were fatal, yielding a mortality rate of
almost 60% (http://www.who.int). In addition, novel sub-
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types of influenza viruses, such as H7N9 and H10N8 virus,
have spontaneously appeared and sporadically infected
humans causing fatal outcomes (Chen et al., 2014; Li et al.,
2013) (http://www.who.int). Thus, the current threat from
influenza viruses reminds us of the urgent need to gain a
thorough understanding of their pathogenic mechanism in
order to develop more effective strategies for control, includ-
ing dynamic processes of influenza virus infection and
virus-target cells in vivo remain unclear.

SUMMARY

The present disclosure relates to mutations in influenza
virus viral segment(s) that increase genetic stability, for
instance, of an additional, non-influenza viral gene, such as
a “heterologous™ gene sequence that is inserted into one of
the viral segments, e.g., fused to an intact or modified (for
example, truncated or internally deleted) viral protein cod-
ing region, or that is present on an additional viral segment.
In one embodiment, one or more of the mutations may be
employed to enhance the stability of influenza viruses that
are not augmented with heterologous gene sequences. In one
embodiment, the heterologous gene sequence is a marker
gene, e.g., a fluorescent protein gene such as one for GFP,
BFP, RFP, or YFP, a luciferase gene, a beta-glucuronidase
gene, or beta-lactamase gene. In one embodiment, the het-
erologous sequence is for a prophylactic gene product. In
one embodiment, the heterologous sequence encodes a
therapeutic gene product.

As disclosed herein, influenza viruses expressing fluores-
cent proteins of different colors (Color-flu viruses) were
generated. Viruses containing the foreign matter gene were
passaged. Upon adaptation to mice, stable expression of the
fluorescent proteins in infected animals allowed their detec-
tion by different types of microscopy and by flow cytometry.
The use of fluorescent influenza viruses, each of which
stably expresses one of four different fluorescent proteins,
allows for simultaneous monitoring and live imaging. Using
these viruses, several studies were performed to demonstrate
the versatility of these viruses. For example, this system was
used to analyze the progression of viral spread in mouse
lungs, for live imaging of virus-infected cells, and for
differential gene expression studies in virus antigen-positive
and -negative live cells in the lungs of Color-flu-infected
mice. Thus, Color-flu viruses are powerful tools to analyze
virus infections at the cellular level in vivo to better under-
stand influenza pathogenesis. Moreover, different stabilizing
mutations in the resulting viruses were identified. These
mutations include the T380A in HA protein (numbering is
that for H1) and E712D in PB2 protein of A/PR/8/34 (HIN1)
virus, and V25A, R443K, K737R and P167S amino acid
replacements in the PB2, PA, PB1 and NSI1 proteins of
A/Vietnam/1203/2004 (H5N1) virus, respectively. The indi-
vidual mutations in the H5 virus alone resulted in the virus
containing a foreign gene more stable in vitro, and the
combination of all of them provided even greater stability in
vivo. These mutations are useful for any HA/NA combina-
tion.

In one embodiment, a recombinant virus has one or more
stabilizing mutations, e.g., one or more substitutions in one
or more influenza virus proteins that enhance the stability or
replication (for instance, enhance the titer) of the recombi-
nant virus with the one or more substitutions relative to a
corresponding virus without the one or more substitutions (a
parental virus) and/or one or more substitutions in one or
more influenza virus proteins that enhance the stability or
replication of a heterologous gene sequence present on one
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of the viral segments in the recombinant virus relative to a
corresponding virus without the one or more substitutions
that has the heterologous gene sequence in the respective
viral segment and/or one or more substitutions in one or
more influenza virus proteins that enhance the stability or
replication of a heterologous gene sequence that is present
on an additional viral segment in the recombinant virus
relative to a corresponding virus without the one or more
substitution and that has the additional viral segment with
the heterologous gene sequence. The one or more substitu-
tions include but are not limited to substitutions in any of
influenza PA, PA-X, PB1, PB1-F2, PB2, NP, NS1, NS2, M1,
M2, NA, and/or HA (e.g., a HA of influenza A virus),
substitutions encoded in the corresponding viral segments
therefor (PA, PB1, PB2, NP, NS, M, NA, and/or HA), or a
combination of substitutions in any one of those influenza
virus proteins or genes, or a combination of one or more
substitutions in two or more of those proteins or genes. In
one embodiment, the one or more substitutions that enhance
the stability or replication of an influenza virus are in the PA
protein, e.g., a substitution for glutamine at position 180, for
threonine at position 200, or for arginine at position 443 in
PA (which is located on the protein surface) that enhances,
for example, RNA replication, PA proteolytic activity and/or
interaction with one or more viral or cellular proteins. In one
embodiment, the substitution for arginine at position 443 in
PA is a conservative substitution. In one embodiment, the
substitution for arginine at position 443 in PA is a non-
conservative substitution. In one embodiment, the substitu-
tion for glutamine at position 180 in PA is a conservative
substitution. In one embodiment, the substitution for gluta-
mine at position 180 in PA is a non-conservative substitu-
tion. In one embodiment, the substitution for threonine at
position 200 in PA is a conservative substitution. In one
embodiment, the substitution for threonine at position 200 in
PA is a non-conservative substitution. In one embodiment,
the one or more substitutions that enhance the stability or
replication of an influenza virus are in the PB2 protein, e.g.,
a substitution for valine at position 25, a substitution for
asparagine at position 540, and/or for glutamic acid at
position 712 in PB2 that, for example, enhances polymerase
activity, interaction with MAVS (for position 25) and/or
protein folding or stability (for position 712). In one embodi-
ment, the substitution for valine at position 25 in PB2 is a
conservative substitution. In one embodiment, the substitu-
tion for valine at position 25 in PB2 is a non-conservative
substitution. In one embodiment, the substitution for aspara-
gine at position 540 in PB2 is a conservative substitution. In
one embodiment, the substitution for asparagine at position
540 in PB2 is a non-conservative substitution. In one
embodiment, the substitution for glutamic acid at position
712 in PB2 is a conservative substitution. In one embodi-
ment, the substitution for glutamic acid at position 712 in
PB2 is a non-conservative substitution. In one embodiment,
the one or more substitutions that enhance the stability or
replication of an influenza virus are in the PB1 protein, e.g.,
a substitution for valine at position 149, for lysine at position
737, for glutamic acid at position 684, and/or for aspartic
acid at position 685, in PB1 (which may be located on the
protein surface) that, for instance, alter polymerase or endo-
nuclease activity. In one embodiment, the substitution for
lysine at position 737 in PB1 is a conservative substitution.
In one embodiment, the substitution for lysine at position
737 in PB1 is a non-conservative substitution. In one
embodiment, the substitution for valine at position 149 in
PBI1 is a conservative substitution. In one embodiment, the
substitution for valine at position 149 in PBI1 is a non-
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conservative substitution. In one embodiment, the substitu-
tion for glutamic acid at position 684 in PB1 is a conser-
vative substitution. In one embodiment, the substitution for
glutamic acid at position 684 in PB1 is a non-conservative
substitution. In one embodiment, the substitution for aspar-
tic acid at position 685 in PB1 is a conservative substitution.
In one embodiment, the substitution for aspartic acid at
position 685 in PB1 is a non-conservative substitution. In
one embodiment, the one or more substitutions that enhance
the stability or replication, e.g., by altering the interferon
interfering activity or transcription regulatory activity of
NS1 of an influenza virus, are in the NS1 protein, e.g., a
substitution for proline at position 167 in NS1 which may
alter interaction with cellular proteins. In one embodiment,
the substitution for proline at position 167 in NSI is a
conservative substitution. In one embodiment, the substitu-
tion for proline at position 167 in NS1 is a non-conservative
substitution. In one embodiment, the one or more substitu-
tions that enhance the stability or replication of an influenza
virus are in the HA protein, e.g., a substitution for threonine
at position 380 in HA (which is in an alpha helix of HA-2).
In one embodiment, the substitution for threonine at position
380 in HA is a conservative substitution. In one embodi-
ment, the substitution for threonine at position 380 in HA is
a non-conservative substitution. In one embodiment, the
residue at position 443 in PA is K or H. In one embodiment,
the residue at position 737 in PB1 is H or R. In one
embodiment, the residue at position 25 in PB2 is A, L, T, I,
or G. In one embodiment, the residue at position 712 in PB2
is D. In one embodiment, the residue at position 167 in NS1
isC,M,A,L, L GorT.

The viruses may be employed as vaccines or as gene
delivery vectors.

The vectors comprise influenza cDNA, e.g., influenza A
(e.g., any influenza A gene including any of the 18 HA or 11
NA subtypes), B or C DNA (see Fields Virology (Fields et
al. (eds.), Lippincott, Williams and Wickens (2006), which
is specifically incorporated by reference herein).

In one embodiment, PB1, PB2, PA, NP, M, and NS
encode proteins having at least 80%, e.g., 90%, 92%, 95%,
97%, 98%, or 99%, including any integer between 80 and
99, contiguous amino acid sequence identity to, a polypep-
tide encoded by one of SEQ ID NOs:1-6 or 10-15, although
the disclosed positions and substitutions in viral proteins
may be made in a viral segment from any influenza virus
isolate or may be used to select viral segments with specified
residues at the one or more disclosed positions. In one
embodiment, PB1, PB2, PA, NP, M, and NS encode proteins
that are having at least 80%, e.g., 90%, 92%, 95%, 97%,
98%, or 99%, including any integer between 80 and 99,
contiguous amino acid sequence identity to, a polypeptide
encoded by one of SEQ ID NOs:1-6 or 10-15. In one
embodiment, the influenza virus polypeptide has one or
more, for instance, 2, 5, 10, 15, 20 or more, conservative
amino acids substitutions, e.g., conservative substitutions of
up to 10% or 20% of 2, 5, 10, 15, 20 or more, of a
combination of conservative and non-conservative amino
acids substitutions, e.g., conservative substitutions of up to
10% or 20% of the residues, or relative to a polypeptide
encoded by one of SEQ ID NOs:1-6 or 10-15, and has a
characteristic residue as described herein that provides for
stability.

A recombinant influenza virus of the disclosure may be
prepared by selecting viral segments for inclusion in a
recombinant virus, such as a reassortant virus, having one or
more stabilizing mutations in one or more influenza virus
proteins. For example, a HA viral segment encoding a HA
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with a residue at position 380 that is not threonine may be
selected; a PA viral segment encoding a PA with a residue at
position 443 that is not arginine may be selected; a PA viral
segment encoding a PA with a residue at position 180 that is
not glutamine may be selected; a PA viral segment encoding
a PA with a residue at position 200 that is not threonine may
be selected; a PB1 viral segment encoding a PB1 with a
residue at position 737 that is not lysine may be selected; a
PB1 viral segment encoding a PB1 with a residue at position
149 that is not valine may be selected; a PB1 viral segment
encoding a PB1 with a residue at position 684 that is not
glutamic acid may be selected; a PB1 viral segment encod-
ing a PB1 with a residue at position 685 that is not aspartic
acid may be selected; a PB2 viral segment encoding a PB2
with a residue at position 25 that is not valine, a residue that
is not asparagine at position 540, or a residue at position 712
that is not glutamic acid may be selected; a NS viral segment
encoding a NS1 with a residue at position 167 that is not
proline may be selected; or any combination thereof. In one
embodiment, the residue at position 443 in PAis K or H. In
one embodiment, the residue at position 180 in PA is R, K
or H. In one embodiment, the residue at position 200 in PA
is A, G, I, L or V. In one embodiment, the residue at position
737 in PB1 is H or R. In one embodiment, the residue at
position 149 in PB1 is A, T, G, [ or L. In one embodiment,
the residue at position 684 in PB1 is D or N. In one
embodiment, the residue at position 685 in PB1 is E or Q.
In one embodiment, the residue at position 25 in PB2 is A,
L, T, I, or G. In one embodiment, the residue at position 712
in PB2 is D. In one embodiment, the residue at position 540
in PB2 is K, R or H. In one embodiment, the residue at
position 167 in NS1 is S, C, M, A, L, I, G or T. In one
embodiment, the residue at position 380 in HAis A, I, V, L
or G.

In one embodiment, the influenza virus of the disclosure
is a recombinant influenza virus having two or more of
selected amino acid residues at specified positions in one or
more of PA, PB1, PB2, HA, and/or NS1. In one embodi-
ment, the recombinant reassortant influenza virus has a
lysine or histidine at position 443 in PA, a histidine or
arginine at position 737 in PBI1, a leucine, isoleucine,
threonine, alanine or glycine at position 25 in PB2 and/or an
aspartic acid, histidine, arginine, lysine or asparagine at
position 712 in PB2; a leucine, alanine, valine, isoleucine, or
glycine at position 380 in HA, or serine, cysteine, methio-
nine, alanine, valine, glycine, isoleucine or leucine at posi-
tion 167 in NSI1.

A recombinant influenza virus of the disclosure having an
extra viral segment with a heterologous gene sequence (a “9
segment” virus) which virus has enhanced stability and/or
replication may be prepared by selecting viral segments for
inclusion in the recombinant virus having one or more of the
stabilizing mutations in an influenza virus protein. For
example, a HA viral segment encoding a HA with a residue
at position 380 that is not threonine may be selected; a PA
viral segment encoding a PA with a residue at position 443
that is not arginine may be selected; a PB1 viral segment
encoding a PB1 with a residue at position 737 that is not
lysine may be selected; a PB2 viral segment encoding a PB2
with a residue at position 25 that is not valine or a residue
at position 712 that is not glutamic acid may be selected; a
NS viral segment enclosing a NS1 with a residue at position
167 that is not proline may be selected; or any combination
thereof. The extra viral segment may be derived from any of
the naturally occurring viral segments. In one embodiment,
the residue at position 443 in PA is K or H. In one
embodiment, the residue at position 737 in PB1 is H or R.
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In one embodiment, the residue at position 25 in PB2 is A,
L, T, I, or G. In one embodiment, the residue at position 180
in PA is R, K or H. In one embodiment, the residue at
position 200 in PAis A, G, I, L or V. In one embodiment, the
residue at position 149 in PB1 is A, T, G, I or L. In one
embodiment, the residue at position 684 in PB1 is D or N.
In one embodiment, the residue at position 685 in PB1 is E
or Q. In one embodiment, the residue at position 540 in PB2
is K, R or H. In one embodiment, the residue at position 712
in PB2 is D. In one embodiment, the residue at position 167
in NS1is C, M, A, L, I, G or T. The heterologous gene
sequence may be of length that results in the viral segment
with that heterologous gene sequence having a length that is
up to 4 kb, 4.2 kb, 4.5 kb, 4.7 kb, 5 kb, 5.2 kb, 5.5 kb, 5.7
kb or 6 kb in length. In one embodiment, the heterologous
gene in the extra viral segment replaces influenza virus
protein coding sequences (e.g., there is a deletion of influ-
enza virus coding sequences without deleting encapsidation
(incorporation) sequences in coding sequences that are
linked to encapsidation sequences in non-coding sequences
at one or both ends of the viral segment). In one embodi-
ment, the heterologous gene sequence in the extra viral
segment is in genomic orientation. In one embodiment, the
heterologous gene sequence in the extra viral segment is
fused in frame to N-terminal influenza virus protein coding
sequences. In one embodiment, the heterologous gene
sequence in the extra viral segment is fused in frame to
C-terminal influenza virus protein coding sequences. The
heterologous gene may encode a RNA, e.g., amicroRNA, or
a protein, e.g., a gene product that is prophylactic or thera-
peutic. In one embodiment, the gene product is an antigen
from a different influenza virus isolate, or an antigen from a
bacteria, a virus other than influenza virus, a parasite, or a
fungus.

A recombinant influenza virus of the disclosure having a
heterologous gene sequence in one of the eight viral seg-
ments (an “8 segment” virus) with enhanced stability and/or
replication may be prepared by selecting viral segments for
inclusion in the recombinant virus having one or more of the
stabilizing mutations in an influenza virus protein. For
example, a HA viral segment encoding a HA with a residue
at position 380 that is not threonine may be selected; a PA
viral segment encoding a PA with a residue at position 443
that is not arginine may be selected; a PB1 viral segment
encoding a PB1 with a residue at position 737 that is not
lysine may be selected; a PB2 viral segment encoding a PB2
with a residue at position 25 that is not valine or a residue
at position 712 that is not glutamic acid may be selected; a
NS viral segment enclosing a NS1 with a residue at position
167 that is not proline may be selected; or any combination
thereof. In one embodiment, the residue at position 443 in
PA is K or H. In one embodiment, the residue at position 737
in PB1 is H or R. In one embodiment, the residue at position
25in PB2is A, L, T, I, or G. In one embodiment, the residue
at position 712 in PB2 is D. In one embodiment, the residue
at position 180 in PA is R, K or H. In one embodiment, the
residue at position 200 in PA is A, G, I, L or V. In one
embodiment, the residue at position 149 in PB1 is A, T, G,
Tor L. In one embodiment, the residue at position 684 in PB1
is D or N. In one embodiment, the residue at position 685 in
PB1 is E or Q. In one embodiment, the residue at position
540 in PB2 is K, R or H. In one embodiment, the residue at
position 167 in NS1is C, M, A, L, [, Gor T.

A recombinant influenza virus of the disclosure having a
heterologous gene sequence in one of the influenza virus
viral segments that also lacks a viral segment (a “7 segment™
virus), which virus has enhanced stability and/or replication,
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may be prepared by selecting viral segments for inclusion in
the recombinant virus having one or more of the stabilizing
mutations in an influenza virus protein. For example, a HA
viral segment encoding a HA with a residue at position 380
that is not threonine may be selected; a PA viral segment
encoding a PA with a residue at position 443 that is not
arginine may be selected; a PB1 viral segment encoding a
PB1 with a residue at position 737 that is not lysine may be
selected; a PB2 viral segment encoding a PB2 with a residue
at position 25 that is not valine or a residue at position 712
that is not glutamic acid may be selected; a NS viral segment
enclosing a NS1 with a residue at position 167 that is not
proline may be selected; or any combination thereof. The
viral segment that is omitted may be any one of the naturally
occurring viral segments and optionally the encoded protein
is provided in trans. In one embodiment, the 7 segment virus
includes a PA viral segment, or the PA protein is provided in
trans, and the residue at position 443 in PA is K or H. In one
embodiment, the 7 segment virus includes a PB1 viral
segment, or the PB1 protein is provided in trans, and the
residue at position 737 in PB1 is H or R. In one embodiment,
the 7 segment virus includes a PB2 viral segment, or the PB2
protein is provided in trans, and the residue at position 25 in
PB2is A, L, T, I, or G. In one embodiment, the 7 segment
virus includes a PB2 viral segment, or the PB2 protein is
provided in trans, and the residue at position 712 in PB2 is
D. In one embodiment, the 7 segment virus includes a PA
viral segment, or the PA protein is provided in trans, and the
residue at position 180 in PA is R, K or H. In one embodi-
ment, the 7 segment virus includes a PA viral segment, or the
PA protein is provided in trans, and the residue at position
200 in PA is A, G, I, L or V. In one embodiment, the 7
segment virus includes a PB1 viral segment, or the PB1
protein is provided in trans, and the residue at position 149
in PB1 is A, T, G, I or L. In one embodiment, the 7 segment
virus includes a PB1 viral segment, or the PB1 protein is
provided in trans, and the residue at position 684 in PB1 is
D or N. In one embodiment, the 7 segment virus includes a
PB1 viral segment, or the P protein is provided in trans, and
the residue at position 685 in P61 is E or Q. In one
embodiment, the 7 segment virus includes a PB2 viral
segment, or the PB2 protein is provided in trans, and the
residue at position 540 in PB2 is K, R or H. In one
embodiment, the 7 segment virus includes a NS viral seg-
ment, or the NS1 protein is provided in trans, and the residue
at position 167 in NS1 is C, M, A, L, I, G or T. The
heterologous gene sequence may be of length that results in
the viral segment with that heterologous gene sequence
having a length that is up to 4 kb, 4.2 kb, 4.5 kb, 4.7 kb, 5
kb, 5.2 kb, 5.5 kb, 5.7 kb or 6 kb in length. In one
embodiment, the heterologous gene replaces influenza virus
protein coding sequences (e.g., there is a deletion of influ-
enza virus coding sequences without deleting encapsidation
(incorporation) sequences in coding sequences that are
linked to encapsidation sequences in non-coding sequences
at one or both ends of the viral segment). In one embodi-
ment, the heterologous gene sequence in the extra viral
segment is in genomic orientation. In one embodiment, the
heterologous gene sequence is fused in frame to N-terminal
influenza virus protein coding sequences. In one embodi-
ment, the heterologous gene sequence in the extra viral
segment is fused in frame to C-terminal influenza virus
protein coding sequences. The heterologous gene may
encode a RNA, e.g., a microRNA, or a protein, e.g., a gene
product that is prophylactic or therapeutic. In one embodi-
ment, the gene product is an antigen from a different
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influenza virus isolate, or an antigen from a bacteria, a virus
other than influenza virus, a parasite, or a fungus.

The heterologous gene sequence may be inserted into any
viral segment. The heterologous gene sequence may be of
length that results in the viral segment with that heterolo-
gous gene sequence having a length that is up to 4 kb, 4.2
kb, 4.5 kb, 4.7 kb, 5 kb, 5.2 kb, 5.5 kb, 5.7 kb or 6 kb in
length. In one embodiment, the heterologous gene replaces
internal influenza virus sequences in the viral segment. In
one embodiment, the insertion of a heterologous gene
sequence may result in a ‘“knock-out” of the respective
influenza virus gene product and to prepare such a virus,
influenza virus protein(s) may be provided in trans to
complement that type of mutation. In one embodiment, the
heterologous gene sequences are in addition to influenza
virus coding sequences in the viral segment. In one embodi-
ment, the heterologous gene sequence is fused in frame to
N-terminal influenza virus protein coding sequences. In one
embodiment, the heterologous gene in is fused in frame to
C-terminal influenza virus protein coding sequences. The
heterologous gene may encode a RNA or a protein, e.g., a
gene product that is prophylactic or therapeutic. In one
embodiment, the gene product is an antigen from a different
influenza virus isolate, an antigen from a bacteria, a virus
other than influenza virus, a parasite, or a fungus. In one
embodiment, the heterologous gene sequence is in the NA
viral segment. In one embodiment, the heterologous gene
sequence is in the HA viral segment. In one embodiment, the
heterologous gene sequence is in the M viral segment. In one
embodiment, the heterologous gene sequence is in the NS
viral segment. In one embodiment, the heterologous gene
sequence is in the NP viral segment, e.g., see Liu et al., 2012;
Wang et al. 2010; Arilor et al., 2010; Dos Santos Afonso et
al.,, 2005). In one embodiment, the heterologous gene
sequence is in the PA viral segment. In one embodiment, the
heterologous gene sequence is in the PB1 viral segment. In
one embodiment, the heterologous gene sequence is in the
PB2 viral segment. In one embodiment, the heterologous
gene sequence is 5' or 3' to, replaces at least some of or is
inserted into, the PA coding sequence in the PA wviral
segment. In one embodiment, the heterologous gene
sequence is 5' or 3' to, replaces at least some of or is inserted
into, the PB1 coding sequence in the PB1 viral segment. In
one embodiment, the heterologous gene sequence is 5' or 3'
to, replaces at least some of or is inserted into, the PB2
coding sequence in the PB2 viral segment (see, e.g., Avilov
et al. 2012). In one embodiment, the heterologous gene
sequence is 5' or 3' to, replaces at least some of or is inserted
into, the NS coding sequence in the NS viral segment
(Manicassamy et al. 2010). In one embodiment, the heter-
ologous gene sequence is 5' or 3' to, replaces at least some
of or is inserted into, the NS1 coding sequence in the NS
viral segment. In one embodiment, the heterologous gene
sequence is 5' or 3' to, replaces at least some of or is inserted
into, the NS2 coding sequence in the NS viral segment. In
one embodiment, the heterologous gene sequence is 5' or 3'
to, replaces at least some of or is inserted into, the HA coding
sequence in the HA viral segment. In one embodiment, the
heterologous gene sequence is 5' or 3' to, replaces at least
some of or is inserted into, the NA coding sequence in the
NA viral segment (see, e.g., Perez et al. 2004). In one
embodiment, the heterologous gene sequence is 5' or 3' to,
replaces at least some of or is inserted into, the M1 coding
sequence in the M viral segment. In one embodiment, the
heterologous gene sequence is 5' or 3' to, replaces at least
some of or is inserted into, the M2 coding sequence in the
M viral segment (see, e.g., Wei et al. 2011).
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Further provided is a vaccine comprising the recombinant
virus of the disclosure, e.g., a live attenuated vaccine or
where the recombinant virus is cold adapted, one or more
vectors comprising one or more viral segments with one or
more of the disclosed substitutions, as well as methods of
making and using the recombinant virus. In one embodi-
ment, the vector for vRNA production comprises a promoter
such as a RNA polymerase I promoter, a RNA polymerase
11 promoter, a RNA polymerase III promoter, a T3 promoter
or a T7 promoter.

Also provided is a method to generate influenza viruses
with an altered property, e.g., enhanced replication or sta-
bility, in a selected avian or mammalian host. The method
includes serially passaging an isolate of an influenza virus in
an individual host organism, and identifying individual
viruses with the altered property and optionally molecularly
characterizing the individual viruses.

Further provided is a set of recombinant influenza viruses,
each member of the set encoding a distinct optically detect-
able marker, e.g., the open reading frame of which is fused
to the open reading frame of an influenza virus protein, the
open reading frame of which is on a ninth viral segment for
influenza A or B viruses, or the open reading frame of which
replaces at least a portion of one of the viral protein coding
regions. For example, one of the members includes a lumi-
nescent protein gene, e.g., a luciferase gene, a fluorescent
protein gene, for instance, green fluorescent protein gene,
yellow fluorescent protein gene, or red fluorescent protein
gene, photoprotein genes such as Aequorin photoprotein
gene or obelin photoprotein gene, chloramphenical acetyl-
transferase gene, a phosphatase gene such as alkaline phos-
phatase gene, a peroxidase gene such as horseradish peroxi-
dase gene, beta-galactosidase gene, beta-lactamase gene or
beta-glucuronidase gene.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A-1G. Characteristics of mouse-adapted Venus-
PR8 in mice. (A-F) Four B6 mice per group were intrana-
sally inoculated with WT-PR8, WT-Venus-PR8, or MA-
Venus-PR8. Body weight and survival of mice were
monitored for 14 days. (G) Lungs of animals infected with
10* PFU of PR8 or MA-Venus PRS (three mice per group)
were harvested at days 3, 5, and 7 p.i. Virus titers were
analyzed by use of a plaque assay in MDCK cells.

FIGS. 2A-2C. Distribution of Color-flu viruses in lungs.
(A) Lung tissues were harvested from B6 mice at days 3 and
5 p.i. with Color-flu viruses (10° PFU of MA-eCFP, eGFP,
Venus, and mCherry-PR8). The open reading frame (ORF)
of the NS1 gene without a stop codon was fused with the
N-terminus of fluorescent reporter genes (Venus, eCFP,
eGFP, and mCherry) via a sequence encoding the protein
linker GSGG. The fluorescent genes are followed by a
sequence encoding the GSG linker, a foot-and-mouth virus
protease 2A autoproteolytic site with 57 nucleotides from
porcine teschovirus-1, and by the ORF of NEP. In addition,
silent mutations were introduced into the endogenous splice
acceptor site of the NS1 ORF to prevent splicing. Whole-
mount images of transparent lung tissues were obtained by
using a fluorescent stereomicroscope. (B, C) B6 mice were
intranasally inoculated with a mixture of MA-eCFP, eGFP,
Venus, and mCherry-PR8 (2.5x10* PFU per strain). Scale
bar, 5 mm. (B) The sections of lungs at days 2 and 5 p.i. were
analyzed by using an inverted fluorescence microscope with
a Nuance FX multispectral imaging system with InForm
software. Scale bar, 100 um. (C) Enlarged images of the
indicated area in (B) were unmixed and separated into
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autofluorescence (AF), eCFP, eGFP, Venus, and mCherry
fluorescence. Arrows in the merged image indicate cells
infected with different color variants of Color-flu viruses.

FIGS. 3A-3K. Analysis of macrophage infiltration. (A-D)
Lung tissues were harvested from PBS-inoculated mice
(mock) or mice infected with 10° PFU of MA-Venus-PRS at
day 2 p.., and tissues were fixed and processed for histo-
logical analysis. Sections were incubated with PE-anti-Mac3
antibody to detect macrophages (red) and counterstained
with Hoechst dye (blue) to visualize nuclei. The fluorescent
signal of the Venus protein is shown in green. The scale bar
represents 200 um. (E-H) Kinetics of the interaction between
virus infected cells and lung macrophages. Images of eGFP
positive cells (green) and CD11b+ macrophage (red) in lung
tissue from naive B6 mice (upper left panel) and B6 mice on
day 3 p.i. with 10° PFU MA-eGFP-PR8 (upper right panel)
were obtained by using two-photon microscope. Sequential
images in lower panel (1-4) show an enlarged view of the
box in the upper right panel. Arrowheads indicate the
blebbing of eGFP positive cells. Scale bar, 40 um. (I)
Infection of macrophages by influenza viruses. Single cell
suspensions were obtained from lungs of PBS-inoculated
(mock) mice or mice infected with 10°> PFU of MA-Venus-
PR8 at day 3 p.., stained with antibodies against CD45,
CD11b, and F4/80, and analyzed by flow cytometry. The
panel shows Venus expression versus the CD11b staining
profile from cells gated on F4/80 and CD45 expression
levels. (J) Gene expression analysis. Total RN A was isolated
from sorted macrophages of PBS-inoculated (naive) mice,
and from sorted Venus-positive (Venus(+)) and Venus-nega-
tive (Venus(-)) macrophages of mice inoculated with 10°
PFU of MA-Venus-PR8 at day 3 p.i. (9 mice per treatment),
and microarray analysis was performed. (J) Differentially
expressed (DE) transcripts were identified by comparing
gene expression levels in naive macrophages with those in
Venus(+) macrophages from infected mice. Likewise, gene
expression levels were compared for naive macrophages and
Venus(-) macrophages obtained from infected mice. DE
transcripts were organized by hierarchical clustering and
each cluster was analyzed for enriched biological functions.
A heat map of the clustered transcripts for each condition is
displayed (a color key is shown at the top of the panel), and
the different clusters are illustrated by the color bar on the
left of the heat map. Enriched annotations for each cluster
are listed to the left of each cluster, with the enrichment
score for each annotation in parentheses. The blue line in the
heat map illustrates fold changes of DE transcripts when
comparing Venus(+) with Venus(-) macrophages. A shift of
the blue line to the left indicates that the DE transcript is
more highly expressed in Venus(+) macrophages, whereas a
shift to the right indicates that the DE transcript is more
highly expressed in Venus(-) macrophages. (K) This panel
shows a heat map comparing expression levels of type I
interferons (IFNs) between Venus(+) and Venus(-) macro-
phages. A color key is shown at the bottom of the panel. NS
denotes comparisons that were not statistically significant
between Venus(-) cells from infected animals and naive
macrophages from uninfected animals.

FIGS. 4A-4E. Characterization of MA-Venus-HPAI virus.
(A) Four B6 mice per group were intranasally inoculated
with MA-Venus-HPAI virus. Mouse body weight and sur-
vival were monitored for 14 days. (B) Lungs, spleens,
kidneys, and brains were harvested from B6 mice at day 3
pAi. with 10° PFU of MA-Venus-HPAI virus. Virus titers of
tissue homogenates were determined by use of plaque assays
in MDCK cells. Each data point represents meanss.d. (n=3)
(C, D) Lung tissues were harvested from B6 mice at day 1
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and day 2 p.i. with 10° PFU of MA-Venus-HPAI virus and
PR8. Images of transparent lung tissues (bronchus, red;
alveolar, green) were obtained by a two-photon microscope.
Each data point represents meants.d. (n=3). Statistical sig-
nificance was calculated using the Student’s t-test. (D) The
distribution of Venus-positive cells was evaluated via vol-
ume analysis of the Venus-positive bronchus and alveolar
area using 3D images of the transparent lung tissues. (E)
Cells were collected from lungs of B6 mice at days 1, 2, 3,
and 4 p.i. with 10° PFU of MA-Venus-PR8 or MA-Venus-
HPALI virus, and stained for CD45, CD11b, and F4/80. Venus
expression in CD45-negative cells, and the Venus versus
F4/80 staining profile gated on CD45-positive cells were
analyzed by flow cytometry. A representative data plot form
day 2 p.i. is shown with the percentage of Venus-positive
cells.

FIG. 5. Virus yield of various viruses.

FIGS. 6A-6D. Virulence of WT-Venus-H5N1 virus and
RG-MA virus in mice. Groups of four mice were intrana-
sally infected with WT-Venus-H5N1 virus at doses of 10" to
10° PFU or with RG-MA virus at doses of 10° to 10° PFU,
and their body weight changes (A-C) and survival (B-D)
were monitored for two weeks.

FIG. 7. Venus expression of various H5N1 viruses in
MDCK cells. MDCK cells were infected with Venus-H5N1-
related viruses, and at 24 hpi the Venus expression of each
virus plaque was observed by using fluorescent microscopy
(Axio Observer.Z1, Zeiss). A representative image of each
virus is shown.

FIG. 8. Venus expression of various H5N1 viruses in
mouse lung. Groups of three mice were intranasally infected
with 10° PFU (50 ul) of virus. The mice were euthanized on
day 2 p.., and their lungs were collected and fixed in 4%
PFA and then embedded in O.C.T Compound. The frozen
tissues were cut into 5-um slices and then stained with
Hoechst 33342. Venus signal was detected by using the
Nikon confocal microscope system Al*. Blue represents
nuclei stained by Hoechst 33342; green represents Venus
expression.

FIG. 9. Genotypes of Venus-HS5N1-related reassortants
and their virulence in mice. The colors indicate the origins
of the viral segments: blue, WT-Venus-H5N1 virus; red,
MA-Venus-H5N1 virus. MLDs,, values were determined by
inoculating groups of four mice with 10-fold serial dilutions
contain 10° to 10° PFU of virus in a 50-uL volume and were
calculated by using the method of Reed and Muench (30).

FIG. 10. Growth kinetics of reassortants in MDCK cells.
MDCK cells were infected with virus at an MOI of 0.0001,
and culture supernatants were collected at the indicated
times and then titrated in MDCK cells. The reported values
are meanszstandard deviations (SD) from two independent
experiments. ** P<0.01 compared with that of WT-Venus-
H5N1 virus-infected cells.

FIG. 11. Polymerase activity of different RNP combina-
tions derived from the WT-Venus-H5N1 and MA-Venus-
HS5NI1 viruses. 293 cells were transfected in triplicate with a
luciferase reporter plasmid and an internal control plasmid,
together with plasmids expressing PB1, PB2, PA, and NP
from either WT-Venus-HS5N1 or MA-Venus-H5N1 virus.
Segments derived from WT-Venus-H5N1 virus are shown in
white, whereas those derived from MA-Venus-H5N1 virus
are in green. Cells were incubated at 37° C. for 24 hours, and
cell lysates were analyzed to measure firefly and Renilla
luciferase activities. The values shown are means+SD of the
three independent experiments and are standardized to the
activity of WT-Venus-H5N1 (100%). *, P<0.05 compared
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with that of WT-Venus-H5N1 virus. **, P<0.01 compared
with that of WT-Venus-H5N1 virus.

FIG. 12A. Venus-NS and deleted NS segments of Venus-
H5N1-related reassortants. Viruses were passaged five times
in MDCK cells and the vVRNAs from the fifth passages were
extracted by using a QIAamp® Viral RNA Mini Kit (QIA-
GEN). The respective NS segments were then amplified by
using PCR with NS-specific primers and run on an agarose
gel. Lane 1, WT+MA—NS; lane 2, WI+MA—M; lane 3,
WT+MA—NA; lane 4, WT+MA—PA; lane 5, WT+MA—
PBI1; lane 6, WT+MA—PB2; lane 7, WT+MA—-(PB2+PA);
lane 8, WT-Venus-H5N1; lane 9, RG-MA; lane 10, PR8; and
lane 11, 1-kb DNA marker.

FIG. 12B. Schematic of deleted viruses.

FIG. 13. High expression of Venus reassortants in mouse
lung.

FIG. 14. Comparison of the growth capabilities of mutant
viruses in MDCK cells. MDCK cells were infected at a MOI
of 0.001 with PR8, NS1-Venus PR8 WT, NS1-Venus PR8
MA, and mutant NS1-Venus PR8 viruses that possess amino
acid substitutions found in NS1-Venus PR8 MA virus. Virus
titers were determined every 12 hours by means of plaque
assays. Results are expressed as the mean titer (log,, [PFU/
ml])xstandard deviation.

FIG. 15. Body weight changes and survival rates for mice
infected with viruses carrying Venus. Four mice per group
were intranasally infected with 10>, 10* and 10° PFU of each
NS1-Venus PR8 virus. Body weights were measured and
survival rates were monitored for 14 days after infection.

FIGS. 16 A-16B. Virus titers in mouse lung. Nine mice per
group were intranasally infected with 10° PFU of PR8 (A)
or the respective NS1-Venus PRS8 virus (B). Three mice per
group were euthanized on days 3, 5, and 7 after infection and
their lungs collected to determine virus titers. Virus titers
were determined by means of plaque assays. Results are
expressed as the mean of the titer (log,, PFU/g)xstandard
deviation. Statistical significance was calculated by using
the Turkey-Kramer method. Asterisks indicate significant
differences from titers from mice infected with PR8 or
NS1-Venus WT virus (P<0.05). ND: Not detected (detection
limit, 5 PFU/lung).

FIG. 17. The stability of Venus expression by NS1-Venus
PR8 MA virus in vitro and in vivo. The positive rate of
Venus expression was examined in MDCK cells and in
mouse lung. Left panel: MDCK cells were infected with
NS1-Venus PR8 MA virus at an MOI of 0.001, and super-
natants were collected every 24 hours. The positive rate of
Venus expression was estimated by dividing the number of
plaques that expressed Venus by the total number of plaques.
Middle panel: NS1-Venus PR8 MA virus was serially pas-
saged in MDCK cells five times and the positive rates of
Venus expression were estimated. Right panel: Nine mice
were infected with 10> PFU of NS1-Venus PR8 MA virus.
Three mice were euthanized at each time point and plaque
assays were performed using lung homogenates. The posi-
tive rates of Venus expression were estimated as described
above.

FIGS. 18A-18G. Comparison of Venus expression in cells
infected with each NS1-Venus PR8 virus. (A-B) Venus
protein expression in cells infected with each NS1-Venus
PR8 virus was detected by means of western blotting.
MDCK cells were infected with each virus at an MOI of 1.
Twelve hours after infection, virus-infected cells were lysed
and western blotting was performed. An anti-GFP antibody
was used to detect Venus protein, and M1 protein was
detected as a control. The bands appeared at approximately
27 kDa were shown in M1 panel. Representative results of
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two independent experiments are shown. (C-F) Observation
of Venus expression by use of confocal microscopy. MDCK
cells were infected with each virus at an MOI of 1. Twelve
hours after infection, cells were fixed, and Venus expression
was observed. Representative results of two independent
experiments are shown. Indicated viruses were used to infect
MDCK cells (MOI of 1) and confocal microscopy was
performed 12 hours later. (G) HEK293 cells were infected
with viral protein expression plasmids for NP, PA, PB1 and
PB2 or PB-2-E712D, together with a plasmid expressing a
vRNA encoding firefly luciferase.

FIG. 19. Polykaryon formation by HEK293 cells infected
with wild-type PR8 or PR8 that possesses the HA-T380A
mutation after exposure to low pH buffer. The threshold for
membrane fusion was examined at a pH range of 5.5-5.9.
HEK293 cells were infected with PR8 or PR8 that possesses
the HA-T380A substitution. Eighteen hours after infection,
HA on the cell surface was digested with TPCK-trypsin, and
exposure to the indicated pH buffer. After fixation with
methanol, the cells were stained with Giemsa’s solution.
Representative pictures are shown.

FIG. 20. Time-course observation of Venus-expressing
cells in transparent lungs. Venus-expressing cells in whole
lung lobe were observed. Three mice per group were intra-
nasally infected with NS1-Venus PR8 MA, NS1-Venus PR8
WT or PR8 virus and lungs were collected on the indicated
days. Mock-treated lungs served as a negative control. To
image Venus-expressing cells deeper, lung samples were
treated with SCALEVIEW A2, which make samples trans-
parent, and were separated into each lobe and observed by
using a stereo fluorescence microscope. After imaging the
whole lung lobe (intact), samples were dissected to exposure
the bronchi (cut). Samples from mice infected with PR8 or
NS1-Venus PR8 WT virus were prepared on day 3 post-
infection to compare with NS1-Venus PR8 MA virus-in-
fected lungs in which the Venus signal was the brightest
during infection. Representative images are shown.

FIGS. 21A-21B. Analysis of Venus expression in CC10*
cells and SP—C* cells in lungs. Lung sections from mice
infected with NS1-Venus PR8 MA virus were stained with
several antibodies specific for the epithelial cells in the lung.
Mice were infected with 10* PFU of NS1-Venus PR8 MA
virus and lungs were collected at 3 and 5 days post-infection.
(A) Lung section of mice infected with NS1-Venus PR8 MA
virus were prepared at 3 days post-infection and stained with
an anti-CC10 polyclonal antibody (red). Scale bar: 100 pm.
(B) Lung section of mice infected with NS1-Venus PR8 MA
virus were prepared at 5 days post-infection and stained with
an anti-SP-C polyclonal antibody (cyan) and an anti-podo-
planin (Pdpn) polyclonal antibody (red). Venus-positive
cells in the alveolar region comprised SP-C-positive cells
(white arrowhead) and podoplanin-positive cells (white
arrow). Scale bar: 50 um.

FIGS. 22A-22E. Flow cytometric analysis of Venus-
positive cells in specific cell types of the lung. Venus-
positive cells in the indicated cell types were analyzed by
using flow cytometry. Mice were infected with 10° PFU of
PR8 or NS1-Venus PR8 MA virus and lungs were collected
at 3 and 5 days post-infection. Single cell suspensions were
stained with antibodies. (A) Representative dot plot for
CD45™* live cells from the lung of mice inoculated with PBS
are shown. (B, C) Total numbers of each specific cell species
at the indicated time points are shown. Results are expressed
as the mean cell numbers per lungsstandard deviation.
CD45* and via-probe™ cells were analyzed for monocytes
and alveolar macrophages. (D, E) The numbers of Venus-
positive cells in cells defined in A and B at the indicated time
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points are shown. Results are expressed as the mean cell
numberszstandard deviation. AM: alveolar macrophage.

FIGS. 23A-23B. Sorting strategy to collect Venus-posi-
tive and Venus-negative cells in the F4/80™ population. Mice
were infected with 10° PFU of NS1-Venus PR8 MA virus
and lungs were collected at 3 days post-infection. Single cell
suspensions were stained with a set of antibodies. Lungs
from mice inoculated with PBS were similarly stained to
confirm the autofluorescence of alveolar macrophages. (A)
Representative dot plots showing the gating strategy to
collect Venus-positive and -negative cells in a population of
CD45*, via-probe™ F4/80* cells. The Venus-positive gate
was shown not to include alveolar macrophages. (B) Venus-
positive and -negative cells collected from the lungs of mice
infected with NS1-Venus PR8 MA virus were observed by
using an immunofluorescence assay.

FIGS. 24A-24D. Genes differentially expressed between
Venus-positive and -negative F4/80* cells. Mice were
infected with 10° PFU of NS1-Venus PR8 MA virus and
lungs were collected at 3 days post-infection. Single cell
suspensions were stained in the same manner as described in
FIG. 10. Venus-positive and -negative cells were separately
harvested by using FACS Aria II and subjected to microarray
analysis. F4/80" cells isolated from the lungs of mice
inoculated with PBS were used as a control. (A) A total of
633 genes were selected by student’s T test (P<0.05) and by
filtering the genes whose expression changed at least 4.0-
fold between the Venus-positive and -negative groups from
the genes whose expression changed at least 2.0-fold from
the level of the PBS group. (B) These selected genes were
functionally annotated by using Gene Ontology (GO) group-
ing. Statistical significance were determined by using Fish-
er’s exact test (P<0.01). (C) Hierarchical analysis of genes
annotated in “cytokine activity” enriched by genes that were
significantly differentially expressed between Venus-posi-
tive and -negative F4/80" cells. (D) Hierarchical analysis of
genes annotated in “response to wounding” enriched by
genes that were significantly differentially expressed
between Venus-positive and -negative F4/80" cells.

FIGS. 25A-25M. Exemplary parental sequences for
PR8HG and the Cambridge strain of PR8 (SEQ ID Nos:
1-19).

FIG. 26. Schematic of fusion protein comprising a heter-
ologous protein.

FIG. 27. Schematic of mutations in polymerase complex
proteins that stabilize heterologous gene products mapped
on the structure of the complex (PDB ID:4WSB).

FIGS. 28A-28C. A) Schematic structure of the eight viral
RNA segments contained in WT-Venus-PR8. 2A, protease
2A autoproteolytic site. (B) Each virus was passaged in
MDCK cells. The proportion of Venus-expressing plaques in
virus stocks from different passages was determined in
MDCK cells by using fluorescence microscopy. (C) The
virus stocks from different passages were titrated by use of
plaque assays in MDCK cells.

FIGS. 29A-29B. Effect of PB2-E712D on the mutation
rate. (A) Each virus was passaged five times in MDCK cells,
and the mutations introduced into each segment during the
passages were counted. (B) The mutation number per
nucleotide in each segment was calculated, and the mean
values for all eight segments are shown.

FIGS. 30A-30F. RNA and protein expression in infected
cells. (Ato C) MDCK cells were infected with each virus at
an MOI of 1. The relative expression levels of IFN-f mRNA
(A), NS vRNA (B), and NP vRNA (C) were determined by
quantitative real-time PCR at 9 h postinfection. (D) The NS
VRNA/NP vRNA ratio was calculated. (E) MDCK cells
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were infected with WT-Venus-PR8 (WT) or Venus-PR8—
PB2-E712D (712) at an MOI of 1. Cells were lysed at the
indicated time points, and the expression of NS1, NP, and
[-actin was detected by Western blotting. (F) NS1/NP ratios
were determined based on the band intensity of the Western
blotting. Means+the standard deviations of triplicate experi-
ments, taking each value in Venus-PR8—PB2-E712D-in-
fected cells as 1, are shown in panels A, B, C, D, and F. **,
P<0.01; ns, not significant (Student t test); hpi, hours postin-
fection.

FIGS. 31A-31C. Internal deletions occurred in the NS
segment of WT-Venus-PR8. (A) Schematic sequence of the
NS segment in WT-Venus-PR8 viruses that lost Venus
expression after serial passages in MDCK cells. Selected
examples are shown. (B) The procedure for the coinfection
experiment is illustrated. The synonymous mutation was
introduced into the 3' or 5' region of the NS segment of
WT-Venus-PR8. The viruses were then used to coinfect
MDCK cells. Viruses not expressing Venus were plaque
purified, and the sequences of their NS segments were
analyzed. (C) Examples of the sequences of the NS segment
of Venus-negative viruses obtained after coinfection experi-
ments. The red “X” indicates an introduced synonymous
mutation.

FIGS. 32A-32D. Additional mutations that stabilizes the
Venus gene inserted into the NS segment. (A) Identified
amino acid mutations were mapped onto the influenza
polymerase complex (PDB ID 4WSB). (B) Polymerase
internal tunnels (shown as yellow tubes). The vRNA pro-
moter binds to the polymerase, and the template VRNA
enters the polymerase complex. The template VRNA passes
through the active site, where RNA synthesis occurs, and
then leaves via the template exit. The RNA products syn-
thesized at the active site, leave via the product exit. (C)
Each mutant Venus-PR8 virus was passaged four times in
MDCK cells, and the proportion of Venus-expressing
plaques after passaging was determined in MDCK cells by
using fluorescence microscopy. (D) Percentages of influenza
A virus strains containing mutations that stabilize the Venus
gene in Venus-PRS (i.e., the number of strains containing the
indicated amino acid/total number of strains available in the
Influenza Research Database).

DETAILED DESCRIPTION
Definitions

As used herein, the term “isolated” refers to in vitro
preparation and/or isolation of a nucleic acid molecule, e.g.,
vector or plasmid, peptide or polypeptide (protein), or virus
of the disclosure, so that it is not associated with in vivo
substances, or is substantially purified from in vitro sub-
stances. An isolated virus preparation is generally obtained
by in vitro culture and propagation, and/or via passage in
eggs, and is substantially free from other infectious agents.

As used herein, “substantially purified” means the object
species is the predominant species, e.g., on a molar basis it
is more abundant than any other individual species in a
composition, e.g., is at least about 80% of the species
present, and optionally 90% or greater, e.g., 95%, 98%, 99%
or more, of the species present in the composition.

As used herein, “substantially free” means below the level
of detection for a particular infectious agent using standard
detection methods for that agent.

A “recombinant” virus is one which has been manipulated
in vitro, e.g., using recombinant DNA techniques, to intro-
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duce changes to the viral genome. Reassortant viruses can be
prepared by recombinant or nonrecombinant techniques.

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 corre-
sponds to naturally occurring sequences that are not posi-
tioned 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
endonucleases, so that it can be further manipulated, e.g.,
amplified, for use in the invention, by the methodology of
genetic engineering.

As used herein, a “heterologous” influenza virus gene or
viral segment is from an influenza virus source that is
different than a majority of the other influenza viral genes or
viral segments in a recombinant, e.g., reassortant, influenza
virus.

The terms “isolated polypeptide”, “isolated peptide” or
“isolated protein” include a polypeptide, peptide or protein
encoded by ¢cDNA or recombinant RNA including one of
synthetic origin, or some combination thereof.

The term “recombinant protein” or “recombinant poly-
peptide” as used herein refers to a protein molecule
expressed from a recombinant DNA molecule. In contrast,
the term “native protein” is used herein to indicate a protein
isolated from a naturally occurring (i.e., a nonrecombinant)
source. Molecular biological techniques may be used to
produce a recombinant form of a protein with identical
properties as compared to the native form of the protein.

Methods of alignment of sequences for comparison are
well known in the art. Thus, the determination of percent
identity between any two sequences can be accomplished
using a mathematical algorithm.

Computer implementations of these mathematical algo-
rithms can be utilized for comparison of sequences to
determine sequence identity. Alignments using these pro-
grams can be performed using the default parameters. Soft-
ware for performing BLAST analyses is publicly available
through the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). The algorithm may involve
first identifying high scoring sequence pairs (HSPs) by
identifying short words of length W in the query sequence,
which either match or satisfy some positive-valued threshold
score T when aligned with a word of the same length in a
database sequence. T is referred to as the neighborhood word
score threshold. These initial neighborhood word hits act as
seeds for initiating searches to find longer HSPs containing
them. The word hits are then extended in both directions
along each sequence for as far as the cumulative alignment
score can be increased. Cumulative scores are calculated
using, for nucleotide sequences, the parameters M (reward
score for a pair of matching residues; always >0) and N
(penalty score for mismatching residues; always <0). For
amino acid sequences, a scoring matrix is used to calculate
the cumulative score. Extension of the word hits in each
direction are halted when the cumulative alignment score
falls off by the quantity X from its maximum achieved value,
the cumulative score goes to zero or below due to the
accumulation of one or more negative-scoring residue align-
ments, or the end of either sequence is reached.



US 11,241,492 B2

17

In addition to calculating percent sequence identity, the
BLAST algorithm may also perform a statistical analysis of
the similarity between two sequences. One measure of
similarity provided by the BLAST algorithm may be the
smallest sum probability (P(N)), which provides an indica-
tion of the probability by which a match between two
nucleotide or amino acid sequences would occur by chance.
For example, a test nucleic acid sequence is considered
similar to a reference sequence if the smallest sum prob-
ability in a comparison of the test nucleic acid sequence to
the reference nucleic acid sequence is less than about 0.1,
less than about 0.01, or less than about 0.001.

The BLASTN program (for nucleotide sequences) may
use as defaults a wordlength (W) of 11, an expectation (E)
0f'10, a cutoft of 100, M=5, N=-4, and a comparison of both
strands. For amino acid sequences, the BLASTP program
may use as defaults a wordlength (W) of 3, an expectation
(E) of 10, and the BLOSUMS62 scoring matrix. See http://
www.ncbinlm.nih.gov. Alignment may also be performed
manually by inspection.

For sequence comparison, typically one sequence acts as
a reference sequence to which test sequences are compared.
When using a sequence comparison algorithm, test and
reference sequences are input into a computer, subsequence
coordinates are designated if necessary, and sequence algo-
rithm program parameters are designated. The sequence
comparison algorithm then calculates the percent sequence
identity for the test sequence(s) relative to the reference
sequence, based on the designated program parameters.

“Conservative” amino acid substitutions refer to the inter-
changeability of residues having similar side chains. For
example, a group of amino acids having aliphatic side chains
is glycine, alanine, valine, leucine, and isoleucine; a group
of amino acids having aliphatic-hydroxyl side chains is
serine and threonine; a group of amino acids having amide-
containing side chains is asparagine and glutamine; a group
of'amino acids having aromatic side chains is phenylalanine,
tyrosine and tryptophan; a group of amino acids having
basic side chains is lysine, arginine and histidine; and a
group of amino acids having sulfur-containing side chain is
cysteine and methionine. In one embodiment, conservative
amino acid substitution groups are: threonine-valine-leu-
cine-isoleucine-alanine; phenylalanine-tyrosine; lysine-argi-
nine; alanine-valine; glutamic-aspartic; and asparagine-glu-
tamine.

Encapsidation Sequences

The viral segment for incorporation of heterologous gene
sequences into a recombinant influenza virus includes at
each end non-coding sequences that provide for encapsida-
tion (incorporation or packaging) into virions. The viral
segments also include adjacent coding sequences, from one
or both ends, that contribute to encapsidation, e.g., enhance
encapsidation relative to viral segments that lack the adja-
cent coding sequences but have with the heterologous gene
sequence. The vectors with the viral segment having the
heterologous gene sequence thus include encapsidation
sequences that at the 3' end of vVRNA that may include
adjacent 5' coding sequences, at the 5' end of VRNA that may
include 3' coding sequences, or at the 3' end of VRNA that
may include adjacent 5' coding sequences and at the 5' end
of VRNA that may include 3' coding sequences. For
example, HA encapsidation sequences include sequences at
the 3' end of HA vRNA including 33-nt of non-coding
sequences and at least 3, 6, 9, or 15 or up to about 216 nt of
HA coding sequence and/or at the 5' end of HA vRNA
including about 45 nt of non-coding sequence and up to
about 75, 80, 268 or 291 of HA coding sequence (Watanabe

10

15

20

25

30

35

40

45

50

55

60

65

18
et al. 2003). HS encapsidation sequences include sequences
at the 3' end of NS vRNA including at least 30, 60, 90 or 150
nt of coding sequence and at the 5' end of NS vRNA
including at least 30, 60, 90 or 100 nt of coding sequence
(Fujii et al. 2005).

In one embodiment, the 3' NA incorporation sequences
correspond to nucleotides 1 to 183, nucleotides 1 to 90,
nucleotides 1 to 45, nucleotides 1 to 21, nucleotides 1 to 19
or any integer between 19 and 183, of the N-terminal NA
coding region, and may include a mutation at the NA
initiation codon. In another embodiment, the 5' NA incor-
poration sequences correspond to sequences in the C-termi-
nal coding region of NA, sequences corresponding to the 3'
most 39, 78, or 157, or any integer between 1 and 157,
nucleotides for C-terminal NA coding region.

In one embodiment, the 5' HA incorporation sequences
correspond to sequences in the C-terminal coding region of
HA, sequences corresponding to the 3' most 75, 80, 268,
291, or 518, or any integer between 1 and 518, nucleotides
of the C-terminal HA coding region. The 3' HA incorpora-
tion sequences correspond to nucleotides 1 to 3, 1 to 6, 1 to
9,1t0 15,110 216, 1 to 468, or any integer between 1 and
468, of the N-terminal HA coding region.

In one embodiment, the 3' PB1 or PB2 incorporation
sequences correspond to nucleotides 1 to 250, nucleotides 1
to 200, nucleotides 1 to 150, nucleotides 1 to 160 or 1 to 130
or any integer between 1 and 250, of the N-terminal PB1 or
PB2 coding region. In one embodiment, the 5' PB1 or PB2
incorporation sequences correspond to the 3' most nucleo-
tides, e.g., the 3' 1 to 250 nucleotides, 1 to 200 nucleotides,
nucleotides 1 to 150, nucleotides 1 to 160, 1 to 170 or 1 to
190, or any integer between 1 and 250, of the C-terminal
PB1 or PB2 coding region.

In one embodiment, the 3' PA incorporation sequences
correspond to nucleotides 1 to 250, nucleotides 1 to 200,
nucleotides 1 to 150, or any integer between 1 and 250, of
the N-terminal PA coding region. In one embodiment, the 5'
PA incorporation sequences correspond to the 3' most
nucleotides, e.g., the 3' 1 to 250 nucleotides, 1 to 200
nucleotides, nucleotides 1 to 150, nucleotides 1 to 160, 1 to
170 or 1 to 190, or any integer between 1 and 250, of the
C-terminal PA coding region.

In one embodiment, the 3' M incorporation sequences
correspond to nucleotides 1 to 250, nucleotides 1 to 242,
nucleotides 1 to 240 or any integer between 1 and 250, of the
N-terminal M coding region, and may include a mutation at
the M initiation codon. In another embodiment, the 5' M
incorporation sequences correspond to sequences in the
C-terminal coding region of M, sequences corresponding to
the 3' most 50, 100, or 220, or any integer between 1 and
250, nucleotides for C-terminal M coding region.

In one embodiment, the 3' NS or NP incorporation
sequences correspond to nucleotides 1 to 250, nucleotides 1
to 200, nucleotides 1 to 150, nucleotides 1 to 30, or any
integer between 1 and 250, e.g., 1 to 60, 1 to 70, 1 to 80 or
1 to 90 of the N-terminal NS or NP coding region, and may
include a mutation at the NS or NP initiation codon. In
another embodiment, the 5' NS or NP incorporation
sequences correspond to sequences in the C-terminal coding
region of NS or NP, sequences corresponding to the 3' most
10, 30, 150, 200 or 250, or any integer between 1 and 250,
nucleotides for the C-terminal NS or NP coding region, e.g.,
nucleotides 1 to 250, nucleotides 1 to 200, nucleotides 1 to
150, nucleotides 1 to 30, or any integer between 1 and 250,
e.g., 11060, 1to 70,1 to 80 or 1 to 90 of the C-terminal NS
or NP codon region.
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Accordingly, the disclosure provides influenza virus vec-
tors which include sequences corresponding to the 3' and 5'
noncoding regions of a particular vRNA, incorporation
sequences of the corresponding VRNA, and a heterologous
nucleic acid segment. Thus, in one embodiment, the vector
includes the 3' noncoding region of NA vRNA, 3' or 5' NA
vRNA incorporation sequences, and optionally both 3' and 5'
NA incorporation sequences, a heterologous nucleic acid
segment, and the 5' noncoding region of NA vRNA. In
another embodiment, the vector includes the 3' noncoding
region of HA vRNA, 5' or 3' HA vRNA incorporation
sequences or both 5' and 3' HA incorporation sequences, a
heterologous nucleic acid segment, and the 5' noncoding
region of HA vRNA. In another embodiment, the vector
includes the 3' noncoding region of NS vRNA, NS incor-
poration sequences, a heterologous nucleic acid segment,
and the 5' noncoding region of NS vRNA. In another
embodiment, the vector includes the 3' noncoding region of
M vRNA, 5' or 3' M incorporation sequences or both 5' and
3' M incorporation sequences, a heterologous nucleic acid
segment, and the 5' noncoding region of M vRNA. In yet
another embodiment, the vector includes the 3' noncoding
region of PB2 vRNA, a heterologous nucleic acid segment,
PB2 incorporation sequences, and the 5' noncoding region of
PB2 vRNA. When two incorporation sequences are
employed in a vector, they may be separated by the heter-
ologous nucleic acid segment. Fach vector may be
employed so as to prepare vVRNA for introduction to a cell,
or to express VRNA in a cell, in which other influenza virus
vRNAs and proteins necessary for virus production, are
present.

In another embodiment, the heterologous gene sequence
comprises sequences corresponding to an open reading
frame for a therapeutic gene. In yet a further embodiment,
the heterologous gene sequence comprises sequences cor-
responding to an open reading frame for an immunogenic
peptide or protein of a pathogen or a tumor cell, e.g., one
useful to induce a protective immune response. For example,
the heterologous nucleic acid segment may encode an
immunogenic epitope useful in cancer therapy or a vaccine.
The vector comprising the heterologous nucleic acid seg-
ment may be prepared such that transcription of vector
VRNA results in mRNA encoding a fusion protein with an
influenza protein such as NA. Thus, it is envisioned that the
heterologous nucleic acid segment may be fused with viral
incorporation sequences so as to encode a fusion protein,
e.g., a fusion with the N-terminal 21 residues of NA. The
fusion protein may comprise sequences from two different
influenza virus proteins including sequences from two dif-
ferent NA or HA proteins. In another embodiment, the
heterologous nucleic acid segment may comprise sequences
corresponding to an IRES linked 5N to an open reading
frame.

In one embodiment of the disclosure, the heterologous
gene sequence may encode a heterologous protein (a non-
influenza viral protein such as a glycoprotein or a cytosolic,
nuclear or mitochondrial specific protein), which may confer
a detectable phenotype. In one embodiment, the heterolo-
gous gene sequence may be fused to truncated portions of
PB2 coding sequences, e.g., those corresponding to 5' or 3'
PB2 coding incorporation sequences, optionally forming a
chimeric protein. In one embodiment, the heterologous
nucleotide sequence replaces or is introduced to sequences
in the viral segment corresponding to the coding region for
that segment, so as not to disrupt the incorporation
sequences in the coding region of the viral segment. For
instance, the heterologous nucleotide sequence may be
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flanked by about 3 to about 400 nucleotides of the 5' and/or
3' PB2 coding region adjacent to non-coding sequence. In
one embodiment, the 3' PB2 incorporation sequences cor-
respond to nucleotides 3 to 400, nucleotides 3 to 300,
nucleotides 3 to 100, nucleotides 3 to 50, or any integer
between 3 and 400, of the N-terminal and/or C-terminal PB2
coding region. In one embodiment, after infection of a host
cell with the biologically contained PB2-KO virus, a heter-
ologous protein is produced which is a fusion with the
N-terminus and/or C-terminus of the remaining residues of
the deleted PB2 protein.

The vRNA for the additional viral segment or a viral
segment having the heterologous gene sequence may be
incorporated into virions at an efficiency that is at least 1%,
5%, 10%, or 30%, or at least 50%, that of a corresponding
wild-type VRNA.

Influenza Virus Structure and Propagation

Influenza A viruses possess a genome of eight single-
stranded negative-sense viral RNAs (VRNAs) that encode at
least ten 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 cRNA 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, influenza B virus does not have a
M2 protein with ion channel activity but has BM2 and has
a viral segment with both NA and NB sequences. Influenza
C virus has only seven viral segments.

Cell Lines that can be Used

Any cell, e.g., any avian or mammalian cell, such as a
human, e.g., 293T or PER.C6® cells, or canine, e.g.,
MDCK, bovine, equine, feline, swine, ovine, rodent, for
instance mink, e.g., MvLul cells, or hamster, e.g., CHO
cells, or non-human primate, e.g., Vero cells, including
mutant cells, which supports efficient replication of influ-
enza virus can be employed to isolate and/or propagate
influenza viruses. Isolated viruses can be used to prepare a
reassortant virus. In one embodiment, host cells for vaccine
production are continuous mammalian or avian cell lines or
cell strains. A complete characterization of the cells to be
used, may be conducted so that appropriate tests for purity
of the final product can be included. Data that can be used
for the characterization of a cell includes (a) information on
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its origin, derivation, and passage history; (b) information on
its growth and morphological characteristics; (c) 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.

In one embodiment, the cells are WHO certified, or
certifiable, continuous cell lines. The requirements for cer-
tifying such cell lines include characterization with respect
to at least one of genealogy, growth characteristics, immu-
nological 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 virus
may be purified by a process that has been shown to give
consistent results, before vaccine production (see, e.g.,
World Health Organization, 1982).

Virus produced by the host cell may be highly purified
prior to vaccine or gene therapy formulation. Generally, the
purification procedures result in extensive removal of cel-
Iular DNA and other cellular components, and adventitious
agents. Procedures that extensively degrade or denature
DNA may also be used.

Influenza Vaccines

A vaccine of the disclosure includes an isolated recom-
binant influenza virus of the disclosure, and optionally one
or more other isolated viruses including other isolated
influenza viruses, one or more immunogenic proteins or
glycoproteins of one or more isolated influenza viruses or
one or more other pathogens, e.g., an immunogenic protein
from one or more bacteria, non-influenza viruses, yeast or
fungi, or isolated nucleic acid encoding one or more viral
proteins (e.g., DNA vaccines) including one or more immu-
nogenic proteins of the isolated influenza virus of the
disclosure. In one embodiment, the influenza viruses of the
disclosure may be vaccine vectors for influenza virus or
other pathogens.

A complete virion vaccine may be concentrated by ultra-
filtration and then purified by zonal centrifugation or by
chromatography. Viruses other than the virus of the inven-
tion, such as those included in a multivalent vaccine, may be
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 (Laver & Webster, 1976); or a nonionic deter-
gent such as that commercialized under the name TRITON
X100. The hemagglutinin may also be isolated after treat-
ment of the virions with a protease such as bromelin, and
then purified. The subunit vaccine may be combined with an
attenuated virus of the disclosure in a multivalent vaccine.

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

10

15

20

25

30

35

40

45

50

55

60

65

22

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. The split vaccine may be combined with
an attenuated virus of the disclosure in a multivalent vac-
cine.

Inactivated Vaccines.

Inactivated influenza virus vaccines are provided by inac-
tivating replicated virus using known methods, such as, but
not limited to, formalin or B-propiolactone treatment. Inac-
tivated 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.

Live Attenuated Virus Vaccines.

Live, attenuated influenza virus vaccines, such as those
including a recombinant virus of the disclosure can be used
for preventing or treating influenza virus infection. Attenu-
ation may be achieved in a single step by transfer of
attenuated genes from an attenuated donor virus to a repli-
cated isolate or reassorted virus according to known meth-
ods. Since resistance to influenza A virus is mediated pri-
marily by the development of an immune response to the HA
and/or NA glycoproteins, the genes coding for these surface
antigens come from the reassorted viruses or clinical iso-
lates. The attenuated genes are derived from an attenuated
parent. In this approach, genes that confer attenuation gen-
erally do not code for the HA and NA glycoproteins.

Viruses (donor influenza viruses) are available that are
capable of reproducibly attenuating influenza viruses, e.g., a
cold adapted (ca) donor virus can be used for attenuated
vaccine production. See, for example, Isakova-Sivall et al.,
2014. Live, attenuated reassortant virus vaccines can be
generated by mating the ca donor virus with a virulent
replicated virus. Reassortant progeny are then selected at
25° C. (restrictive for replication of virulent virus), in the
presence of an appropriate antiserum, which inhibits repli-
cation of the viruses bearing the surface antigens of the
attenuated ca donor virus. Useful reassortants are: (a) infec-
tious, (b) attenuated for seronegative non-adult mammals
and immunologically primed adult mammals, (¢) immuno-
genic and (d) genetically stable. The immunogenicity of the
ca reassortants parallels their level of replication. Thus, the
acquisition of the six transferable genes of the ca donor virus
by new wild-type viruses has reproducibly attenuated these
viruses for use in vaccinating susceptible mammals both
adults and non-adult.

Other attenuating mutations can be introduced into influ-
enza virus genes by site-directed mutagenesis to rescue
infectious viruses bearing these mutant genes. Attenuating
mutations can be introduced into non-coding regions of the
genome, as well as into coding regions. Such attenuating
mutations can also be introduced into genes other than the
HA or NA, e.g., the PB2 polymerase gene. Thus, new donor
viruses can also be generated bearing attenuating mutations
introduced by site-directed mutagenesis, and such new
donor viruses can be used in the production of live attenu-
ated reassortants vaccine candidates in a manner analogous



US 11,241,492 B2

23

to that described above for the ca donor virus. Similarly,
other known and suitable attenuated donor strains can be
reassorted with influenza virus to obtain attenuated vaccines
suitable for use in the vaccination of mammals.

In one embodiment, such attenuated viruses maintain the
genes from the virus that encode antigenic determinants
substantially similar to those of the original clinical isolates.
This is because the purpose of the attenuated vaccine is to
provide substantially the same antigenicity as the original
clinical isolate of the virus, while at the same time lacking
pathogenicity to the degree that the vaccine causes minimal
chance of inducing a serious disease condition in the vac-
cinated mammal.

The viruses in a multivalent vaccine can thus be attenu-
ated or inactivated, formulated and administered, according
to known methods, as a vaccine to induce an immune
response in an animal, e.g., a mammal. Methods are well-
known in the art for determining whether such attenuated or
inactivated vaccines have maintained similar antigenicity to
that of the clinical isolate or high growth strain derived
therefrom. Such known methods include the use of antisera
or antibodies to eliminate viruses expressing antigenic deter-
minants of the donor virus; chemical selection (e.g., aman-
tadine or rimantadine); HA and NA activity and inhibition;
and nucleic acid screening (such as probe hybridization or
PCR) to confirm that donor genes encoding the antigenic
determinants (e.g., HA or NA genes) are not present in the
attenuated viruses.

EXEMPLARY EMBODIMENTS

A reporter influenza virus, e.g., allowing visualization of
virus-infected cells to understand influenza virus-induced
pathology, was prepared by inserting the gene for the Venus
fluorescent protein into the NS segment of influenza
A/Puerto Rico/8/34 (PR8, HIN1) virus to yield WT-Venus-
PR8. Although the inserted Venus gene was deleted during
serial passages of WT-Venus-PRS8, and WT-Venus-PR8 was
significantly attenuated, the PB2-E712D mutation was
found to stabilize the Venus gene. As disclosed herein, the
mechanisms by which Venus gene deletion occurs and how
the polymerase mutation stabilizes the Venus gene were
investigated. Deep sequencing analysis revealed that PB2-
E712D does not cause an appreciable change in the mutation
rate, suggesting that the stability of the Venus gene is not
affected by polymerase fidelity. Using quantitative real-time
PCR it was found that WT-Venus-PRS8 induces high-level
interferon beta (IFN-f) expression. The induction of IFN-f
expression seemed to result from the reduced transcription/
replication efficiency of the modified NS segment in WT-
Venus-PR8. In contrast, the transcription/replication effi-
ciency of the modified NS segment was enhanced by the
PB2-E712D mutation. Loss of the Venus gene in WT-Venus-
PR8 appeared to be caused by internal deletions in the NS
segment. Moreover, to further the understanding of the
Venus stabilization mechanisms, additional amino acid
mutations in the virus polymerase complex were identified
that stabilize the Venus gene. It was found that some of these
amino acids are located near the template exit or the product
exit of the viral polymerase, suggesting that these amino
acids contribute to the stability of the Venus gene by
affecting the binding affinity between the polymerase com-
plex and the RNA template and product.

The disclosure provides an isolated recombinant influenza
virus having PA, PB1, PB2, NP, NS, M, NA, and HA viral
segments, wherein at least one of the viral segments is a PB2
viral segment encoding PB2 with residue at position 540 that
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is not asparagine, a PA viral segment encoding PA with a
residue at position 180 that is not glutamine or a residue at
position 200 that is not threonine, or a PB1 viral segment
encoding PB1 with a residue at position 149 that is not
valine, a residue at position 684 that is not glutamic acid or
a residue at position 685 that is not aspartic acid, or any
combination thereof, wherein the recombinant influenza
virus has enhanced genetic stability or enhanced replication
relative to a corresponding recombinant influenza virus with
a residue at position 540 in PB2 that is asparagine, a residue
at position 180 in PA that is glutamine, a residue at position
200 in PA that is threonine, a residue at position 149 in PB1
that is valine, a residue at position 684 in PB1 that is
glutamic acid or a residue at position 685 in PB1 that is
aspartic acid. In one embodiment, the residue at position 540
of PB2 is K, R, D, E, Q, or H, the residue at position 712 of
PB2is D, N, S, H, T, Y, or C, the residue at position 180 in
PAis R, K, D, E, N, or H, the residue at position 200 in PA
isA, L, C, S, M, F, P, G, orV, the residue at position 149
inPBlisA, T,LL, C, S, M, F, P, or G, the residue at position
684 is D, Q, S, H, T, Y, C, K, R, or N, or the residue at
position 685 inPBlis E, N, R, H, K, S, T, Y, C, or Q. In one
embodiment, the residue at position 540 of PB2 is K, R, H,
D, S, H, T, Y, or C, the residue at position 712 of PB2 is D,
, R, Q, or N, the residue at position 180 in PA is R, K,
, S, H, T, Y, or H, the residue at position 200 in PA is
L, G, S, M, or V, the residue at position 149 in PB1 is
, I, L, S, M, or G, the residue at position 684 is D, Q,
, R or N, or the residue at position 685 in PB1 is E, N,
R, H, K or Q. In one embodiment, the residue at position 540
of PB2 is K, R or H, the residue at position 712 of PB2 is
D or N, the residue at position 180 in PA is R, K or H, the
residue at position 200 in PA is A, I, L, G or V, the residue
at position 149 in PB1 is A, T, I, L or G, the residue at
position 684 is D or N, or the residue at position 685 in P61
is E or Q. In one embodiment, the PA further comprises a
residue at position 443 that is not arginine, the PB1 further
comprises a residue at position 737 that is not lysine, the
PB2 further comprises a residue at position 25 that is not
valine or a residue at position 712 that is not glutamic acid,
the NS viral segment encodes a NS1 with a residue at
position 167 that is not proline, the HA viral segment
encodes a HA with a residue at position 380 that is not
threonine, or any combination thereof. In one embodiment,
the residue at position 443 of PA is K or H, the residue at
position 737 of PB1 is H or R, the residue at position 25 of
PB2is A, L, T, 1, or G, the residue at position 712 of PB2
is D, the residue at position 167 of NS1is S, C, M, A, L, I,
G or T, or any combination thereof. In one embodiment, at
least one of the viral segments includes a heterologous gene
sequence encoding a gene product. In one embodiment, the
heterologous sequence is in the NS viral segment, M viral
segment, NP viral segment, PA viral segment, PB1 viral
segment, or the PB2 viral segment. In one embodiment, the
heterologous sequence is 5' or 3' to the PA coding sequence
in the PA viral segment, 5' or 3' to the PB1 coding sequence
in the PB1 viral segment. In one embodiment, the heterolo-
gous sequence is 5' or 3' to the PB2 coding sequence in the
PB2 viral segment. In one embodiment, the heterologous
sequence is 5' or 3' to the NS1 coding sequence in the NS
viral segment. In one embodiment, the recombinant virus
comprises a further viral segment comprising a heterologous
gene sequence encoding a gene product. In one embodiment,
the further viral segment is a NS viral segment, a M viral
segment, a NP viral segment, a PA viral segment, a PB1 viral
segment or a PB2 viral segment. In one embodiment, the
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virus has a HA that is H1, H2, H3, H5, H7, H9, or H10. In
one embodiment, the virus is an influenza B virus.

Also provided is an isolated recombinant influenza virus
having PA, PB1, PB2, NP, NS, M, NA, and HA viral
segments, wherein at least one of the viral segments is a PB2
viral segment encoding PB2 with residue at position 540 that
is not asparagine or a residue at position 712 that is not
glutamic acid, and wherein at least one of the other viral
segments is a PA viral segment encoding PA with a residue
at position 180 that is not glutamine or a residue at position
200 that is not threonine, or a PB1 viral segment encoding
PB1 with a residue at position 149 that is not valine, a
residue at position 684 that is not glutamic acid or a residue
at position 685 that is not aspartic acid, or any combination
thereof, wherein the recombinant influenza virus has
enhanced genetic stability or replication relative to a corre-
sponding recombinant influenza virus with a residue at
position 540 in PB2 that is asparagine, a residue in PB2 at
position 712 that is glutamic acid, a residue at position 180
in PA that is glutamine, a residue at position 200 in PA that
is threonine, a residue at position 149 in PB1 that is valine,
a residue at position 684 in PB1 that is glutamic acid or a
residue at position 685 in PBI1 that is aspartic acid. In one
embodiment, the residue at position 540 of PB2 is K, R, D,
E, Q, or H, the residue at position 712 of PB2 is D, N, S, H,
T, Y, or C, the residue at position 180 in PAis R, K, D, E,
N, or H, the residue at position 200 in PAis A, L L, C, S, M,
F, P, G, or V, the residue at position 149 in PB1 is A, T, I,
L,C, S, M, F, P, or G, the residue at position 684 is D, Q,
S,H, T Y, C, K, R, or N, or the residue at position 685 in
PBl1isE,N,R, H, K, S, T, Y, C, or Q. In one embodiment,
the residue at position 540 of PB2is K, R, H, D, S, H, T, Y,
or C, the residue at position 712 of PB2 is D, K, H, R, Q, or
N, the residue at position 180 in PA is R, K, D, N, S
Y, or H, the residue at position 200 in PAis A, I, L, G, S,
or V, the residue at position 149 in PB1is A, T, [, L, S,
or G, the residue at position 684 is D, Q, H, L, R or N, or
the residue at position 685 in PB1 is E, N, R, H, K or Q. In
one embodiment, the residue at position 540 of PB2 is K, R
or H, the residue at position 712 of PB2 is D or N, the
residue at position 180 in PA is R, K or H, the residue at
position 200 in PAis A, I, L, G or V, the residue at position
149 in PB1 is A, T, I, L or G, the residue at position 684 is
D or N, or the residue at position 685 in PB1 is E or Q. In
one embodiment, the PA further comprises a residue at
position 443 that is not arginine, the PB1 further comprises
a residue at position 737 that is not lysine, the PB2 further
comprises a residue at position 25 that is not valine or a
residue at position 712 that is not glutamic acid, the NS viral
segment encodes a NS1 with a residue at position 167 that
is not proline, the HA viral segment encodes a HA with a
residue at position 380 that is not threonine, or any combi-
nation thereof. In one embodiment, the residue at position
443 of PA is K or H, the residue at position 737 of PB1 is
H or R, the residue at position 25 of PB2 is A, L, T, I, or G,
the residue at position 712 of PB2 is D, the residue at
position 167 of NS1is S, C, M, A, L, I, G or T, or any
combination thereof. In one embodiment, at least one of the
viral segments includes a heterologous gene sequence
encoding a gene product. In one embodiment, the heterolo-
gous sequence is in the NS viral segment, M viral segment,
NP viral segment, PA viral segment, PB1 viral segment, or
the PB2 viral segment. In one embodiment, the heterologous
sequence is 5' or 3' to the PA coding sequence in the PA viral
segment, 5' or 3' to the PB1 coding sequence in the PB1 viral
segment. In one embodiment, the heterologous sequence is
5'or 3' to the PB2 coding sequence in the PB2 viral segment.
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In one embodiment, the heterologous sequence is 5' or 3' to
the NS1 coding sequence in the NS viral segment. In one
embodiment, the recombinant virus comprises a further viral
segment comprising a heterologous gene sequence encoding
a gene product. In one embodiment, the further viral seg-
ment is a NS viral segment, a M viral segment, a NP viral
segment, a PA viral segment, a PB1 viral segment or a PB2
viral segment. In one embodiment, the virus has a HA that
is H1, H2, H3, H5, H7, H9, or H10. In one embodiment, the
virus is an influenza B virus.

Further provided is an isolated recombinant influenza
virus having PA, PB1, PB2, NP, NS, M, NA, and HA viral
segments, wherein the recombinant virus has two or more
viral segments comprising a PB2 viral segment encoding
PB2 with residue at position 540 that is not asparagine or a
residue at position 712 that is not glutamic acid, a PA viral
segment encoding PA with a residue at position 180 that is
not glutamine or a residue at position 200 that is not
threonine, or a PB1 viral segment encoding PB1 with a
residue at position 149 that is not valine, a residue at position
684 that is not glutamic acid or a residue at position 685 that
is not aspartic acid, or any combination thereof, wherein the
recombinant influenza virus has enhanced genetic stability
or replication relative to a corresponding recombinant influ-
enza virus with a residue at position 540 in PB2 that is
asparagine, a residue in PB2 at position 712 that is glutamic
acid, a residue at position 180 in PA that is glutamine, a
residue at position 200 in PA that is threonine, a residue at
position 149 in PB1 that is valine, a residue at position 684
in PBI1 that is glutamic acid or a residue at position 685 in
PB1 that is aspartic acid. In one embodiment, the residue at
position 540 of PB2 is K, R, D, E, Q, or H, the residue at
position 712 of PB2 is D, N, S, H, T, Y, or C, the residue at
position 180 in PA is R, K, D, E, N, or H, the residue at
position 200 in PAis A, I, L, C, S, M, F, P, G, or V, the
residue at position 149 in PB1 is A, T, , L, C, S, M, F, P, or
G, the residue at position 684 is D, Q, S, H, . Y, C, K, R,
or N, or the residue at position 685 in PB1 is E, N, R, H, K,
S, T,Y, C, or Q. In one embodiment, the residue at position
540 of PB2 is K, R, H, D, S, H, T, Y, or C, the residue at
position 712 of PB2 is D, K, H, R, Q, or N, the residue at
position 180 in PAis R, K, D, N, S, H, T, Y, or H, the residue
at position 200 in PAis A, I, L, G, 5, M, or V, the residue at
position 149 in PB1 is A, T, I, L, S, M, or G, the residue at
position 684 is D, Q, H, L, R or N, or the residue at position
685 in PB1 is E, N, R, H, K or Q. In one embodiment, the
residue at position 540 of PB2 is K, R or H, the residue at
position 712 of PB2 is D or N, the residue at position 180
in PA is R, K or H, the residue at position 200 in PA is A,
I, L, G orV, the residue at position 149 in PB1 is A, T, , L
or G, the residue at position 684 is D or N, or the residue at
position 685 in PB1 is E or Q. In one embodiment, the PA
further comprises a residue at position 443 that is not
arginine, the PB1 further comprises a residue at position 737
that is not lysine, the PB2 further comprises a residue at
position 25 that is not valine or a residue at position 712 that
is not glutamic acid, the NS viral segment encodes a NS1
with a residue at position 167 that is not proline, the HA viral
segment encodes a HA with a residue at position 380 that is
not threonine, or any combination thereof. In one embodi-
ment, the residue at position 443 of PA is K or H, the residue
at position 737 of PB1 is H or R, the residue at position 25
of PB2is A, L, T, I, or G, the residue at position 712 of PB2
is D, the residue at position 167 of NS1is S, C, M, A, L, I,
G or T, or any combination thereof. In one embodiment, at
least one of the viral segments includes a heterologous gene
sequence encoding a gene product. In one embodiment, the
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heterologous sequence is in the NS viral segment, M viral
segment, NP viral segment, PA viral segment, PB1 viral
segment, or the PB2 viral segment. In one embodiment, the
heterologous sequence is 5' or 3' to the PA coding sequence
in the PA viral segment, 5' or 3' to the PB1 coding sequence
in the PB1 viral segment. In one embodiment, the heterolo-
gous sequence is 5' or 3' to the PB2 coding sequence in the
PB2 viral segment. In one embodiment, the heterologous
sequence is 5' or 3' to the NS1 coding sequence in the NS
viral segment. In one embodiment, the recombinant virus
comprises a further viral segment comprising a heterologous
gene sequence encoding a gene product. In one embodiment,
the further viral segment is a NS viral segment, a M viral
segment, a NP viral segment, a PA viral segment, a PB1 viral
segment or a PB2 viral segment. In one embodiment, the
virus has a HA that is H1, H2, H3, H5, H7, H9, or H10. In
one embodiment, the virus is an influenza B virus.

The disclosure also provides a vaccine having the isolated
recombinant virus.

The disclosure provides a plurality of influenza virus
vectors for preparing a reassortant, comprising a vector for
vRNA production comprising a promoter operably linked to
an influenza virus PA DNA linked to a transcription termi-
nation sequence, a vector for VRNA production comprising
a promoter operably linked to an influenza virus PB1 DNA
linked to a transcription termination sequence, a vector for
vRNA production comprising a promoter operably linked to
an influenza virus PB2 DNA linked to a transcription
termination sequence, a vector for vVRNA production com-
prising a promoter operably linked to an influenza virus HA
DNA linked to a transcription termination sequence, a vector
for vRNA production comprising a promoter operably
linked to an influenza virus NP DNA linked to a transcrip-
tion termination sequence, a vector for VRNA production
comprising a promoter operably linked to an influenza virus
NA DNA linked to a transcription termination sequence, a
vector for VRNA production comprising a promoter oper-
ably linked to an influenza virus M DNA linked to a
transcription termination sequence, and a vector for vVRNA
production comprising a promoter operably linked to an
influenza virus NS cDNA linked to a transcription termina-
tion sequence, wherein the PB1, PB2, or PA DNAs in the
vectors for VRNA production encode at least one of: a PB2
viral segment encoding PB2 with residue at position 540 that
is not asparagine, a PA viral segment encoding PA with a
residue at position 180 that is not glutamine or a residue at
position 200 that is not threonine, or a PB1 viral segment
encoding PB1 with a residue at position 149 that is not
valine, a residue at position 684 that is not glutamic acid or
a residue at position 685 that is not aspartic acid, or a
combination thereof; and optionally a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus PA, a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus PB1, a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus PB2, and a vector for
mRNA production comprising a promoter operably linked to
a DNA segment encoding influenza virus NP, and optionally
a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
HA, a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
NA, a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
M1, a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
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M2, or a vector for mRNA production comprising a pro-
moter operably linked to a DNA segment encoding influenza
virus NS2. In one embodiment, the PB1, PB2, PA, NP, NS,
and M DNAs in the vectors for vVRNA production have a
sequence corresponding to one that encodes a polypeptide
having at least 95% amino acid sequence identity to a
corresponding polypeptide encoded by SEQ ID NOs:1-6 or
10-15. In one embodiment, the residue at position 540 of
PB2 is K, R or H, the residue at position 180 in PAis R, K
or H, the residue at position 200 in PAis A, I, L, G or V, the
residue at position 149 in PB1 is A, T, 1, L or G, the residue
at position 684 is D or N, or the residue at position 685 in
PB1 is E or Q. In one embodiment, at least one of the viral
segments includes a heterologous gene sequence encoding a
gene product. In one embodiment, the vectors comprise a
further vector having a viral segment comprising a heter-
ologous gene sequence encoding a gene product.

A method to prepare influenza virus is provided, com-
prising: contacting a cell with a vector for vVRNA production
comprising a promoter operably linked to an influenza virus
PA DNA linked to a transcription termination sequence, a
vector for VRNA production comprising a promoter oper-
ably linked to an influenza virus PB1 DNA linked to a
transcription termination sequence, a vector for VRNA pro-
duction comprising a promoter operably linked to an influ-
enza virus PB2 DNA linked to a transcription termination
sequence, a vector for VRNA production comprising a
promoter operably linked to an influenza virus HA DNA
linked to a transcription termination sequence, a vector for
VRNA production comprising a promoter operably linked to
an influenza virus NP DNA linked to a transcription termi-
nation sequence, a vector for VRNA production comprising
a promoter operably linked to an influenza virus NA DNA
linked to a transcription termination sequence, a vector for
VRNA production comprising a promoter operably linked to
an influenza virus M DNA linked to a transcription termi-
nation sequence, and a vector for VRNA production com-
prising a promoter operably linked to an influenza virus NS
DNA linked to a transcription termination sequence,
wherein the PB1, PB2, or PA DNAs in the vectors for VRNA
production encode i) a PB2 with residue at position 540 that
is not asparagine or a residue at position 712 that is not
glutamic acid, and at least one: a PA with a residue at
position 180 that is not glutamine or a residue at position 200
that is not threonine, or a PB1 with a residue at position 149
that is not valine, a residue at position 684 that is not
glutamic acid or a residue at position 685 that is not aspartic
acid, or any combination thereof, ii) a PB2 with residue at
position 540 that is not asparagine, a PA with a residue at
position 180 that is not glutamine or a residue at position 200
that is not threonine, or a PB1 with a residue at position 149
that is not valine, a residue at position 684 that is not
glutamic acid or a residue at position 685 that is not aspartic
acid, or any combination thereof, or iii) two or more of: a
PB2 with residue at position 540 that is not asparagine or a
residue at position 712 that is not glutamic acid, a PA with
a residue at position 180 that is not glutamine or a residue
at position 200 that is not threonine, or a PB1 with a residue
at position 149 that is not valine, a residue at position 684
that is not glutamic acid or a residue at position 685 that is
not aspartic acid, or any combination thereof; and optionally
a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
PA, a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
PB1, a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza virus
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PB2, and a vector for mRNA production comprising a
promoter operably linked to a DNA segment encoding
influenza virus NP, and optionally a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus HA, a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus NA, a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus M1, a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus M2, or a vector for mRNA
production comprising a promoter operably linked to a DNA
segment encoding influenza virus NS2; in an amount effec-
tive to yield infectious influenza virus. In one embodiment,
the cell is an avian cell or a mammalian cell. In one
embodiment, the cell is a Vero cell, a human cell or a MDCK
cell. In one embodiment, the wherein the PB1, PB2, PA, NP,
NS, and M DNAs in the vectors for vVRNA productions have
a sequence that corresponds to one that encodes a polypep-
tide having at least 95% amino acid sequence identity to a
corresponding polypeptide encoded by SEQ ID NOs:1-6 or
10-15. In one embodiment, the residue at position 540 of
PB2 is K, R or H, the residue at position 712 of PB2 is D or
N, the residue at position 180 in PA is R, K or H, the residue
at position 200 in PAis A, I, L, G or V, the residue at position
149 in PB1 is A, T, I, L or G, the residue at position 684 is
D or N, or the residue at position 685 in PB1 is E or Q.

The heterologous sequence, e.g., for a therapeutic or
prophylactic gene of interest, which may be in an additional
influenza segment, e.g., in one of the segments of a 9
segment influenza A or B virus, in one of 8 viral segments,
or in one of the segments in a 7 segment virus, may be an
immunogen for a cancer associated antigen or for a pathogen
such as a bacteria, a noninfluenza virus, fungus In one
embodiment, the influenza viruses of the disclosure may be
vaccine vectors for influenza virus and for at least one other
pathogen, such as a viral or bacterial pathogen, or for a
pathogen other than influenza virus, pathogens including but
not limited to, lentiviruses such as HIV, hepatitis B virus,
hepatitis C virus, herpes viruses such as CMV or HSV, Foot
and Mouth Disease Virus, Measles virus, Rubella virus,
Mumps virus, human Rhinovirus, Parainfluenza viruses,
such as respiratory syncytial virus and human parainfluenza
virus type 1, Coronavirus, Nipah virus, Hantavirus, Japanese
encephalitis virus, Rotavirus, Dengue virus, West Nile virus,
Streptococcus pneumoniae, Mycobacterium tuberculosis,
Bordetella  pertussis, or Haemophilus influenza. For
example, the biologically contained influenza virus of the
disclosure may include sequences for H protein of Measles
virus, viral envelope protein E1 of Rubella virus, HN protein
of Mumps virus, RV capsid protein VP1 of human Rhino-
virus, G protein of Respiratory syncytial virus, S protein of
Coronavirus, G or F protein of Nipah virus, G protein of
Hantavirus, E protein of Japanese encephalitis virus, VP6 of
Rotavirus, E protein of Dengue virus, E protein of West Nile
virus, PspA of Streptococcus preumonia, HSP65 from
Mycobacterium tuberculosis, IRP1-3 of Bordetella pertus-
sis, or the heme utilization protein, protective surface anti-
gen D15, heme binding protein A, or outer membrane
protein P1, P2, PS5 or P6 of Haemophilus influenza. The gene
therapy vector may include a heterologous sequence useful
to inhibit or treat, e.g., cancer, AIDS, adenosine deaminase,
muscular dystrophy, ornithine transcarbamylase deficiency
and central nervous system tumors, or pathogens, or may
encode an antibody or fragment thereof, e.g., scFv or a
single chain antibody.
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Pharmaceutical Compositions

Pharmaceutical compositions of the present disclosure,
suitable for inoculation, e.g., nasal, parenteral or oral admin-
istration, comprise one or more influenza virus isolates, e.g.,
one or more attenuated or inactivated influenza viruses, a
subunit thereof, isolated protein(s) thereof, and/or isolated
nucleic acid encoding one or more proteins thereof, option-
ally further comprising sterile aqueous or non-aqueous solu-
tions, suspensions, and emulsions. The compositions can
further comprise auxiliary agents or excipients, as known in
the art. The composition of the disclosure is generally
presented in the form of individual doses (unit doses).

Conventional vaccines generally contain about 0.1 to 200
ug, e.g., 30 to 100 pg, 0.1 to 2 pg, 0.5 to 5 pg, 1 to 10 pg,
10 pg to 20 pg, 15 pg to 30 pg, or 10 to 30 pg, of HA from
each of the strains entering into their composition. The
vaccine forming the main constituent of the vaccine com-
position of the disclosure may comprise a single influenza
virus, or a combination of influenza viruses, for example, at
least two or three influenza viruses, including one or more
reassortant(s).

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.

When a composition of the present disclosure 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.

Heterogeneity in a vaccine may be provided by mixing
replicated influenza viruses for at least two influenza virus
strains, such as 2-20 strains or any range or value therein.
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
disclosure 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-a, interferon-f, inter-
feron-y, tumor necrosis factor-alpha, thiosemicarbarzones,
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.



US 11,241,492 B2

31

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 disclosure which are vaccines are provided before any
symptom or clinical sign of a pathogen infection becomes
manifest. The prophylactic administration of the composi-
tion serves to prevent or attenuate any subsequent infection.
When provided prophylactically, the gene therapy compo-
sitions of the disclosure, are provided before any symptom
or clinical sign of a disease becomes manifest. The prophy-
lactic administration of the composition serves to prevent or
attenuate one or more symptoms or clinical signs associated
with the disease.

When provided therapeutically, a viral vaccine is pro-
vided upon the detection of a symptom or clinical sign of
actual infection. The therapeutic administration of the
compound(s) serves to attenuate any actual infection. When
provided therapeutically, a gene therapy composition is
provided upon the detection of a symptom or clinical sign
of the disease. The therapeutic administration of the com-
pound(s) serves to attenuate a symptom or clinical sign of
that disease.

Thus, a vaccine composition of the present disclosure
may be provided either before the onset of infection (so as
to prevent or attenuate an anticipated infection) or after the
initiation of an actual infection. Similarly, for gene therapy,
the composition may be provided before any symptom or
clinical sign 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
mammal. 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 disclosure 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 mammals.
Protection may be limited to mitigating the severity or
rapidity of onset of symptoms or clinical signs of the
influenza virus infection.

Pharmaceutical Administration

A composition of the present disclosure may confer
resistance to one or more pathogens, e.g., one or more
influenza virus strains, by either passive immunization or
active immunization. In active immunization, an attenuated
live vaccine composition is administered prophylactically 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 antisera can be recov-
ered and administered to a recipient suspected of having an
infection caused by at least one influenza virus strain. A gene
therapy composition of the present disclosure may yield
prophylactic or therapeutic levels of the desired gene prod-
uct 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
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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 disclosure 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 clinical sign 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 clinical
sign or condition of the disease, or in the total or partial
immunity of the individual to the disease.

A composition having at least one influenza virus of the
present disclosure, including one which is attenuated and
one or more other isolated viruses, one or more isolated viral
proteins thereof, one or more isolated nucleic acid molecules
encoding one or more viral proteins thereof, or a combina-
tion thereof, may be administered by any means that achieve
the intended purposes.

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 accomplished by bolus injection or by gradual perfusion
over time.

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 disclosure, an “effective
amount” of a composition is one that is sufficient to achieve
a desired effect. It is understood that the effective dosage
may be dependent upon the species, 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 dose ranges.

The dosage of a live, attenuated or killed virus vaccine for
an animal such as a mammalian adult organism may be from
about 10>-10°°, e.g., 10°-10'2, 10°-10'°, 10°-10"", 10°-10",
10°-10%°, or 10'°-10%° plaque forming units (PFU)/kg, or
any range or value therein. The dose of one viral isolate
vaccine, e.g., in an inactivated vaccine, may range from
about 0.1 to 1000, e.g., 0.1 to 10 pg, 1 to 20 pg, 30 to 100
ng, 10 to 50 pg, 50 to 200 ng, or 150 to 300 pg, of HA
protein. However, the dosage should be a safe and effective
amount as determined by conventional methods, using exist-
ing vaccines as a starting point.

The dosage of immunoreactive HA in each dose of
replicated virus vaccine may be standardized to contain a
suitable amount, e.g., 0.1 pgto 1 ug, 0.5 ug to S ug, 1 pg to
10 pg, 10 pg to 20 pg, 15 pg to 30 pg, or 30 pg to 100 pg
or any range or value therein, or the amount recommended
by government agencies or recognized professional organi-
zations. The quantity of NA can also be standardized,
however, this glycoprotein may be labile during purification
and storage.

The dosage of immunoreactive HA in each dose of
replicated virus vaccine can be standardized to contain a
suitable amount, e.g., 1-50 pg or any range or value therein,
or the amount recommended by the U.S. Public Health
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Service (PHS), which is usually 15 pg, per component for
older children >3 years of age, and 7.5 g per component for
children <3 years of age. The quantity of NA can also be
standardized, however, this glycoprotein can be labile dur-
ing the processor purification and storage (Kendal et al.,
1980; Kerr et al., 1975). Each 0.5-ml dose of vaccine may
contain approximately 0.1 to 0.5 billion viral particles, 0.5 to
2 billion viral particles, 1 to 50 billion virus particles, 1 to
10 billion viral particles, 20 to 40 billion viral particles, 1 to
5 billion viral particles, or 40 to 80 billion viral particles.

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

Example 1

Methods
Generation of Color-Flu

The NS segments of PR8 fused with different fluorescent
reporter genes including eCFP, eGFP, Venus, and mCherry
were constructed by overlapping fusion PCR as described in
Manicassamy et al. (2010). In brief, the open reading frame
(ORF) of the NS1 gene without the stop codon was fused
with the N-terminus of fluorescent reporter genes via a
sequence encoding the amino acid linker GSGG. The fluo-
rescent reporter ORFs were followed by a sequence encod-
ing the GSG linker, a foot-and-mouth virus protease 2A
autoproteolytic site with 57 nucleotides from porcine tes-
chovirus-1 in Manicassamy et al. (2010), and by the ORF of
nuclear export protein (NEP) (FIG. 5). In addition, silent
mutations were introduced into the endogenous splice
acceptor site of the NS1 gene to abrogate splicing (Basler et
al., 2001). The constructed NS segments (designated eCFP-
NS, eGFP-NS, Venus-NS, and mCherry-NS) were subse-
quently cloned into a pPoll vector for reverse genetics as
described in Newmann et al. (1999). The plasmid encoding
the Venus reporter protein was a kind gift from Dr. A.
Miyawaki (Laboratory for Cell Function Dynamics, RIKEN
Brain Science Institute, Wako, Japan) (Nagai et al., 2002).
WT-Venus-PR8 was generated by using the reverse genetics
system as described in Newmann et al. (1999). Since WT-
Venus-PR8 pathogenicity and Venus expression levels were
appreciably attenuated in mice, WT-Venus-PR8 was serially
passaged in mice. After six passages, a variant (MA-Venus-
PR8) was obtained with increased pathogenicity and strong
Venus expression. A stock of MA-Venus-PR8 was generated
in MDCK cells. Since serial passage in animals typically
results in virus populations composed of genetic variants,
MA-Venus-PR8 was recreated by using reverse genetics.
Likewise, MA-eCFP-PR8, -eGFP-PR8, and -mCherry-PR8
were generated with the same genetic backbone as MA-
Venus-PRS.

To generate a Venus-HPAI virus by reverse genetics, the
NS segment of A/Vietnam/1203/2004 (H5N1; VN1203) was
replaced with Venus-NS of PR8, and the virus was adapted
to mice as described for MA-Venus-PR8. A stock of MA-
Venus-HPAI virus was made in MDCK cells. The set of
these influenza viruses carrying various fluorescent proteins
was collectively termed “Color-flu”.

Mouse Experiments

Female, 6-week-old C57BL/6 (‘B6’) mice were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan). Mice were
intranasally inoculated with Color-flu viruses, at the dosages
indicated in the figure panels, in 50 pl. of PBS under
sevoflurane anesthesia, and body weights and survival were
monitored for 14 days. Lungs were harvested from PBS-
inoculated or Color-flu-infected mice for virus titration, flow
cytometric analysis, and histological experiments at the
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times indicated in the figure panels. All animal experiments
were performed in accordance with the regulations of the
University of Tokyo Committee for Animal Care and Use
and were approved by the Animal Experiment Committee of
the Institute of Medical Science of the University of Tokyo.
Histology and Cytology

Lungs were fixed in 4% paraformaldehyde (PFA) phos-
phate buffer solution. Fixed tissues were embedded in OCT
compound (Sakura Finetek, Tokyo, Japan), frozen by liquid
N2 and stored at -80° C. Cryostat 6-um sections were
treated for 30 minutes with PBS containing 1% BSA (PBS-
BSA) to block nonspecific binding, and then incubated with
phycoerythrin (PE)-Mac3 (M3/84, BD Biosciences, San
Jose, Calif.). To examine the cytology of the MDCK cells,
cells were infected with Color-flu virus and then fixed in 4%
PFA phosphate buffer solution. Nuclei were stained with
Hoechst33342 (Invitrogen, Carlsbad, Calif.). Sections and
cells were visualized by using a confocal microscope (Nikon
Al, Nikon, Tokyo, Japan), controlled by NIS-Elements
software. For quantitative multi-color imaging analysis, the
slides were visualized by use of an inverted fluorescence
microscope (Nikon Eclipse TS100) with a Nuance FX
multispectral imaging system with InForm software (Perki-
nElmer, Waltham, Mass.).
Whole-Mount Imaging of Lung Tissue

Mice were euthanized and intracardially perfused with
PBS to remove blood cells from the lung. The lungs were
isolated after intratracheal perfusion with 4% PFA phosphate
buffer solution. The lung tissues were cleared with SCA-
LEVIEW-A2 solution (Olympus, Tokyo, Japan) according
to the manufacturer’s instructions. Images were acquired by
using a stereo fluorescence microscope (M205FA, Leica
Microsystems, Wetzlar, Germany) equipped with a digital
camera (DFC365FX, Leica Microsystems).
Two-Photon Laser Microscopy

A total of 10° PFU of MA-eGFP-PRS was intranasally
inoculated into B6 mice. To label lung macrophages, 50 pl.
of PE-CD11b (M1/70, BioLegend, San Diego, Calif.) was
injected intravenously to the mice at day 3 p.. Thirty
minutes after the antibody injection, the lungs of the mice
were harvested. The kinetics of eGFP- and PE-positive cells
in the lungs were imaged with a multi-photon microscope
(LSM 710 NLO, Carl Zeiss, Oberkochen, Germany). During
the analysis, the lungs were maintained in complete medium
(RPMI 1640 with 10% fetal calf serum) in a humid chamber
(37° C., 5% CO,). The data were processed with LSM
software Zen 2009 (Carl Zeiss). For three-dimensional
imaging of HPAI virus-infected lung tissues, B6 mice were
intranasally inoculated with 10° PFU of MA-Venus-HPAI
virus. The lung tissues were collected from the mice at day
2 p.., and treated with SCALEVIEW-A2 solution (Olym-
pus) to make tissues transparent as described above. Three-
dimensional images of lung tissues were obtained from a
multi-photon microscope (Nikon A1R MP).
Flow Cytometric Analysis and Cell Sorting

To obtain single-cell suspensions, lungs were dissociated
with Collagenase D (Roche Diagnostics, Mannheim, Ger-
many; final concentration: 2 png/ml) and DNase I (Wor-
thington Biochemical, Lakewood, N.J.; final concentration:
40 U/mL) for 30 minutes at 37° C. by grinding the tissue
through nylon filters (BD Biosciences). Red blood cells
(RBCs) were lysed by treatment with RBC lysing buffer
(Sigma Aldrich, St. Louis, Mo.). To block nonspecific bind-
ing of antibodies, cells were incubated with purified anti-
mouse CD16/32 (Fc Block, BD Biosciences, San Diego,
Calif.). Cells were stained with appropriate combinations of
fluorescent antibodies to analyze the population of each
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immune cell subset. The following antibodies were used:
anti-CD45 (30-F11: eBioscience, San Diego, Calif.), anti-
CD11b (M1/70: BioLegend), anti-F4/80 (BMS: eBiosci-
ence), and anti-CD11c (HL3: BD Biosciences). All samples
were also incubated with 7-aminoactinomycin D (Via-
Probe, BD Biosciences) for dead cell exclusion. Data from
labeled cells were acquired on a FACSAria 11 (BD Biosci-
ences) and analyzed with FlowJo software version 9.3.1
(Tree Star, San Carlos, Calif.). To isolate Venus-positive and
-negative macrophages from lungs, stained cells were sorted
using a FACSAria II (BD Biosciences).
Microarray Analysis

Total RNA of sorted macrophages was extracted using
TRIzol reagent (Life Technologies, Carlsbad, Calif.) and
precipitated with isopropanol. RNA amplification was per-
formed using the Arcturus Riboamp Plus RNA Amplifica-
tion Kit (Life technologies) in accordance with the manu-
facturer’s instructions. RNA was labeled by using the
Agilent Low Input Quick Amp Labeling kit, one color
(Agilent Technologies, Santa Clara, Calif.) and hybridized to
the SurePrint G3 Mouse GE 8x60 K microarray (Agilent
Technologies). Arrays were scanned with a DNA Microarray
Scanner with SureScan High-Resolution Technology,
(G2565CA; Agilent Technologies), and data were acquired
using Agilent Feature Extraction software ver. 10.7.3.1.
(Agilent Technologies). Probe annotations were provided by
Agilent Technologies (AMADID 028005). Probe intensities
were background corrected and normalized using the nor-
mal-exponential and quantile methods, respectively. The
log, of the intensities were then fit to a linear model that
compared the groups of interest®*. All reported p values
were adjusted for multiple hypothesis comparisons using the
Benjamini-Hochberg method. Transcripts were considered
differentially expressed if there was at least a 2-fold change
in the mean probe intensity between contrasts with an
adjusted p<0.01. Hierarchical clustering was performed in
R. The resultant gene clusters were then analyzed with
ToppCluster (Kaimal et al., 2010) to identify gene annota-
tions that were enriched in each cluster. The reported scores
are the -log, , of the Benjamini-Hochberg adjusted p-value.
Western Blot Analysis

Whole lysates of MDCK cells were electrophoresed
through SDS-polyacrylamide gels (Bio-Rad Laboratories,
Hercules, Calif.) and transferred to a PVDF membrane
(Millipore, Billerica, Mass.). The membrane was blocked
with Blocking One (Nacalai Tesque, Kyoto, Japan) and
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incubated with a rabbit anti-GFP polyclonal antibody (MBL,
Nagoya, Japan), mouse anti-NS1 antibody (188/5), rabbit
antiserum to A/WSN/33(H1IN1)(R309) or mouse anti-actin
antibody (A2228; Sigma-Aldrich), followed by HR-conju-
gated anti-mouse or anti-rabbit IgG antibody (GE Health-
care, Waukesha, Wis.). After the membrane was washed
with PBS-Tween, specific proteins were detected using ECL
Plus Western Blotting Detection System (GE Healthcare.
The specific protein bands were visualized by the use of the
VersaDoc Imaging System (Bio-Rad).
Results

To generate a fluorescent influenza virus expressing a
reporter protein fused to the NS1 open reading frame, Venus
was chosen, a GFP variant with eight mutations including
F46L,, which improves chromophore formation and
increases brightness compared with GFP (Wagai et al.,
2002). As expected based on previous findings of attenua-
tion for influenza viruses expressing reporter proteins (Kittel
et al., 2004; Shinhya et al., 2004), the mouse pathogenicity
of A/Puerto Rico/8/34 (PR8; HIN1) virus expressing Venus
(WT-Venus-PR8) was substantially lower than that of wild-
type PR8 (WT-PR8); the dose required to kill 50% of
infected mice (MLDs,) was more than 10* plaque-forming
units (PFU) for WT-Venus-PR8 compared with 10> PFU
for WT-PR8. WT-Venus-PR8 was serially passaged in
C57BL/6 (B6) mice. After six consecutive passages, a
variant (designated MA-Venus-PR8; possessing a T-to-A
mutation at position 380 of the hemagglutinin protein, and
an E-to-D mutation at position 712 of the polymerase
subunit PB2) was identified with appreciably higher patho-
genicity (MLDy,=10°-> PFU) compared with WT-Venus-
PRS8, although it was still less pathogenic than the original
PR8 virus (FIG. 1A). To assess the replicative ability of
MA-Venus-PR8 in mouse lungs, B6 mice were intranasally
infected with 10* PFU of MA-Venus-PR8 or PR8 virus. At
all time points tested, the lung virus titers were similar for
MA-Venus-PR8- and PR8-infected mice (FIG. 1B). To test
the stability of Venus expression, plaque assays were per-
formed using lung homogenate from infected mice and
found that only one of 150 plaques on each of days 3, 5, and
7 post-infection (p.i.) was Venus-negative, attesting to the
high genetic stability of Venus expression in this recombi-
nant virus. In contrast, only 70% of NS1-GFP virus
expressed the reporter protein (Manicassamy et al., 2010).
The robust virulence and genetic stability of MA-Venus-PR8
indicate that this virus represents a highly attractive reporter
system to visualize influenza virus-infected cells in vivo.

TABLE 1

Replication and virulence of Color-flu in mice*.

Mean virus titer (logl0 PFU/g = s.d.) in the mouse lung
on the indicated day p.i.

Virus Day 3 p.i. Day 5 p.i. Day 7 p.i. MLDs, (PFU)
MA-eCFP-PR§ 8.1 = 0.2%* 8.0 = 0.1 6.3 = 0.1 103°
MA-eGFP-PR8 8.6 = 0.1 8.3 0.1 6.3 £0.1 1032
MA-Venus-PR8 8.6 = 0.2 8.4 0.1 6.5 +0.3 1033
MA-mCherry-PR8 7.7 = 0.3%* 7.5 =07 6.1 £04 1027
WT-Venus-PR§ 5.6 + 0.3%* 5.3 £ 0.3%* 5.2 £ 0.2%* >10%3
WT-PR8 8.8 £ 0.1 8205 6.9 £0.2 102
MA-PRS 8.9 = 0.1 9.0 £0.0 7.9 £ 0.2%* 10?3

*B6 mice were inoculated intranasally with 10* PFU of cach virus in a 50 mL volume. Three mice from cach
group were killed on days 3, 5 and 7 p.i., and virus titres in the lungs were determined in MDCK cells.
**Statistical significance was calculated by using the Student’s t-test; the P value was <0.01 compared with the
titres in the lungs of mice infected with WT-PRS virus.
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To increase the versatility of fluorescent influenza viruses
as imaging tools, additional MA-PR8 variants were gener-
ated that expressed different spectral GFP mutants, namely,
eCFP (ex. 434 nm, em. 477 nm) and eGFP (ex. 489 nm, em.
508 nm) (Patterson, 2001). A mCherry variant (ex. 587 nm,
em. 610 nm), which emits fluorescence at a longer wave-
length than Venus (ex. 515 nm, em. 528 nm) (Nagai et al.,
2002; Shaner et al., 2004), was also generated. These
influenza viruses encoding the multi-spectral fluorescent
reporter proteins were collectively named “Color-flu”. To
determine the pathogenicity of Color-flu viruses, the virus
titres in mouse lung tissues and the MLD,, values of
MA-eCFP, eGFP and mCherry-PR8 were compared with
those of MA-Venus-PR8 and MA-PRS. All of virus strains
showed comparatively high replication in the lungs and the
MLD;,, values were similar among the Color-flu viruses
(Table 1). The stability of the fluorescent expression of the
Color-flu viruses was tested in vivo and in vitro by plaque
assay. When virus was collected from the lungs of mice on
day 7 p.., the percentages of fluorescent-positive plaques
were 98.0% (MA-eCFP-PR8), 100.0% (MA-eGFP-PRY)
and 96.4% (MA-mCherry-PR8). The percentages of fluo-
rescent-positive plaques in the sample from the culture
medium of MDCK cells after 72 hours p.i. was found to be
100.0% (MA-eCFP-PR8), 99.2% (MA-eGFP-PR8) and
98.2% (MA-mCherry-PR8). In addition, the stability of an
NS1-fluorescent protein chimera in virus-infected cells was
examined by infecting MDCK cells with MA-Venus-PR8
virus and detecting NS1-Venus chimeric protein by using
anti-GFP and anti-NS1 antibodies. The NS1-Venus chimeric
protein was not degraded until the time point examined (that
is, 12 hours p.i.), indicating that the fluorescent signal is
mainly emitted from the NS1-fluorescent protein chimera
and not from degradation products in cells infected with
Color-flu viruses. These findings indicate that the pathoge-
nicity and stability of the Color-flu viruses were not affected
by the different fluorescent reporter genes.

To assess the expression of Color-flu viruses in mouse
lungs, we collected lungs from B6 mice infected with each
of the Color-flu viruses and processed them for visualization
as described in the Methods section. All four colors were
clearly visible in whole transparent lung tissue when ana-
lyzed with a fluorescent stereomicroscope (FIG. 2A). Fluo-
rescent signals were mainly seen in the bronchial epithelial
layer at day 3 p.i. At day 5 p.i., fluorescent signals extended
to the peripheral alveolar regions. These data indicated that
all four Color-flu viruses are useful for analyzing the dis-
tribution of influenza virus-infected cells in mouse lungs. To
assess the expression of Color-flu viruses in mouse lungs,
lungs were collected from B6 mice infected with each of the
Color-flu viruses and processed them for visualization as
described in the Methods section. All four colors were
clearly visible in whole transparent lung tissue when ana-
lyzed with a fluorescent stereomicroscope (FIG. 2A). Fluo-
rescent signals were mainly seen in the bronchial epithelial
layer at day 3 p.i. At day 5 p.i., fluorescent signals extended
to the peripheral alveolar regions. These data indicate that all
four Color-flu viruses are useful for analyzing the distribu-
tion of influenza virus-infected cells in mouse lungs.

Next, the Nuance™ spectral imaging system was
employed to test whether the fluorescent signals of all four
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Color-flu viruses could be detected simultaneously. Lung
tissues were collected from B6 mice intranasally inoculated
with a mixture of the four strains (2.5x10* PFU each in a
total volume of 50 pl). Analysis of lung sections obtained
at days 2 and 5 p.i. showed that the fluorescent signals of all
four Color-flu viruses were distinguishable from each other
(FIG. 2B). At day 2 p.., clusters of the same fluorescent
color were found in bronchial epithelial cells, suggesting
local spread of the individual viruses. At this time point, a
limited number of alveolar cells were infected. At day 5 p.i.,
we detected a cluster of alveolar cells expressing a single
fluorescent protein, indicative of the initiation of infection
with a single virus and its local spread (FIG. 2B). Interest-
ingly, epithelial cells simultaneously expressing two or three
fluorescent proteins were detected, albeit at a low frequency,
suggesting co-infection of these cells (FIG. 2C). The ability
to visualize cells co-infected with different influenza viruses
in vivo is a major advance in technology and will allow
insights into influenza co-infection and reassortment pro-
cesses.

Next, the utility of Color-flu viruses was tested for the
analysis of host responses to infection. Since macrophages
are involved in innate immunity and acute inflammation in
influenza virus-infected lungs, lung sections that were
stained with an antibody to macrophages (PE-Mac3) were
examined by using confocal microscopy. Macrophages infil-
trated regions containing Venus-positive bronchial epithelial
cells at day 2 p.i. of mice with MA-Venus-PR8 (FIG. 3A);
by contrast, only a few Mac3-positive cells were detected in
the alveoli of lungs from mock-infected animals. On the
basis of this finding, live imaging was employed to further
study the interaction between influenza virus-infected epi-
thelial cells and macrophages in mouse lungs. In the lung
tissue of naive B6 mice, CD11b+ alveolar macrophages
were detected by use of a two-photon laser microscope.
Most of these macrophages did not migrate (i.e., showed
little movement) during the observation period (49 minutes;
data not shown). In mice infected with MA-eGFP-PR8
virus, many CD11b+ macrophages appeared to be ‘attached’
to eGFP-positive epithelial cells (data not shown); more-
over, some of these eGFP-positive epithelial cells exhibited
blebbing similar to apoptotic cells. Interestingly, a number
of CD11b+ macrophages quickly moved around the eGFP-
positive epithelial cells, suggesting possible macrophage
responses to inflammatory signals such as IFNs or chemo-
kines. The present system can thus be used to monitor the in
vivo interactions between virus-infected and immune cells.

A number of studies have assessed the transcriptomics
and proteomics profiles of influenza virus-infected mice (Go
et al,, 2012; Zhao et al., 2012). Since these studies used
whole lung samples, the results are the sum of virus-infected
and uninfected cells, leading to the dilution of host responses
and not allowing one to distinguish the profiles of infected
cells from those of uninfected, bystander cells. As a first step
to overcome this shortcoming, macrophages (known to be
infected by influenza viruses (FIG. 3B)) from the lungs of
mice infected with MA-Venus-PR8 were sorted on the basis
of their fluorescent protein expression and performed
microarray analysis. Macrophages isolated from the lungs of
mice inoculated with PBS (naive macrophages) served as
controls. In fluorescent-positive macrophages, 6,199 tran-



US 11,241,492 B2

39

scripts were differently expressed relative to naive macro-
phages. By contrast, in fluorescent-negative macrophages
obtained from infected mice, only 4,252 transcripts were
differentially expressed relative to the naive macrophages.
This difference likely reflects differences in gene transcrip-
tion induced by active influenza virus infection. However, it
should be noted that the fluorescent-negative cell popula-
tions obtained from infected animals may have included
infected cells in which the fluorescent signal had not yet
been detected as would be expected at an early stage of virus
infection. In fact, confocal microscopy revealed that it took
9 hours to detect fluorescent protein expression in the
majority of MDCK cells. Hierarchical clustering of differ-
entially expressed transcripts, followed by functional enrich-
ment analysis of each cluster, indicated that both fluores-
cent-positive and  fluorescent-negative = macrophages
obtained from infected animals exhibit activation of path-
ways associated with the immune response, cytokine pro-
duction, and inflammation (FIG. 3D, green cluster). The
upregulation of these pathways in the fluorescent-negative
cells may have resulted from cell activation by IFN and
cytokines released from infected cells, and/or from cells that
were at an early stage of virus infection (as discussed
earlier). Yet, a subset of enriched annotations, for example,
type I IFN-mediated signaling (FIG. 3D, light blue cluster),
included transcripts that were more highly expressed in
fluorescent-positive macrophages. In addition, it was
observed that type I IFN genes were among the most
upregulated transcripts in the fluorescent-positive macro-
phages (FIG. 3E). Taken together, this enhanced type I IFN
activity is consistent with the suggestion that the fluores-
cent-positive cells had been infected whereas the fluores-
cent-negative cells included both uninfected (but potentially
‘stimulated’) cells and cells at early stages of influenza virus
infection. Indeed, it took at least 5 hours to detect fluorescent
protein expression after infection with Color-flu viruses,
although all of the fluorescent proteins (that is, eCFP, eGFP,
Venus, and mCherry) were detectable in the majority of cells
by 9 hours p.i. These findings open new avenues in infec-
tious disease research to compare gene expression (or other
types of expression) patterns of reporter protein-positive
cells with those of reporter protein-negative cells (but poten-
tially stimulated by released cytokines and/or are at an early
stage of infection).

Finally, as discussed in more detail in Example II, it was
tested whether the concept of mouse-adapted fluorescent
influenza viruses could be applied to other influenza virus
strains, such as highly pathogenic avian influenza A (H5SN1)
(HPAI) viruses, which are a research priority due to the
threat they pose to humans. An MA-Venus-HPAI virus based
on A/Vietnan/1203/2004 (VN1203; H5N1) was generated,
employing the same strategy used to create MA-Venus-PR8;
however, the PR8 NS gene was used to express NS1-Venus
chimeric protein because Venus virus with the VN1203 NS
gene did not contribute to pathogenicity in mice. The
pathogenicity of MA-Venus-HPAI virus for B6 mice was
comparable to that of VN1203, with MLD;, values for both
viruses being less than 5 PFU (FIG. 4A and Hatta et al.,
2007). MA-Venus-HPALI virus also shared with other HPAI
viruses the ability to spread systemically and replicate in
various organs including spleen, kidney, and brain (FIG. 4B
and Hatta et al., 2007). Moreover, taking advantage of the
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strong fluorescent signal emitted by MA-Venus-HPAI virus-
infected cells, a three-dimensional image of an HPAI virus-
infected bronchus deep inside the lung tissues was success-
fully constructed (FIG. 4C and data not shown). This type of
three-dimensional imaging analysis will improve the under-
standing of the spatial distribution of influenza virus-in-
fected bronchi. When the distribution of virus-infected cells
was compared between HPAI virus and PR8-infected lungs,
it was found that HPAI virus spreads from the bronchial
epithelium to alveolar sites more quickly than did PR8
(FIGS. 4C and D). By using flow cytometric analysis, it was
found that CD45-negative, non-hematopoietic cells and
F4/80-positive macrophages more frequently expressed
Venus in the lungs of mice infected with MA-Venus-HPAI
virus than in the lungs of animals inoculated with MA-
Venus-PR8 (FIGS. 4E and F), supporting findings that HSN1
HPAI viruses induce more severe inflammatory responses in
the lung than does PR8, demonstrating the utility of Color-
flu viruses for comparative studies of influenza pathogen-
esis.

Discussion

In this study, Color-flu viruses were generated to study
influenza virus infections at the cellular level. Color-flu
viruses combine several improvements over existing sys-
tems, including robust viral replication, virulence, stable
fluorescent protein expression, and a set of four different
colors that can be visualized simultaneously. Color-flu
viruses are applicable to all influenza virus strains. These
improvements allowed global transcriptomics analyses of
infected and bystander cells and, for the first time, live-
imaging of influenza virus-infected cells in the mouse lung.

Previous versions of fluorescent influenza viruses (Kittel
et al.,, 2004; Shinya et al., 2004) including our original
construct (i.e., WT-Venus-PR8) were appreciably attenuated
in mice. These attenuated fluorescent viruses may still be
useful for identifying initial target cells. However, the
immune responses elicited by these highly attenuated, non-
lethal viruses most likely differ considerably from those of
the mouse-lethal parent virus, making their use for patho-
genesis studies problematic. This problem was solved by
passaging viruses in mice. This strategy proved to be suc-
cessful for two different influenza virus strains, suggesting
its broad applicability. A second drawback of previously
tested fluorescent influenza viruses is the genetic instability
of the added reporter protein (Manicassamy et al., 2010).
However, almost 100% of virus plaques examined from
mouse lung samples on day 7 post-infection expressed the
reporter protein.

At present, Color-flu viruses cannot be monitored in live
animals non-invasively because fluorescent reporter proteins
must be within a “biological optical window (650-900 nm)”
to be detected for imaging of tissues in live animals using
fluorescent probes (Weisslander, 2001; Jobsis, 1977), and
none of the fluorescent reporter proteins including mCherry,
which has the longest emission among the reporter proteins
of Color-flu, is inside this biological optical window. Heaton
etal. (2013) generated a luciferase reporter-expressing influ-
enza virus that can be used to monitor virus replication in
live animals; however, this system needs systemic inocula-
tion of substrate into the animals at every observation point.
In addition, the resolution of their imaging system (based on
the IVIS® system) is not adequate for the analysis of cellular
immune mechanisms in vivo, which we are able to achieve
with the present system.

Newer technologies for imaging analysis (Ghoznari et al.,
2013) have enabled the development of a set of four different
influenza color variants that can be distinguished from one
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another by using Nuance™, hence allowing their simulta-
neous detection. In fact, our pilot study identified lung
epithelial cells expressing two or three different fluorescent
proteins (FIG. 2C). This may be the first visualization of
mouse lung cells infected with more than one influenza virus
strain. In future studies, these color variants could be used to
address long-standing questions in influenza virus research,
such as the frequency of viral co-infections in vivo, which
may be critical to better understand influenza virus reassort-

42

mice was explored. By using reverse genetics, various
reassortants between WT-Venus-H5N1 and MA-Venus-
H5N1 virus were rescued and their virulence in mice exam-
ined to identify determinants for pathogenicity. Further, the
determinants for Venus expression and Venus stability in
vitro and in vivo were investigated. The findings further the
understanding of the pathogenicity of influenza virus in
mammals and will benefit the development of influenza
virus-related vaccines and therapy.

ment and, hence, the generation of novel influenza viruses 10 Materials and Methods
such as the pandemic viruses of 1957 (Schaltissek et al. Cells. — .
. ’ Human embryonic kidney 293 and 293T cells were main-
1978; Kanaoka et al., 1989), 1968 (Schaltissek et al., 1978; tained in Dulb s dified Bacle’ di
) ained in Dulbecco’s modified Eagle’s medium (DMEM)
Kanaoka et al., 1989), and 2009 (Smith et al., 2009; Itoh et with 10% fetal calf serum, and Madin-Darby canine kidney
al., 2009). . . . . 15 (MDCK) cells were maintained in minimal essential
By employing the described tool sets, influenza virus- medium (MEM) supplemented with 5% newbomn calf
infected cells were detected in whole lung tissues of mice, serum. All the cells were incubated at 37° C. in 5% CO.,.
allowing the observation of the location and distribution of Construction of Plasmids.
influenza viruses in the lung. Moreover, interactions of Plasmids for virus rescue was constructed as described in
virus-infected epithelial cells with immune cells were 20 Neumann et al. (1999). To measure viral polymerase activ-
observed. Such studies will allow direct monitoring influ- ity, the open reading frames of the PB1, PB2, PA, and NP of
enza disease progression from acute bronchitis to severe influenza virus were amplified by PCR with gene-specific
viral pneumonia, which causes considerable morbidity and primers and cloned into the pCAGGS/MCS protein expres-
mortality in highly pathogenic influenza virus infections sion plasmid (Dias et al., 2009). The primer sequences are
(Gambotto et al., 2008; Shieh et al., 2009). listed below:
TABLE 2
Gene Primer sequence (5'-3')
VN1203- Upper  CCCATCGATACCATGGAGAGGATAAAAGAATTACGAGATC
PB2 (SEQ ID NO: 20)
Low CTAGCTAGCCTACTAATTGATGGCCATCCGAATTCTTTTG (SEQ
ID NO: 21)
VN1203- Upper  TACGAGCTCACCATGGATGTCAATCCGACTTTACTTTT (SEQ ID
PB1 NO: 22)
Low CTAGCTAGCCTACTATTTTTGCCATCTGAGTTCTTCAATG (SEQ
ID NO: 23)
VN1203- Upper  CCCATCGATACCATGGAAGACTTTGTGCGACAATGC (SEQ ID
PA NO: 24)
Low CTAGCTAGCCTACTATTTCAGTGCATGTGCGAGGAAGEA (SEQ
ID NO: 25)
VN1203- Upper  TTCATCGATACCATGGCGTCTCAAGGCACCAAAC (SEQ ID
Np NO: 26)
Low CGCGCTAGCCTATTAATTGTCATACTCCTCTGCATTGTCT (SEQ
ID NO: 27)
In conclusion, Color-flu viruses in combination with All of the constructs were completely sequenced to ensure
advanced imaging technologies allow for detection at the the absence of unwanted mutations.
cellular level in animals. 0 Plasmid-Based Reverse Genetics.
Influenza A viruses were generated by using plasmid-
Example II based reverse genetics, as described previously (Murakami,
As disclosed in Example I, an HSN1 virus with the Venus 2008; Ozawe.l et al.; 2007). Viral titers of.the rescued viruses
(Nagai et al, 2002) (a variant of eGFP) reporter gene were determined by use of plaque assays in MDCK cells. All
(designated wild-type Venus-H5N1 virus, and abbreviated 55 rescued viruses were sequenced to confirm the absence of
as WT-Venus-HSN1 virus) was prepared using reverse unwanted mutations.
genetics; this virus showed moderate virulence and low Mouse Experiments.
Venus expression in mice. After six passages in mice a Six-week-old female C57/BL6 (B6) mice (Japan SLC,
mouse-adapted Venus-H5N1 virus was acquired (abbrevi- Inc., Shizuoka, Japan) were used in this study. To measure
ated as MA-Venus-H5N1 virus) that stably expressed high 60 viral replication in mice, six mice in each group were
levels of Venus in vivo and was lethal to mice; a dose anesthetized with isoflurane and then intranasally inoculated
required to kill 50% of infected mice (MLDs,) was 3.2 with 10° PFU (50 pL) of virus. On days 1 and 3 post-
plaque-forming units (PFU), while that of its parent WT-Ve- infection (p.i.) three mice were euthanized, and their organs
nus-H5N1 virus was 10° PFU. However, the mechanism for including the lungs, kidneys, spleens, and brains were col-
this difference in virulence and Venus stability was unclear. 65 lected and titrated in MDCK cells. To determine the 50%

In this study, the molecular mechanism that determines
the virulence and Venus stability of Venus-H5N1 virus in

mouse lethal dose (MLDs,) of the viruses, four mice from
each group were inoculated intranasally with 10-fold serial
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dilutions containing 10° to 10° PFU (50 uL) of virus,
respectively. Body weight and survival were monitored
daily for 14 days. The MLD,, was calculated by using the
method of Reed and Muench (1938). All mouse experiments
were performed in accordance with the University of
Tokyo’s Regulations for Animal Care and Use and were
approved by the Animal Experiment Committee of the
Institute of Medical Science, the University of Tokyo.

Virus Passage in Mice and MDCK Cells.

Mouse adaptation of virus was performed as described in
Example 1. For virus passages in MDCK cells, confluent
MDCK cells were infected with virus at a multiplicity of
infection (MOI) of 0.0001. At 48 hours post-infection (hpi)
the supernatants were collected and titered in MDCK cells.
The new, harvested viruses were used to infect MDCK cells
for the next passage. This procedure was repeated five times.

Growth Kinetics Assays.

Each virus was inoculated into triplicate wells of subcon-
fluent MDCK cells at an MOI of 0.0001. The cells were
supplemented with MEM containing 0.3% bovine serum
albumin (BSA) and 1 pg/ml tolylsulfonyl phenylalanyl
chloromethyl ketone (TPCK) trypsin and incubated at 37° C.
in 5% CO,. Culture supernatants were harvested at the
indicated hours post-infection. The viral titers of the super-
natants at the different time-points were determined by use
of plaque assays in MDCK cells.

Mini-Genome Luciferase Assay.

Polymerase activity was tested with a mini-genome assay
by using the dual-luciferase system as previously described
in Murakami (2008) and Ozawa et al. (2007). Briefly, 293
cells were transfected with viral protein expression plasmids
for NP, PB1, PB2, and PA from the WT-Venus-H5N1 or
MA-Venus-H5N1 virus (0.2 pg each), with a plasmid
expressing a reporter VRNA encoding the firefly luciferase
gene under the control of the human RNA polymerase |
promoter (pPoll/NP(0)Fluc(0), 0.2 pg), and with pRL-null
(Promega, 0.2 ng), which encodes the Renilla luciferase, as
an internal transfection control. At 24 hours post-transfec-
tion, cell lysate was prepared with the Dual-Luciferase
Reporter Assay System (Promega) and luciferase activity
was measured by using the GloMax 96 microplate lumi-
nometer (Promega). The assay was standardized against
Renilla luciferase activity. All experiments were performed
in triplicate.

Laboratory Facility.

All studies with HS5N1 viruses were performed in
enhanced biosafety level 3 containment laboratories at the
University of Tokyo (Tokyo, Japan), which are approved for
such use by the Ministry of Agriculture, Forestry, and
Fisheries, Japan.
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Statistical Analysis.

The data were analyzed by using the R software (www.r-
project.org), version 3.1. For comparisons of measurements
from multiple groups collected at a single time point, we
used one-way ANOVA followed by Tukey’s Post hoc test.
For comparisons of multiple groups with measurements
collected independently at different time-points (i.e., viral
growth curves from mice, collected in MDCK cells), we
used two-way ANOVA followed by Tukey’s Post hoc test.
For comparisons of multiple groups with dependent mea-
surements (i.e., viral growth 7 curves in cell culture for
which aliquots were collected from the same culture at
different time points), a linear mixed-effects model was
fitted to the data using the R package NLME, and the time,
the virus strain, and the interaction between these two
factors were considered. Next, a contrast matrix was built to
compare the strains in a pairwise fashion at the same time
points (e.g., group_1 vs group_2 at 24 hours post-infection,
group_1 vs group_3 at 24 hours post-infection, group_2 vs
group_3 at 24 hours post-infection), using the R package
PHIA. Because the comparisons were performed individu-
ally, the final p-values were adjusted by using Holm’s
method to account for multiple comparisons. In all cases, the
results were considered statistically significant if we
obtained In all cases, the results were considered statistically
significant if we obtained p-values (or adjusted p-values)
<0.05.

Sequence Analysis.

The PB2 and PA sequences from the NCBI Influenza
Virus Database were aligned by using the MUSCLE pro-
gram (Edgar, 2004), with the default parameters and a
maximum of 100 iterations. The alignment was visualized
by using Clustal X (Larkin et al., 2007), and the frequency
of amino acid occurrences at specific positions was deter-
mined by using custom written Perl scripts.

Results
Comparison Between WT-Venus-H5N1 and MA-Venus-
H5N1 Viruses.

As in Example 1, the NS segment of A/Viet Nam/1203/
2004 (H5N1) (abbreviated as VN1203) was substituted with
a Venus-fused NS segment of Venus-PRS8 virus by using
reverse genetics, and acquired an H5N1 virus that expressed
the Venus fluorescent reporter gene (WT-Venus-HS5N1
virus). A pathogenicity analysis in mice revealed that this
virus exhibited attenuated virulence in mice compared with
that of the parental VN1203 with an MLDs, value of 10°
PFU (compared with 0.7 PFU for VN1203) (FIGS. 6A and
6B and Haifa et al. (2007)). Moreover, WT-Venus-H5N1
virus mainly replicated in respiratory organs (Table 3), and
its Venus expression was very weak in both MDCK cells
(FIG. 7) and in mice after virus infection (FIG. 8).

TABLE 3

Replication and virulence of H5N1 reassortants and mutants in mice®

Mean virus titer (log,, PFU/g + SD) on the indicated day p.i.

Lung Spleen Kidney Brain
Day 1 Day 3 Dayl Day3 Dayl Day3 Dayl Day3
Virus p-i- p.i- p.i- p.i. p.i- p.i- p.i- p.i-
WT-Venus-H5N1 6502 63=x02 —* — — — — —
MA-Venus-H5N1 9.1 £0.1° 89 +£0.0° 34 £0265+£0124+0141+£01 — 2806
RG-MA 9.1+0.1° 9.2x0.1° 28047100 23, 4001 — 23=x02
WT + MA-PB2 7.7 £0.0° 8.0 =x0.1¢ — 41,44, — — — —
WT + MA-PA 7.1 £0.1° 6.8 £0.19 — — — — — —
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Replication and virulence of H5N1 reassortants and mutants in mice®

Mean virus titer (log,, PFU/g + SD) on the indicated day p.i.

Lung Spleen Kidney Brain
Day 1 Day 3 Dayl Day3 Dayl Day3 Dayl Day3
Virus p.i- p.i. p.i. p-i- p.i- p-i- p.i. p.i-
WT + MA- 8.6 £0.3° 87x0.1° 290468 £0.0 2.0,1.7, 43 £0.7 — 2708
(PB2 + PA) —

“Six-week-old SPF C57/BL6 mice were inoculated intranasally with 10° PFU of each virus in a 50-pl volume.

Three mice from each group were euthanized on days 1 and 3 p.i., and virus titers were determined in samples of lung,
spleen, kidney, and brain in MDCK cells.
bf, no virus was isolated from the sample.

P value was <0.01 compared with the titers in the lungs of mice infected with WT-Venus-H5N1 virus.
4P value was <0.05 compared with the titers in the lungs of mice infected with WT-Venus-HSN1 virus.

After six passages of WT-Venus-H5N1 virus in mice,
MA-Venus-H5N1 virus was obtained. MA-Venus-H5N1
virus was lethal to mice with an MLDy, of 3.2 PFU (Ex-
ample I). This virus replicated systemically in mice; on day
1 p.i., high viral titers were detected in lungs, spleens, and
kidneys, and on day 3 p.i. virus could be detected in brains
(Table 3). Moreover we detected high Venus expression of
MA-Venus-H5N1 virus in MDCK cells (FIG. 7) and in mice
(FIG. 8). Therefore, compared with WT-Venus-H5NI1,
MA-Venus-H5N1 virus showed much higher pathogenicity
in mice and a higher replicative ability. Moreover, this virus
exhibited high Venus expression during its replication in
vitro and in vivo.

To identify the genetic mutations that had occurred during
mouse adaptation, the genome of MA-Venus-H5N1 virus
was sequenced and compared to that of WT-Venus-H5N1
virus. At the amino acid level, a total of seven differences
were found between the two viruses in their PB1, PB2, PA,
NA, M2, and NS1 genes (Table 4). Thus single or multiple
amino-acid changes among these seven different amino
acids may contribute to the difference in virulence in mice

and in Venus expression between these two viruses.
TABLE 4
Amino acid differences between WT-Venus-H5N1 and
MA-Venus-H5N1 viruses.
Amino Amino acid in:
Viral acid WT-Venus- MA-Venus-
segment position H5N1 H5N1
PB2 25 Val (V) Ala (A)
PB1 737 Lys (K) Arg (R)
PA 443 Arg (R) Lys (K)
35 Ser (S) Arg (R)
NA 284 Val (V) Leu (L)
M2 64 Ala (A) Asp (D)
NS1 167 Pro (P) Ser (S)

V25A 0of PB2 and R443K of PA Determine the Pathogenicity
and Venus Expression of Venus-H5N1 Virus in Mice.

To investigate the genetic basis for the difference in the
virulence and Venus expression of Venus-H5N1 virus after
mouse adaptation, a reverse genetics system was established
for MA-Venus-H5N1 virus, which was named RG-MA
virus. RG-MA virus exhibited similar viral titers in organs,
MLD;,, value (FIGS. 6C and 6D and FIG. 9), and Venus
expression in mice (FIG. 9) to those of its original virus
(MA-Venus-H5N1 virus).
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To identify the amino acids responsible for the difference
in virulence and Venus expression between WT-Venus-
H5N1 and MA-Venus-H5N1 virus, six single-gene recom-
binant viruses were generated, each bearing the PB2, PB1,
PA, NA, M, or NS gene from MA-Venus-H5N1 virus and
the other seven genes from WT-Venus-H5N1 virus. The
recombinant viruses that contained the PB1, NA, or NS gene
of MA-Venus-H5N1 virus (designated WT+MA—PBI1,
WT+MA—NA, or WT+MA—NS) displayed similar patho-
genicity in mice to that of WI-Venus-H5N1 (MLDs,, 10°
PFU) (FIG. 9), whereas the reassortants with the PB2, PA,
or M gene of MA-Venus-H5N1 (designated WT+MA—
PB2, WI+MA—PA, or WI+MA—M) exhibited higher
pathogenicity in mice than WT-Venus-HSN1 (FIG. 9).
WT+MA—PB2 and WT+MA—PA replicated more effi-
ciently in mouse lungs than did WT-Venus-H5N1; moreover
virus was detected in the spleens of two of three mice
infected with WT+MA—PB2.

The effect of the PB2, PA, or M genes derived from
WT-Venus-H5N1 on the virulence of MA-Venus-HS5N1 was
also examined by generating three single-gene recombinant
viruses, each containing the PB2, PA, or M gene from
WT-Venus-H5N1 virus and the remaining segments from
MA-Venus-H5N1  virus  (designated MA+WT-PB2,
MA+WT-PA, or MA+WT-M). The MLD,, values of
MA+WT-PB2 and MA+WT-PA were 10** PFU, signifi-
cantly higher than that of MA-Venus-H5N1 (MLDs,, 3.2
PFU), whereas the virulence of MA+WT-M in mice was
similar with that of MA-Venus-H5N1 (FIG. 9). These data
suggest that the PB2 and PA genes played a role in the
pathogenicity of MA-Venus-H5N1 virus in mice.

To assess the potential synergetic effects of the PB2 and
PA genes on viral pathogenicity in mice, a reassortant
carrying both the PB2 and PA genes of MA-Venus-H5N1
[MA-(PB2+PA)| on the WT-Venus-H5N1 virus backbone
and a reciprocal reassortant on the MA-Venus-H5N1 virus
backbone [designated WT+MA—(PB2+PA) and MA+WT-
(PB2+PA)] were rescued, and assessed for virulence in mice.
The substitution of the PB2 and PA genes from MA-Venus-
HS5N1 wvirus into WT-Venus-HS5N1 virus significantly
enhanced its virulence in mice, with an MLD,, value of 3.2
PFU (FIG. 9), and also enhanced virus spread and replica-
tion in mice, similar to that of MA-Venus-HS5N1 virus, and
vice versa. Given that a single mutation is present in PB2
and in PA after mouse adaptation, these data indicate that
V25A of PB2 and R443K of PA synergistically contribute to
the virulence of MA-Venus-H5N1 virus in mice.
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When checking the Venus expression of the above reas-
sortants in MDCK cells, it was found that the MA—PB2
gene markedly increased Venus expression (FIG. 7). In
addition, Venus expression of WI+MA—PB2 virus in the
lungs was also appreciably enhanced (FIG. 8). The other
single-gene substitutions including MA—PA did not affect
Venus expression; however, the double substitution of
MA—PB2 and MA—PA on the WT-Venus-H5N1 virus
backbone increased Venus expression in MDCK cells and in
mouse lung compared with those achieved by WT-Venus-
H5N1 and WT+MA—PB2 virus (FIGS. 7 and 8). These data
indicate that V25A of the PB2 protein plays a vital role in the
Venus expression of MA-Venus-H5N1 virus in vitro and in
vivo, and that R443K of the PA protein enhances the PB2
effect on Venus expression.

The Amino Acid at Position 25 in the PB2 Protein Signifi-
cantly Enhances Viral Replication in Mammalian Cells.

The replicative ability of these viruses was further exam-
ined in MDCK cells and it was found that the MA-Venus-
HS5N1 virus had similar replicative capability with RG-MA
virus and grew more efficiently than WT-Venus-H5N1 virus,
and that the titers of MA-Venus-H5N1 virus were signifi-
cantly higher than those of WT-Venus-H5N1 virus at 36 and
48 hpi (FIG. 10). The contribution of the PB2 and PA viral
segments to the replication of the two viruses was then
investigated. Significantly higher titers of WT+MA—PB2
and WT+MA-(PB2+PA) were observed compared with
those of WT-Venus-H5N1 virus at several time points post-
infection, yet the replication efficiency of WI+MA—PA
was comparable to that of WT-Venus-H5N1 virus (FIG. 10).
The titers of WT+MA~(PB2+PA) were higher than those of
WT+MA—PB2 at 36 and 48 hpi although the difference was
not statistically significant (FIG. 10). These results indicate
that the MA—PB2 gene enhances the replication of Venus-
HS5N1 virus in MDCK cells, and that this increase can be
further enhanced by the presence of MA—PA, although
MA-—PA alone does not alter virus replication in MDCK
cells.

The Mutations in the Polymerase Genes after Mouse Adap-
tation Decrease Viral Polymerase Activity in Mammalian
Cells.

The polymerase activity of the viral ribonucleoprotein
(RNP) complex has been correlated with viral replication
and virulence (Gabriel et al., 2005; Leung et al., 2010; Li et
al., 2008; Salomen et al., 2006). The activity of the eight
RNP combinations of PB1, PB2, and PA from either WT-Ve-
nus-H5N1 or MA-Venus-H5N1 virus was determined by
measuring luciferase activity. The polymerase activity of the
mouse-adapted virus was near 4-fold less than that of
WT-Venus-H5N1 virus (FIG. 11). The substitution of any
MA gene decreased the activity of the polymerase complex
of WT-Venus-H5N1 virus, but the polymerase activity of
complexes containing the double substitution of MA—PB2
and MA—PA was significantly decreased compared with
that of WT-Venus-H5N1 virus and was similar with that of
MA-Venus-H5N1 virus. These results indicate that the poly-
merase activity of RNP complexes was notably decreased
after mouse adaptation, which is not in agreement with the
enhanced replication and virulence.

Molecular Determinants of Venus Stability in Venus-H5N1
Virus In Vitro and In Vivo.

To assess Venus stability in the WT-Venus-HS5N1 and
RG-MA viruses in vitro, the two viruses were passaged five
times in MDCK cells. During these passages Venus-negative
plaques were picked up from WT-Venus-H5N1 virus, but
not from RG-MA virus, suggesting that the Venus gene is
more stable after mouse adaptation (Table 5). To identify the
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molecular determinants of this Venus stability, various reas-
sortants were passaged five times in MDCK cells. Venus-
negative plaques were acquired from reassortants with the
MA—PBI1, MA—NA, or MA—M gene, but we did not
obtain any Venus-negative plaques from the fifth passages of
Venus-H5N1 virus with the MA—PB2, MA—PA, MA-
(PB2+4PA), or MA—NS gene (Table 5). These data suggest
that the MA—PB2, —PA, and —NS genes may play roles
in Venus stability.

TABLE 5

Venus stability in Venus-H5N1 reassortants in MDCK cells®.

No. of

No. of No. of Venus-

passages No. Venus- negative

in of negative  plaques

MDCK plaques plaques after

Virus cells checked picked recheck
WT-Venus-H5N1 2 73 5 4
3 111 5 1
4 79 5 0
5 61 12 2
RG-MA 2 66 1 0
3 144 8 0
4 73 1 0
5 75 2 0
WT + MA-PB2 5 84 2 0
WT + MA-PBI 5 126 4 1
WT + MA-PA 5 104 16 0
WT + MA-(PB2+PA) 5 123 6 0
WT + MA-NS 5 199 11 0
WT + MA-NA 5 73 16 1
WT + MA-M? 5 69 10 10

“Each virus was passaged five times in MDCK cells as describe in the Materials and
Methods. Venus expression of different passage stocks was detected in MDCK cells by
using fluorescence microscopy. Venus-negative plaques were picked up and amplified in
MDCK cells. Amplified Venus-negative plaques were rechecked for Venus expression to
exclude false-negative plaques.

569 plaques of the fifth passage stock of WT+30MA-M were checked by using fluores-
cence microscopy, all of which were “Venus-negative”. Ten of these plaques were picked
up to further confirm the lack of Venus expression, all of which were confirmed to be
Venus-negative.

To further evaluate the roles of these different genes on
Venus stability, the NS segments of the fifth-passage stocks
from different reassortants were amplified by using PCR and
NS-specific primers. Except for the Venus-NS segment (1.9
kb), the deleted NS segments were detectable, at a level
similar to that for the NS segment of PRS, at less than 1 kb.
The deleted NS segments of WT-Venus-H5N1 and of the
reassortants with the MA—NA and MA—M genes were
much brighter than those of the other reassortants (FIG. 12),
further implying that the MA—NA and MA—M genes do
not contribute to Venus stability in vitro. Although RG-MA
virus and the reassortants with MA—NS, MA—PA, or
MA—PB2 were more stable, the deleted Venus-NS seg-
ments were still amplified by using PCR albeit to a lesser
degree (FIG. 12). The deleted NS segments from the various
reassortants were extracted and sequenced, and the different
deletion forms were identified from the different reassortants
(FIG. 13).

In addition, to examine Venus stability in vivo, B6 mice
were inoculated with 10° PFU of WT-Venus-HSN1 virus,
RG-MA virus, or WT+MA-(PB2+PA) virus. Lungs were
collected on day 4 p.i., before the mice died, and were
homogenized in PBS. The supernatants were inoculated into
MDCK cells, and at 48 hpi Venus-negative plaques were
picked up and amplified in MDCK cells. It should be noted
that sometimes the Venus signal of the plaque correlates with
the condition of the cultured cells and the detection time.
Therefore the Venus expression of amplified Venus-negative
plaques was rechecked in MDCK cells to exclude false
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negatives. More than 95 plaques were detected from each
lung, and only one plaque without Venus expression was
acquired from one of three mice infected with RG-MA virus,
twelve Venus-negative plaques from three mice infected
with WT+MA~(PB2+PA), and more than 15 Venus-negative
plaques from each mouse infected with WT-Venus-H5N1
virus (Table 6). These results indicate that WT-Venus-H5N1
virus is the most unstable of these viruses in vivo, and that
the PB2 and PA genes from MA-Venus-H5N1 virus enhance
Venus stability, albeit to a lesser extent than occurs in
MA-Venus-H5N1 virus. The mutations on PB1, PB2, PA,
and NS may therefore synergistically contribute to Venus
stability in MA-Venus-H5N1 virus in vivo.

TABLE 6

Venus stability in Venus-H5N1 viruses in mice®.

No. of No. of
No. Venus- Venus-
of negative negative
Mouse plaques  plaques plaques
Virus No. checked picked after recheck
RG-MA 1# 105 4 1
24# 109 6 0
3# 127 5 0
WT + MA-(PB2 + PA)  4# 116 12 6
S# 111 3
6# 115 14 3
WT-Venus-H5N1 TH# 145 31 22
8# 120 27 18
O 95 19 15

“Six-week-old SPF C57/BL6 mice were infected intranasally with 10° PFU of each virus
in a 50-ul volume. Three mice from each group were euthanized on day 4 p.i. and their
lung tissues were collected and homogenized in PBS. The supernatants of the lung samples
were inoculated into MDCK cells to check for Venus expression, and Venus-negative
plaques were picked up and amplified in MDCK cells. Amplified Venus-negative plaques
were rechecked for Venus expression to exclude false-negative plaques.
Discussion

Previously, a visualizable HSN1 virus expressing a Venus
reporter gene that became more lethal to mice and more
stable after mouse adaptation was constructed (Example I).
In this study, the whole genome of this virus (MA-Venus-
H5N1) was sequenced, and seven amino acids that differed
from the WT-Venus-H5N1 virus sequence were identified.
To explore the molecular determinants for the differences in
virulence and Venus expression in mice between these two
viruses, a series of reassortants of both viruses was gener-
ated using reverse genetics. The double mutation of PB2
(V25A) and PA (R443K) was found to dramatically enhance
the pathogenicity of WT-Venus-H5N1 in mice. V25A of PB2
also significantly increased Venus expression and viral rep-
lication in MDCK cells and in mice, and that R443K of PA
further enhanced these effects. The stability of different
reassortants was examined in vitro, the reassortants with
MA—PB2, MA—PA, or MA—NS were found to be more
stable. These results suggest that the PB2 and PA proteins
play roles in the pathogenicity and Venus stability of Venus-
expressing H5N1 viruses in mammalian hosts.

The pathogenicity of highly pathogenic H5N1 avian influ-
enza viruses in mammals is determined by multiple viral
genes. For example, the HA protein plays crucial roles in the
systemic replication and lethal infection of HS subtype
viruses in chickens (Kawaoka and Webster, 1986) and
mammals (Hatta et al., 2001; Suguitan et al., 2012). The HA
and NS genes of H5N1 virus also contribute to high viru-
lence in ferrets (Imai et al., 2010). The NS1 protein helps to
subvert the antiviral immune response of the host and is
essential for the pathogenicity of HSN1 viruses in mice (Jiao
et al., 2005). Mutations in the M1 protein also affect the
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virulence of H5N1 viruses in mice (Fan et al., 2009). The
amino acids at position 627 and 701 of PB2 are key
determinants of the high virulence of HS5NI1 influenza
viruses in mammals (Hatta et al., 2001; Li et al., 2005).
Lastly, the PA protein is reported to contribute to the
virulence of HSN1 avian influenza viruses in domestic ducks
(Song et al., 2011) and in mice (Hu et al., 2013). Here, it was
found that V25A of PB2 and R443K of PA synergistically
contribute the pathogenicity of HSN1 virus in mice.

Based on all of the influenza virus sequences (23514 PB2
proteins and 24240 PA proteins) available in the public
database (www.fludb.org), it was found that 25V in PB2 and
443 R in PA are extremely conserved, whereas 25A in PB2
is present in only two viruses [A/Mallard/ON/499/2005
(H5N1), accession number EF392844; and A/Zhejiang/92/
2009(H1N1), accession number CY095997] and 443 K in
PA is present in only one strain, isolated from a quail
[A/Quail/Shantou/1425/2001(H9N2), accession number
EF154846]. Although the virulence of these viruses in mice
is unknown, the present study is the first to suggest that the
combination of 25 A in PB2 and 443 K in PA contributes to
the increased virulence of a virus in mice and is a unique
feature of MA-Venus-H5N1 virus.

The RNA polymerase of influenza A virus consists of the
PB1, PB2, and PA subunits, and is implicated in numerous
essential processes in the viral life cycle (Naffakh et al.,
2005). PB1 performs polymerase and endonuclease activi-
ties, PB2 is responsible for capped-RNA recognition, and PA
is involved in RNA replication and proteolytic activity
(Obayasjo et al., 2005). The interfaces of these polymerase
subunits are essential for transcription initiation (He et al.,
2008; Sugiyama et al., 2009). Residues 1-37 at the N-ter-
minus of the PB2 protein play a vital role in binding to the
PB1 protein and affect the RNA polymerase activity, and
these residues are highly conserved among all subtypes of
influenza virus (Sugiyama et al., 2009). The amino acid at
position 25 of PB2 is located within the third a-helix (amino
acids 25 to 32) of its PB1-binding domain (Sugiyama et al.,
2009). In this study, the amino acid at position 25 in PB2 was
found to be changeable, and V25A in PB2 was found to
increase viral replication in mammalian cells and in mice,
resulting in higher pathogenicity of the HSN1 virus in mice.
The R443 residue of the PA protein also plays a role in
replication activity (Obayashi et al., 2008; Regan et al.,
2006), and the mutation R443A in PA prevents the produc-
tion of infectious virus (Regan et al., 2006). In this study,
reassortants with R443K in their PA protein were rescued,
and demonstrated that R443K in PA enhances viral replica-
tion in mouse lungs, reinforcing it was the virulence of
HS5N1 virus in mice. The present data thus further emphasize
the role of the amino acid at position 443 of the PA protein
for influenza virus.

Earlier reports have shown that the polymerase activity of
the viral RNP complex closely correlates with viral repli-
cation and virulence (Gabriel et al., 2005; Leung et al., 2010;
Li et al., 2008; Salomon et al., 2006). Viruses with higher
polymerase activity in mammalian cells generally show
higher virulence in mice (Zhang et al., 2014) and ferrets
(Salomen et al., 2006). However, viruses with high poly-
merase activity are not always lethal to mice, which suggests
that high pathogenicity of a virus in its host may require a
certain level of polymerase activity (Gabriel et al., 2005), In
this study, it was found that MA-Venus-H5N1 virus was
more lethal to mice than was its wild-type counterpart, yet
it had much lower polymerase activity, and any RNP com-
bination with a polymerase gene from MA-Venus-H5N1
also had lower activity. These results may imply that the
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polymerase activity of the vRNP complex closely correlates
with the viral genome, and that the lower level of poly-
merase activity is more compatible with the reconstructed
genome of Venus-HS5N1, which benefits its high pathoge-
nicity in mice.

With the development of living imaging in vivo, the
ability to visualize influenza viruses carrying fluorescent
reporter genes will be of great benefit influenza virus-related
research (Heaton et al, 2013; Helft et al., 2012; Manicas-
samy et al., 2010; Pan et al., 2013; Example I). An effective
virus for this purpose should have good replicative ability
and show considerable pathogenicity in its host. Moreover,
it should both highly and stably express its fluorescent
reporter protein. Many attempts to construct influenza A
viruses carrying the GFP reporter gene have been reported
(Kittel et al., 2004; Manicassamy et al., 2010); however,
some of these viruses showed low replication or poor
pathogenicity in mice (Kittle et al., 2004), while some
produced relatively low fluorescent signals or did not stably
express GFP during virus replication in vitro and in vivo
(Manicassamy et al., 2010). The present data demonstrate
that not only is MA-Venus-H5N1 virus highly pathogenic to
mice, but it also highly and stably expresses Venus fluores-
cent protein in vitro and in vivo. In the present analysis of
the molecular determinants of Venus expression and Venus
stability, it was found that V25A in PB2 played a role in
determining Venus expression, which was further enhanced
by the presence of R443K in PA. The analysis of Venus
stability revealed that the single gene of MA—PB1, —PB2,
—PA, or —NS determines Venus stability in vitro, but in
vivo the situation is more complex and mutations in PB1,
PB2, PA, and NS may synergistically codetermine Venus
stability in MA-Venus-H5N1 virus.

In summary, molecular determinants in a mouse-adapted
Venus-HS5N1 virus were identified that play a crucial role in
the pathogenicity of the virus in mice, and in its Venus
expression and Venus stability in vitro and in vivo. These
molecular markers will benefit future research on anti-
influenza virus drug and vaccine development.

Example 111

Materials and Methods

Cells and Viruses.

Madin-Darby canine kidney (MDCK) cells were main-
tained in minimum essential medium (MEM) containing 5%
of newborn calf serum (NCS). Human embryonic kidney
293T (HEK293T) and HEK293 cells were maintained in
Dulbecco’s modified Eagle medium supplemented with
10% fetal calf serum (FCS). A/Puerto Rico/8/34 (HIN1;
PR8) (Horimoto et al., 2007) and each NS1-Venus PR8 virus
were generated by using reverse genetics and were propa-
gated in MDCK cells at 37° C. for 48 hours in MEM
containing L-(tosylamido-2-phenyl) ethyl chloromethyl
ketone (TPCK)-treated trypsin (0.8 pg/mL) and 0.3% bovine
serum albumin (BSA) (Sigma Aldrich).

Adaptation of NS1-Venus PR8 Virus in Mice.

Six- to eight-week-old female C57BL/6 mice (Japan
SLC) were intranasally infected with 50 uL of 2.3x10°
plaque-forming units (PFU) of NS1-Venus PR8 virus. Lungs
were harvested 3-6 days post-infection (dpi) and homog-
enized in 1 mL of phosphate-buffered saline (PBS). To
obtain a clone with high proliferative ability and Venus
expression, plaque purification of the lung homogenate
using MDCK cells was performed. A large, highly Venus-
expressing plaque was picked and the cloned virus was
propagated in MDCK cells at 37° C. for 48 hours, then 50
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uL of the supernatant was used as an inoculum for the next
passage. These procedures were repeated six times.

Sequence Analysis.

Sequence analysis of viral RNA was performed as
described previously (Sakabe et al., 2011). Briefly, viral
RNAs were extracted by using a QlAamp Viral RNA mini
kit (QIAGEN) and Superscript [1I™ reverse transcriptase
(Invitrogen) and an oligonucleotide complementary to the
12-nucleotide sequence at the 3' end of the viral RNA (Katz
et al., 1990) were used for reverse transcription of viral
RNAs. Each segment was amplified by using PCR with
Phusion High Fidelity DNA polymerase (Finnzymes) and
primers specific for each segment of the PR8 virus. The PCR
products were purified and their sequences determined by
using ABI 3130 x1 (Applied Biosystems).

Plasmid Construction and Reverse Genetics.

Plasmids containing the cloned cDNAs of PR8 genes
between the human RNA polymerase 1 promoter and the
mouse RNA polymerase | terminator (referred to as Poll
plasmid) were used for reverse genetics and as templates for
mutagenesis. The mutations found in NS1-Venus PR8 virus
after passage were introduced into the plasmid constructs of
PR8 by using site-directed mutagenesis (referred to as
pPolIR-PR8—PB2-E712D and pPolIR-PR8-HA-T380A,
respectively). Reverse genetics was performed as described
previously (Neumann et al., 1999). The eight Poll plasmids
were cotransfected into HEK293T cells together with
eukaryotic protein expressing plasmids for PB2, PB1, PA,
and NP derived from PR8 by using the TransIT-293 trans-
fection reagent (Mirus). Forty-eight hours after transfection,
the supernatant was harvested and propagated once in
MDCK cells at 37° C. for 48 hours in MEM containing
TPCK-treated trypsin (0.8 [Clg/mL) and 0.3% BSA. Cell
debris was removed by centrifugation at 2,100xg for 20
minutes at 4° C., and the supernatants were stored at —80° C.
until use. The virus titers were determined by means of a
plaque assay using MDCK cells.

Polykaryon Formation Assay.

Polykaryon formation assay was performed as described
previously (Imai et al., 2012) with modifications. HEK293
cells propagated in 24-well plates were infected with wild-
type PR8 or PR8 possessing the hemagglutinin (HA) muta-
tion found in NS1-Venus PR8 MA virus in DMEM contain-
ing 10% FCS at a multiplicity of infection (MOI) of 10. At
18 hours post-infection, cells were washed with MEM
containing 0.3% BSA and treated with TPCK-treated trypsin
(1 ng/mL) in MEM containing 0.3% BSA for 15 minutes at
37° C. to cleave the HA on the cell surface into HA1 and
HA2. Trypsin was inactivated by washing the cells with
DMEM containing 10% FCS. To initiate polykaryon forma-
tion, cells were exposed to low-pH buffer (145 mM NaCl, 20
mM sodium citrate (pH 6.0-5.4)) for 2 minutes at 37° C.
Then the low-pH buffer was replaced with DMEM contain-
ing 10% FCS and the cells were incubated for 2 hours at 37°
C. The cells were then fixed with methanol and stained with
Giemsa’s solution. A microscope mounted with a digital
camera (Nikon) was used to obtain photographic images.

Western Blotting.

MDCK cells were infected with each virus at an MOI of
1 without trypsin. The cells were lysed with Novex® Tris-
Glycine SDS sample buffer (Invitrogen) 12 hours after
infection and subjected to SDS-polyacrylamide gel electro-
phoresis. Then, the proteins were transferred to a PVDF
membrane in transfer buffer (100 mM Tris, 190 mM gly-
cine). After membrane blocking, the membranes were incu-
bated with a rabbit anti-GFP polyclonal antibody (MBL) or
rabbit antiserum to A/WSN/33(HIN1)(R309), which was
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available in our laboratory. This antiserum reacts with
influenza viral proteins including HA, NP, and matrix pro-
tein (M1). After incubation with the primary antibodies
followed by washing with PBS containing 0.05% Tween-20
(PBS-T), the membranes were incubated with ECL™ anti-
rabbit IgG HRP-linked whole antibody (GE Healthcare).
Finally, specific proteins were detected by using the ECL
Plus Western Blotting Detection System (GE Healthcare).
The VersaDoc Imaging System (Bio-Rad) was used to
obtain photographic images.

Pathogenicity and Replication of Viruses in Mice.

Six-week-old female C57BL/6 mice were intranasally
infected with 50 uL of 10°, 10* or 10° PFU of each virus.
Four mice per group were monitored for survival and body
weight changes for 14 days after infection. Three mice per
group were infected with 10°> PFU of each virus and euthan-
ized on the indicated days. Their lungs were collected to
determine viral titers by means of plaque assay on MDCK
cells.

Immunofluorescence Assay.

Six-week-old female C57BL/6 mice were intranasally
infected with 50 uL of 10* PFU of each virus. Three mice per
group were euthanized on the indicated days. To fix the
lungs, they were intratracheally injected with 800 pL of 4%
paraformaldehyde (PFA) phosphate buffer solution and then
removed. After incubation with 10 mL of 4% PFA at 4° C.
for 4 hours, the buffer was replaced with 10%, 20%, and
30% sucrose in PBS in a stepwise fashion. Then lungs were
embedded in Optimum Cutting Temperature (OCT) Com-
pound (Tissue-Tek) and frozen in liquid nitrogen. Frozen
sections (6 um in thickness) were permeabilized in 0.2%
Triton X-100 in PBS and incubated with primary antibodies
at 4° C. for 12 hours. Primary antibodies were goat anti-
Clara cell 10 kDa protein (CC10) (Santa Cruz, sc-9772),
rabbit anti-surfactant protein C (SP—C) (Santa Cruz,
sc-13979), golden Syrian hamster anti-podoplanin (eBiosci-
ence, eBio8.1.1), and rabbit anti-calcitonin gene-related
peptide (CGRP) (Sigma-Aldrich, C8198). After being
washed with PBS, the sections were incubated with species-
specific fluorescence dye-conjugated secondary antibodies
at room temperature for 30 minutes. Nuclei were stained
with Hoechst33342 (Invitrogen). A Nikon Al confocal
microscope (Nikon) was used to observe the sections.

Preparation of Transparent Samples.

Transparent samples were prepared by using SCA-
LEVIEW A2 (Olympus) in accordance with a previous
report (Hama et al., 2012). Six-week-old female C57BL/6
mice were intranasally infected with 50 uL of 10° PFU of
each virus. Intracardial perfusion was performed on the
indicated days and lungs were fixed with 4% PFA in PBS for
4 hours at 4° C. Lungs were incubated with 10%, 20%, and
30% sucrose in PBS as described above, embedded in OCT
compound, and frozen in liquid nitrogen. After the samples
were thawed and rinsed in PBS, they were fixed again with
4% PFA in PBS for 30 minutes at room temperature. Then
the lungs were transferred to SCALEVIEW A2 and incu-
bated at 4° C. for at least 2 weeks. SCALEVIEW A2 was
exchanged every 2-3 days. Transparent samples were
observed by using a stereo fluorescence microscope (Leica
M205FA) mounted with a digital camera (DFC365FX) and
filter GFP 3 (480/40 LP510).

Flow Cytometry.

To prepare single-cell suspensions, lungs were minced
with scissors and digested with 20 mg of collagenase D
(Roche) and 200 units of DNase (Worthington) for 30
minutes at 37° C. Samples were then passed through 100-pm
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cell strainers and red blood cells were lysed by red blood cell
lysis buffer (Sigma Aldrich). Single-cell suspensions were
stained with a combination of the following antibodies:
allophycocyanin-conjugated  anti-F4/80  (eBioscience,
BMB8), allophycocyanin-cyanine 7-conjugated anti-CD11b
(BioLegend, M1/70), phycoerythrin-cyanine 7-conjugated
anti-CD11¢ (BD PharMingen, HL.3), and eFluor 450-con-
jugated CD45 (eBioscince, 30-F11). Dead cells were stained
with via-probe (Becton Dickinson). Stained samples were
analyzed with FACSAria 1I (Becton Dickinson and Com-
pany) and FlowJo software (TreeStar).

RNA Isolation and Integrity.

Venus-positive and -negative cells from three pooled
lungs were collected in TRIzol Reagent (Invitrogen). Total
RNA was extracted by isopropanol precipitation with gly-
cogen as a carrier. Isolated total RNA integrity was assessed
by determining UV 260/280 absorbance ratios and by exam-
ining 28S/18S ribosomal RNA bands with an Agilent 2100
bioanalyzer (Agilent Technologies) according to the manu-
facturer’s instructions.

Microarray Analysis.

Forty nanograms of total RNAs was amplified by using
the Arcturus® Riboamp® Plus RNA Amplification Kit (Life
technologies). Cy3-labeled complementary RNA probe syn-
thesis was initiated with 100 ng of total RNA by using the
Agilent Low Input Quick Amp Labeling kit, one color
(Agilent Technologies) according to the manufacturer’s
instructions. The Agilent SurePrint G3 Gene Mouse GE
8x60 K microarray was also used. Slides were scanned with
an Agilent’s High-Resolution Microarray Scanner, and
image data were processed by using Agilent Feature Extrac-
tion software ver. 10.7.3.1. All data were subsequently
uploaded into GeneSpring GX ver 12.5 for data analysis. For
the data analysis, each gene expression array data set was
normalized to the in silico pool for samples from mice
inoculated with PBS. Statistically significant differences in
gene expression between the Venus-positive cells and -nega-
tive cells were determined by using one-way analysis of
variance (ANOVA) followed by the Turkey HSD post-hoc
test (P<0.05) and the Benjamin-Hochberg false discovery
rate correction. Differentially expressed genes were further
filtered to include genes whose expression changed 2.0-fold
relatively to the level in the PBS group. Genes that passed
the statistical analysis were further assigned to a gene
ontology (GO) grouping.

Results

Establishment of a Mouse-Adapted NS1-Venus PR8
Virus.

Although NS1-Venus PR8 WT virus was successfully
rescued by reverse genetics, this virus was a virulent in mice
(MLDs,:>10° PFU), and the expression of Venus was very
weak in MDCK cells and in the lung sections of mice
infected with this virus. To increase the virulence and Venus
expression of NS1-Venus PR8 WT virus, the virus was
serially passed in mice via intranasal infection with plaque-
purified high Venus-expressing clones (see Examples I and
II). After six serial passages, the virulence of the virus
appeared to have increased; therefore, this mouse-adapted
NS1-Venus PR8 WT virus was sequenced to look for
mutations.

The sequence analysis revealed that two amino acid
substitutions had occurred after passaging (Table 7).
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TABLE 7

Amino acid substitutions in NS1-Venus PR8 MA virus.

amino acid amino acid encoded
Protein position PR3 NS1-Venus PR& MA
PB2 712 E D
HA 380 T A

One of the mutations was in PB2 (a glutamine acid-to-
asparagine acid substitution at position of 712), and the other
was in HA (a threonine-to-alanine substitution at position of
380). To confirm their contribution to pathogenicity in mice,
these mutations were introduced into a correspondent poll
plasmid, and reverse genetics used to generate NS1-Venus
PR8, which possessed the two mutations (referred to as
NS1-Venus PR8 MA virus). The pathogenicity of NSI1-
Venus PR8 MA virus was higher than that of NS1-Venus
PR8 WT virus (MLDs,: 2.1x10* PFU). Furthermore, the
Venus signal in the lungs from mice infected with NS1-
Venus PR8 MA virus was strong, whereas in the lung
infected with NS1-Venus PR8 WT and that infected with
PR8, no Venus signal was detected (data not shown). NS1-
Venus PR8 MA, therefore, showed promise as a useful
reporter virus.

Comparison of Mutant Virus Replication in MDCK Cells.

To compare the growth of these viruses in a cell line, two
single-gene reassortants were generated that possessed the
PB2 or HA gene of NS1-Venus PR8 MA virus and the
remaining genes from NS-Venus PR8 WT virus for use in
experiments with the NS1-Venus PR8 WT and NS1-Venus
PR8 MA viruses. MDCK cells were infected with these
viruses at an MOI of 0.001 and viral titers in supernatants
were determined every 12 hours by means of a plaque assay
(FIG. 14). Although NS1-Venus PR8 WT virus grew to 105>
PFU/mL, NS1-Venus PR8 MA virus grew to more than 10®
PFU/mL, comparable to wild-type PR8 virus. While the
viral titers of NS1-Venus PR8 PB2 virus and NS1-Venus
PR8 HA virus reached approximately 107> PFU/mL, these
were lower than that of NS1-Venus PR8 MA virus. There-
fore, the growth capability of NS1-Venus PR8 MA virus was
remarkably improved in MDCK cells, and the mutations in
the PB2 and HA genes acted in an additive manner.

Comparison of the Pathogenicity and Replication in Mice
of the Mutant Viruses.

Next, to assess their pathogenicities, C57BL/6 mice were
infected with 10°, 10* or 10*> PFU of these viruses and
monitored their body weights and survival (FIG. 15). The
body weights of the mice infected with 10° PFU of these
viruses dramatically decreased and 1 out of 4 mice infected
with NS1-Venus PR8 WT virus and all of the mice infected
with NS1-Venus PR8 PB2 and NS1-Venus PR8 MA virus
had to be euthanized during the observation period. In
addition, mice infected with 10* PFU of NS1-Venus PR8
PB2 and NS1-Venus PR8 MA virus showed pronounced
body weight loss, and 1 out of 4 mice infected with
NS1-Venus MA virus and 2 out of 4 mice infected with
NS1-Venus PR8 PB2 virus succumbed to their infection. On
the other hand, although the body weights of the mice
infected with 10* PFU of NS1-Venus PR8 HA and NSI-
Venus PR8 WT virus decreased slightly, all of the mice
survived. In the case of infection with 10° PFU, while the
body weights of the mice infected with NS1-Venus PRS PB2
and NS1-Venus PR8 MA decreased slightly, all of these
mice also survived. Mice infected with 10° PFU of NS1-
Venus PR8 WT and NS1-Venus PR8 HA showed little body
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weight loss, and all of the mice survived. The viral titers of
these viruses were determined in mouse lung (FIG. 16).
Mice were infected with 10° PFU of the viruses and lungs
were collected on days 3, 5, and 7 after infection. The
maximum virus lung titer from mice infected with NS1-
Venus PR8 PB2 virus was >10° PFU/g, which was similar to
that from mice infected with NS1-Venus PR8 MA virus. In
contrast, virus titers in lungs from mice infected with
NS1-Venus PR8 WT and NS1-Venus PR8 HA virus were
significantly lower than those in lungs from mice infected
with NS1-Venus PR8 PB2 and NS1-Venus PR8 MA virus at
all time points. Finally, viruses were not detected in lungs
from mice infected with NS1-Venus PR8 WT at 7 days after
infection. Taken together, these results demonstrate that only
the PB2 mutation affected the pathogenicity and replication
of NS1-Venus PR8 MA virus in mice.

The Stability of Venus Expression by NS1-Venus PR8
MA Virus During Replication In Vitro and In Vivo.

In the Manicassamy study (Manicassamy et al., 2010), the
proportion of GFP-negative virus increased over time. This
is one of the obstacles to utilizing this virus for live imaging
studies. The stability of Venus expression by NS1-Venus
PR8 MA virus was assessed during replication in MDCK
cells (FIG. 17A). More than 90% of plaques were Venus-
positive even 72 hours after infection. The positive rate of
Venus expression was monitored during repeated passages
of the virus in cell culture (FIG. 17B). Approximately 90%
of plaques expressed Venus even after 5 passages, suggest-
ing that Venus expression by NS1-Venus PR8 MA virus was
stable in cell culture. Finally, Venus expression was con-
firmed to be stable during virus replication in vivo (FIG.
17C). A plaque assay was performed using lung homoge-
nates and estimated the positive rate of Venus expression
essentially as described above. Although the percentage of
Venus-positive plaques was more than 85% at 3 days after
infection, that of Venus-positive plaques was approximately
75% at 7 days after infection. Taken together, these results
indicate that Venus expression by NS1-Venus PR8 MA virus
is stable during replication in vitro, and the percentage of
Venus-positive plaques in mouse lung was similar to that
reported previously (Manicassamy et al., 2010).

The PB2-E712D Substitution is Responsible for High
Venus Expression.

The Venus expression level of NS1-Venus PR8 MA virus
was substantially higher than that of NS1-Venus PR8 WT
virus. Since PB2 is one of the subunit of the influenza virus
polymerase, it was hypothesized that the PB2-E712D sub-
stitution was important for the augmentation of Venus
expression. To compare the Venus protein expression, west-
ern blots of the viral protein and Venus in infected cells were
performed (FIG. 18A). Twelve hours post-infection,
although the amount of M1 protein was similar for all of the
viruses, the amount of Venus protein was higher in cells
infected with NS1-Venus PR8 PB2 and NS1-Venus PR8 MA
virus compared with the other two viruses that possessed the
parental PB2 gene. Venus expression in infected cells was
also observed by using a confocal laser microscope (FIG.
18B). As expected, the Venus signals in the cells infected
with NS1-Venus PR8 PB2 and NS1-Venus PR8 MA virus
were stronger than in the cells infected with the two viruses
that possessed parental PB2 gene. Taken together, these
results demonstrate that the PB2-E712D substitution was
responsible for the high Venus expression.

To demonstrate that the PB2-E712D mutation increased
the Venus expression levels, MDCK cells were infected with
the indicated viruses at an MOI of 1 and performed confocal
microscopy 12 hours later (FIG. 18C). As expected, the
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levels of the NS1-Venus fusion protein were higher in cells
infected with MA-Venus-PR8 or PB2-Venus-PR8 than in
those infected with WT-Venus-PR8 or HA-Venus-PR8 (FIG.
18C).

Collectively, the data indicate that the PB2-E712D sub-
stitution is primarily responsible for the increased replicative
ability, Venus expression, and virulence in mice of MA-
Venus-PR8 virus. To assess whether the PB2-E712D muta-
tion directly affects the viral polymerase activity in a mini-
replicon assay, HEK293 cells were transfected with viral
protein expression plasmids for NP, PA, PB1, and PB2 or
PB2-E712D, together with a plasmid expressing a VRNA
encoding the firefly luciferase gene; the pRL-null luciferase
protein expression plasmid (Promega) served as a transfec-
tion control. Luciferase activities were measured by using a
Dual-Glo luciferase assay system (Promega) at 48 hours
post-transfection (Ozawa et al., 2007). Unexpectedly, the
polymerase activity of PB2-E712D was lower than that of
the parental PB2 (FIG. 18D). Similar results were obtained
with canine MDCK cells (data not shown). In the context of
a minireplicon that measures viral replication and transcrip-
tion, the PB2-E712D mutation is thus attenuating; in con-
trast, this mutation enhances viral growth in the context of
replicating virus. These findings indicate that the PB2 pro-
tein functions not only in viral replication/transcription, but
performs additional roles in the viral life cycle.

The HA-T380A Substitution Raises the Threshold for
Membrane Fusion.

The HA vRNA of MA-Venus-PR8 did not significantly
increase the virulence of WT-Venus-PR8 in mice; however,
HA-Venus-PR8 virus grew more efficiently in MDCK cells
than WT-Venus-PR8 (FIG. 14), suggesting a contribution of
the HA-T380A mutation to, at least, virus replication in
cultured cells. Because the HA-T380A substitution is
located on an a-helix in the HA2 subunit (Gamblin et al.,
2004), its effect on HA membrane-fusion activity was evalu-
ated by using a polykaryon formation assay (Imai et al.,
2012). Briefly, HEK293 cells were infected with WT-PR8 or
a mutant PR8 virus encoding HA-T380A at an MOI of 10.
Eighteen hours later, cells were treated with TPCK-treated
trypsin (1 pg/ml) for 15 minutes at 37° C., exposed to
low-pH buffer (145 mM NaCl, 20 mM sodium citrate (pH
6.0-5.4)) for 2 minutes, incubated for 2 hours in maintenance
medium at 37° C., fixed with methanol, and stained with
Giemsa’s solution. The wild-type HA had a threshold for
membrane fusion of pH 5.5, whereas the threshold for
HA-T380A was pH 5.8 (FIG. 19), leading to the conforma-
tional change in HA at an earlier stage of endosome matu-
ration during influenza virus entry (Lozach et al., 2011).
Changes in the pH threshold for membrane fusion may affect
HA thermostability (Ruigrok et al., 1986), an effect that we
did not observe at 50° C. (data not shown).

Time-Course Observation of Virus Propagation in Whole
Mouse Lung.

NS1-Venus PR8 MA virus allows the observation of
virus-infected cells without immunostaining because the
Venus expression by this virus is sufficiently high to permit
the visualization of infected cells with a microscope. To
observe how influenza virus propagates in the lung, trans-
parent lungs are treated with SCALEVIEW A2, a reagent
that make samples optically transparent without decreasing
fluorescence intensity were used (FIG. 20). Mice were
intranasally infected with 10°> PFU of PR8, NS1-Venus PR8
WT, and NS1-Venus PR8 MA virus, and lungs were col-
lected on days 1, 3, and 5 after infection. After treatment
with SCALEVIEW A2, the samples were observed using a
stereo fluorescence microscope. Venus signals that were
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directly observed were ambiguous because of insufficient
transparency. Therefore, the transparent samples were dis-
sected in the direction of the long axis to expose the bronchi
(FIG. 20, lower panel, “cut”). Venus expression was not
observed in the transparent samples from mice infected with
NS1-Venus PR8 WT virus at any time point (FIGS. 20G and
H). Samples collected at 3 days post-infection are shown. In
the case of NS1-Venus PR8 MA virus-infected lungs,
although Venus signals were not observed at 1 day post-
infection (FIGS. 20A and B), Venus expression was clearly
observed in a large portion of the epithelial cells of the
bronchi at 3 days post-infection (FIGS. 20C and D). Venus
expression was also occasionally observed in alveolar epi-
thelial cells around the bronchus. At 5 days post-infection,
most of the Venus-positive cells found in the bronchial
epithelium had disappeared and the number of Venus-posi-
tive cells in the bronchiole and alveoli had increased (FIGS.
20E and F). On the basis of these observations, it may be that
the Venus-positive cells found in the bronchi at 3 days
post-infection died and the influenza virus spread from the
bronchi to the bronchioles and alveoli over time. No obvious
Venus signals were observed in the transparent lungs from
the mice inoculated with PR8 or PBS (FIGS. 20I-L). These
results demonstrate that NS1-Venus PR8 MA virus and
transparent reagent SCALEVIEW A2 permit the visualiza-
tion of the dynamics of influenza virus infection in whole
lung lobes.

Identification of the Target Cells of NS1-Venus PR8 MA
Virus in Mouse Lung.

Transparent lungs infected with NS1-Venus PR8 MA
virus revealed that influenza virus first infected the bronchial
epithelium and subsequently invaded the alveoli over time.
Next, to identify the target cells of NS1-Venus PR8 MA
virus, an immunofluorescence assay of frozen sections was
performed using several antibodies specific for lung cells
(FIG. 21). The epithelial cells of the bronchi and bronchioles
include Clara cells, ciliated cells, goblet cells, and a small
number of neuroendocrine cells, whereas alveoli comprise
type I and type II alveolar epithelial cells. Of these cell
types, I focused on Clara cells and type II alveolar epithelial
cells because Clara cells constitute the bulk of the lumen of
bronchi and bronchioles (Rawlins et al., 2006), and type 11
alveolar epithelial cells have previously been reported to be
a target of influenza virus (Baskin et al., 2009). At 3 days
post-infection, a large proportion of the bronchiole cells
were Venus-positive and almost all of these cells were
CC10-positive (FIG. 21A). In addition, cuboidal Venus
signals in the alveolar regions were merged with SP—C
positive cells (FIG. 21B, white arrowheads). Although rare,
Venus-positive type I alveolar epithelial cells were observed
at 5 days post-infection (FIG. 21B, white arrow). However,
Venus expression in neuroendocrine cells was never
detected (data not shown).

Flow cytometry was performed to determine whether
alveolar macrophages and monocytes were infected with
NS1-Venus PR8 MA virus, because these immune cells are
present in lung and function as the first line of defense
against inhaled microbes and particulates. Alveolar macro-
phages were distinguished monocytes on the basis of the
CD11b expression level in the F4/80" population (FIG.
22A). Mice were infected with 10° PFU of PR8 or NSI-
Venus PR8 MA virus and the total number of these cells
were compared. After influenza virus infection, although the
number of alveolar macrophages was rarely different from
that of the control group, the number of monocyte dramati-
cally increased because monocytes infiltrated sites of infec-
tion from blood vessels (FIGS. 22B and C). As to the
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proportion of Venus-positive cells, 3.16%+0.59% of the
alveolar macrophages were Venus-positive cells and
1.55%20.07% of the monocytes were Venus-positive at 3
days post-infection (FIGS. 22D and E). Further, the number
of Venus-positive cells decreased slightly between 3 days
and 5 days after NS1-Venus PR8 MA virus infection. For the
PR8 infection, the number of Venus-positive cells was
comparable to that in mock-treated mice. Taken together,
these results demonstrate that the Clara cells in the bronchus
and bronchiolus, type II alveolar epithelial cells, monocytes,
and alveolar macrophages in the alveolar regions of the lung
are target cells of influenza virus.

Differential Gene Expressions Between Venus-Positive
and -Negative Cells in the F4/80* Cell Population.

Because alveolar macrophages and monocytes act as the
first line of defense against inhaled microbes, it is possible
that infection of these cells with influenza virus might
influence their ability to prevent the spread of infection. To
assess this, the gene expression profiles between the Venus-
positive and -negative cells among the alveolar macrophage
and monocyte populations were compared by means of
microarray analysis. Because the number of Venus-positive
alveolar macrophages and monocytes that could be collected
from one mouse by using flow cytometry was too small to
perform a microarray analysis, these cells were analyzed
together as F4/80* cells and pooled from three mice. Live
mononuclear cells were gated as CD45" and via-probe”
cells. As shown in FIG. 22A, the cells were confirmed as
alveolar macrophages and monocytes on the basis of CD11b
expression levels in the F4/80* population. Venus-positive
and -negative F4/80 cells were sorted from a fraction of the
live mononuclear cells by FACSAria 1I. Since CD11¢"&"
alveolar macrophages possess high autofluorescence, the
possibility existed for overlap with the Venus signal. There-
fore, CD11c¢"*#" alveolar macrophages with intermediate
expression of Venus were excluded from the Venus-positive
fraction (FIG. 23A). From confocal microscopic observation
of the sorted cells, these cells could be collected properly
based on Venus expression (FIG. 23B). In addition, given
that Venus expression was observable throughout the cell,
these cells would have been infected with virus, but did not
engulf the infected cells. The microarray analysis revealed
thousands of genes whose expression statistically changed at
least 2.0-fold relative to the level of F4/80" cells from mice
inoculated with PBS (data not shown). Among these genes,
633 genes whose expression statistically differed by at least
4.0-fold between Venus-positive and -negative F4/80™ cells
were identified (FIG. 24A). Gene Ontology analysis
revealed that these genes were involved in extracellular
activity (FIG. 24B). For genes annotated in “cytokine activ-
ity,” a total of 24 genes had changed expression levels,
including several cytokines, such as type I interferon (IFN),
and chemokines (FIG. 24C). All of these genes except for
the genes for interleukin (IL)-4 and Cxcll3 [chemokine
(C—X—C motif) ligand 13] were up-regulated in Venus-
positive cells relative to Venus-negative cells. Moreover,
when [ focused on the genes annotated in “response to
wounding”, most genes including those for collagen type
lal (Collal), collagen type 3al (Col3al), collagen type
Sal (ColSal), hyaluronoglucosamidase 1 (Hyall), and
fibrinogen y chain (Fgg) were up-regulated in Venus-posi-
tive F4/80" cells (FIG. 24D). Taken together, these results
demonstrate that a small number of cells relative to the total
number of F4/80" cells was infected with influenza virus and
that the gene expression levels of several cytokines and
chemokines were enhanced in the virus-infected cells at the
site of infection. Furthermore, F4/80™ cells infected with
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NS1-Venus PR8 MA virus enhanced the expression of genes
involved in the response to wounding which would be
caused by infection and inflammation.

Example IV

A vector is described above that can express a heterolo-
gous gene product from a fusion construct with the viral NS1
protein (FIG. 26). In particular, a PB2-E712D mutation
stabilized expression of a heterologous gene product. The
test virus, WT-Venus-PR8, was serially passaged to identify
other mutations in the polymerase complex which contribute
to stabilization (FIG. 27).

Example V

An E-to-D mutation at position 712 of the polymerase
subunit PB2 (PB2-E712D) stabilized the inserted Venus
gene (Fukuyama et al., 2015; Katsura et al., 2016). Also, a
HS5N1 virus carrying the Venus gene, which was inserted
into the NS segment from PR8 (Venus-H5N1), was prepared
(Fukuyama et al., 2015). Although, like WT-Venus-PRS,
WT-Venus-H5N1 showed moderate virulence and low
Venus expression, we acquired a variant that became more
lethal to mice and stably expressed Venus after mouse
adaptation. A V-to-A mutation at position 25 of the poly-
merase subunit PB2 and a R-to-K mutation at position 443
of the polymerase subunit PA contributed to the stable
maintenance of the Venus gene (Zhao et al., 2015). These
results indicated that the composition of the viral poly-
merase plays a role in the stabilization of the inserted foreign
gene. However, the mechanisms by which the Venus gene
can be deleted and how polymerase mutations stabilize the
Venus gene have remained unknown.

As disclosed below, the mechanisms of Venus gene sta-
bilization were investigated by comparing events upon
infection with WT-Venus-PR8 and Venus-PRS8 possessing
the PB2-E712D mutation (Venus-PR8—PB2-E712D). Poly-
merase fidelity and RNA and protein expression in infected
cells were examined, and sequencing analysis coupled with
coinfection experiments were performed to determine how
the Venus gene is deleted. Moreover, additional mutations
that contribute to the stabilization of the Venus gene were
identified to further the understanding of the stabilization
mechanisms.

Materials and Methods

Cells and Viruses.

Madin-Darby canine kidney (MDCK) cells were cultured
in minimal essential medium (Gibco) with 5% newborn calf
serum at 37° C. in 5% CO,. Human embryonic kidney 293 T
(HEK293T) cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% fetal calf serum.
WT-Venus-PR8 and Venus-PR8 mutants with NS segments
encoding the Venus fluorescent protein (Fukuyama et al.,
2015) were generated by using reverse genetics (Neumann
et al., 1999) and propagated in MDCK cells at 37° C.

Venus Stability.

MDCK cells were infected with WT-Venus-PR8 or each
Venus-PR8 mutant at an MOI of 0.001. The supernatants
were collected at 48 h postinfection and titrated by using
plaque assays in MDCK cells. Obtained viruses were simi-
larly passaged four times. The proportion of Venus-express-
ing plaques in virus stocks from different passages was
determined in MDCK cells by observing more than 65
plaques in each virus stock using fluorescence microscopy.
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To exclude false-positive plaques, Venus-negative plaques
were picked up, amplified in MDCK cells, and reassessed
for Venus expression.

Deep Sequencing Analysis

WT-PR8, PR&—PB2-E712D, PR8—PB1-V43] (Cheung
et al.,, 2014; Naito et al., 2015), and PR8&—PB1-T123A
(Pauly et al.,, 2017) were generated by reverse genetics
(Neumann et al., 1999), and MDCK cells were infected at an
MOI of 0.001. The supernatants were collected at 48 h
postinfection and titrated by using plaque assays in MDCK
cells. The obtained viruses were passaged five times in the
same way. Virus RNA was extracted from viruses before
passaging and from viruses passaged five times by using a
QI Aamp viral RNA minikit (Qiagen). Reverse transcription-
PCR (RT-PCR) was performed by using a Superscript 111
high-fidelity RT-PCR kit (Invitrogen). DNA amplicons were
purified by 0.45x of Agencourt AMpure XP magnetic beads
(Beckman Coulter), and 1 ng was used for barcoded library
preparation with a Nextera XT DNA kit (Illumina). After
bead-based normalization (Illumina), libraries were
sequenced on the MiSeq platform in a paired-end run using
the MiSeq v2, 300 cycle reagent kit (Illumina). The raw
sequence reads were analyzed by using the ViVan pipeline
(Isakov et al., 2015). Here, a cutoff of 1% as the minimum
frequency was used. Moreover, we defined an empirical
cutoff for the minimum read coverage: for a variant with 1%
frequency, at least 1,000 reads should cover that region.
Likewise, for a variant with 0.1% frequency, 10,000 reads
should cover that region. Namely, if the coverage was
<1,000/(frequency), the variant was removed. The sequenc-
ing data of the five-times passaged viruses were compared to
those of the viruses before passaging. The number of nucleo-
tide mutations that were not observed before passaging but
observed only after passaging was counted. The number of
mutations per nucleotide was calculated for each segment
and the mean values for all eight segments in each virus
were compared.

Quantitative Real-Time PCR.

MDCK cells were infected with WT-Venus-PR8 or
Venus-PR8—PB2-E712D at an MOI of 1 or mock infected
with medium. The total RNA was extracted from cells at 9
h postinfection by using an RNeasy minikit (Qiagen). Quan-
tification of RNA was performed as described previously
(Kawakami et al., 2011). The primers for IFN-f, NS vRNA,
NP vRNA, and f-actin were described previously
(Kawakami et al., 2011; Kupke et al., 2018; Park et al.,
2015). Data were analyzed with the 27247 method (Livak
et al,, 2001) and normalized to the expression of f-actin
mRNA.

Western Blotting.

MDCK cells were infected with each virus at an MOI of
1 or mock infected with medium. Cells were lysed at the
indicated time points with Tris-glycine SDS sample buffer
(Invitrogen). The cell lysates were sonicated, heated for 10
min at 95° C., and then subjected to SDS-PAGE. SDS-PAGE
was performed on Any kD Mini-PROTEAN TGX precast
protein gels (Bio-Rad). Proteins on SDS-PAGE gels were
transferred to a polyvinylidene fluoride membrane (Mil-
lipore) and detected by using the indicated primary antibod-
ies (rabbit anti-NS1 [GeneTex], mouse anti-Aichi NP [2S
347/4], mouse anti-B-actin [Sigma-Aldrich]), followed by
secondary antibodies (sheep horseradish peroxidase [HRP]-
conjugated anti-mouse IgG [GE Healthcare] or donkey
HRP-conjugated anti-rabbit IgG [GE Healthcare]). Signals
of specific proteins were detected by using ECL Prime
Western blotting detection reagent (GE Healthcare). Images
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were captured with a ChemiDoc Touch imaging system
(Bio-Rad) and quantified by using Image Lab software
(Bio-Rad).

Coinfection Analysis.

Three nucleotides in the 3' or 5' region, which does not
overlap the packaging signal sequence (Fujii et al., 2005) of
the NS segment of WT-Venus-PR8, were substituted syn-
onymously. These modified viruses were used to coinfect
MDCK cells at an MOI of 0.001 each or an MOI of 5 each.
The supernatant was collected at 2 days or 8 h postinfection,
respectively, and infected to MDCK cells. Venus-negative
plaques were picked up and amplified in MDCK cells, and
then the sequences of the NS segments in the obtained
viruses were analyzed.

Identification of Additional Mutations that Stabilize the
Venus Gene.

WT-Venus-PR8 was infected to MDCK cells at an MOI of
0.001. The supernatant was collected at 2 days postinfection
and infected to MDCK cells. Next, Venus-positive plaques
were picked up and amplified in MDCK cells repeatedly
until mutants stably expressing Venus fluorescence were
obtained. The sequences of the mutants were analyzed to
identify amino acid mutations in PB2, PB1, and PA. To
determine whether these mutations contributed to the sta-
bility of the Venus gene, mutants containing each of the
identified amino acid mutations were generated by reverse
genetics (Neumann et al., 1999), and the Venus stability of
each mutant was examined as described above. Confirmed
amino acid positions were plotted on the crystal structure of
the influenza virus polymerase complex (PDB ID 4WSB) by
using the PyMOL molecular graphics system. In FIG. 32B,
the polymerase internal tunnels were visualized by using the
MOLEonline web interface (Pravda et al., 2018), and the
information was deposited in ChannelsDB (Pravda et al.,
2018). The percentage of strains that contained the identified
amino acid was determined by using the “Sequencing Fea-
ture Variant Type” tool in the Influenza Research Database
(Zhang et al., 2017; Noronha et al., 2012).

Statistical Analysis.

Statistically significant differences between WT-Venus-
PR8 and Venus-PR8—PB2-E712D were assessed by using
a two-tailed unpaired Student t test. A P value of <0.05 was
considered significantly different.

Results
Loss of Venus Expression in WT-Venus-PR8 Restores Rep-
lication Efficiency.

WT-Venus-PR8 and Venus-PR8-PB2-E712D were pre-
pared by using reverse genetics as previously described
(Neumann et al., 1999). The gene of the Venus fluorescent
protein was inserted into the NS segment as illustrated in
FIG. 28A (Fukuyama et al., 2015). First, it was confirmed
how quickly Venus expression was lost in WT-Venus-PR8
and the relationship between Venus deletion and virus titer.
The viruses were passaged in MDCK cells at a multiplicity
of infection (MOI) of 0.001 and the proportion of Venus-
positive plaques measured (FIG. 28B). It was confirmed that
the expression of Venus was lost immediately in WT-Venus-
PR8, whereas all plaques of Venus-PR8—PB2-E712D
showed Venus expression after four passages. Although
WT-Venus-PR8 showed a lower titer than Venus-PR8—
PB2-E712D in MDCK cells, as described previously (Kat-
sura et al., 2016), the virus titer increased during virus
passages as the proportion of Venus-positive plaques
decreased (FIG. 28C). This result suggests that the loss of
the Venus gene in the mutated WT-Venus-PR8 restored the
replicative efficiency of the virus.
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The PB2-E712D Mutation does not Cause an Appreciable
Change in Polymerase Fidelity.

It was hypothesized that the PB2-E712D mutation
increases viral polymerase fidelity in order to retain the
inserted Venus gene during passages. To test this hypothesis,
WT-PR8, as well as PR§—PB2-E712D, which possesses
aspartic acid at position 712 of PB2 and therefore differs
from WT-PR8 by only this amino acid, were generated by
reverse genetics and their mutation rates compared. Here,
viruses were used that did not contain the Venus gene to
make it easier to measure the mutation rates. PR8—PB1-
V431, which has been reported to be a high-fidelity mutant
virus (Cheung et al., 2014; Naito et al., 2015), and PR8—
PB1-T123A, which has been reported to be a low-fidelity
mutant virus (Pauly et al., 2017), were also generated by
reverse genetics and used as controls. To estimate the
mutation rates, these viruses were passaged in MDCK cells
at an MOI of 0.001 and deep sequencing of the entire
genome performed; the sequencing data for the five-times
passaged viruses were compared to those of viruses before
passaging. The number of nucleotide changes in the five-
times passaged viruses that were not present before passag-
ing were counted. The number of mutations introduced
during the five passages are shown in FIG. 29A by segment.
Also, the number of mutations per nucleotide was calculated
for normalization, and the mean values for all eight seg-
ments were compared (FIG. 29B). It was confirmed that
PR8—PB1-V43], the high-fidelity control, had fewer muta-
tions, and that PR8—PB1-T123 A, the low-fidelity control,
had more mutations than WT-PRS. Although PR8—PBI1-
V431 had fewer mutations than WT-PRS, the difference
between PR8—PB1-V43] and WT-PR8 was small. Since a
previous report suggested that PB1-V43I does not alter the
mutation rate (Pauly et al., 2017), the influence of PB1-V431
on the mutation rate might be dependent on the virus strain
or experimental conditions. Moreover, there was no clear
difference in mutation number between WT-PR8 and PR8—
PB2-E712D. Although the possibility that the PB2-E712D
mutation affects virus polymerase fidelity cannot be
excluded, the effect does not seem to be large enough to
cause an appreciable difference in Venus stability. Therefore,
this result suggests that the stability of the Venus gene is not
influenced by the fidelity of the virus polymerase.
Transcription/Replication of the Modified RNA Segment is
Impaired in WT-Venus-PR8.

Some reports suggest that recombinant viruses containing
a foreign gene insertion in their NS segment can propagate
more efficiently in interferon (IFN)-deficient Vero cells than
in IFN-competent cells such as MDCK cells (Kittel et al.,
2004; Ferko et al., 2001; Kuznetsova et al., 2014). There-
fore, the expression levels of IFN-3 in virus-infected cells
was quantified by using quantitative real-time PCR. MDCK
cells were infected with WI-Venus-PR8 or Venus-PR8—
PB2-E712D at an MOI of 1 or mock infected with medium
only, and the relative expression levels of IFN-f in infected
cells were quantified at 9 h postinfection. WT-Venus-PR8
induced a higher level of IFN-f3 expression than did Venus-
PR8—PB2-E712D (FIG. 30A). This result suggests that
WT-Venus-PR8 does not efficiently inhibit IFN-f expres-
sion. Given that NS1 plays a key role in suppressing IFN
expression and IFN-mediated antiviral responses in the host
(Garcia-Sastre et al., 1998; Opitz et al., 2007), the NS vRNA
in infected cells was quantified by using influenza virus
strand-specific real-time PCR (Kawakami et al., 2011;
Kupke et al., 2018). The amount of NS vRNA in WT-Venus-
PR8-infected cells was 90% lower than that in Venus-PR8—
PB2-E712D-infected cells (FIG. 30B), whereas there was no
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significant difference in their NP vRNA expression levels
(FIG. 30C). The NS vRNA/NP vRNA ratio in WT-Venus-
PR8-infected cells was 80% lower than that in Venus-PR8—
PB2-E712D-infected cells (FIG. 30D). This result suggests
that the transcription/replication of the NS segment is spe-
cifically impaired in WT-Venus-PR8. The sequences of all of
the plasmids used to generate viruses by reverse genetics
were confirmed before use, and the NS segments of WT-
Venus-PR8 and Venus-PR8—PB2-E712D were derived
from the same NS-Venus plasmid. Therefore, it is unlikely
that either WT-Venus-PR8 or Venus-PR8—PB2-E712D has
a mutated promoter sequence in its NS segment. Accord-
ingly, the difference in the transcription/replication effi-
ciency of the NS segment was likely caused by the PB2-
E712D. Moreover, it was confirmed the expression level of
the NS1 protein by Western blotting (FIG. 30E). Due to the
reduced transcription/replication efficiency of the NS seg-
ment, the expression level of the NS1 protein in WT-Venus-
PR8-infected cells was much lower than that in Venus-
PR8—PB2-E712D-infected cells. In contrast, the expression
level of NP was almost the same. The NSI1/NP ratio,
quantified based on the band intensity, was significantly
reduced in WT-Venus-PR8-infected cells (FIG. 30F). It
therefore appears that the low level of NS1 expression leads
to the high expression of IFN-f in WT-Venus-PR8-infected
cells. Furthermore, the high expression of IFN-f causes
attenuation of WT-Venus-PR8, although it is possible that
other factors are involved.
The Inserted Venus Gene is Deleted Via Internal Deletion.

To explore how deletion of the Venus gene occurs, the
sequence of the NS segment in WT-Venus-PR8 that lost
Venus expression after serial passages was determined.
Plaque assays were performed using three independently
passaged WT-Venus-PRS8 virus stocks and it was found that
the majority of the plaques were Venus negative. More than
five plaques from each stock were sequenced and it was
found that one or two deletion patterns were in each virus
stock. Large deletions occurred in the NS segment and most
of the Venus sequence was lost (FIG. 31A). However, no
specific patterns with regard to the deletion, such as the
number of nucleotide deletions, the site of the deletion(s), or
specific sequences at which deletions occurred, were iden-
tified. It was hypothesized that the large deletion resulted
from internal deletion caused by polymerase jumping, which
is a known mechanism of defective interfering viral RNA
production (Davis et al., 1980; Jennings et al., 1983), or by
gene recombination, which plays a role in RNA virus
adaptation through rearrangement of the virus genome (Xiao
et al.,, 2016; Simon et al., 2011; Mitanul et al., 2000,
Khatchikian et al., 1989). Synonymous mutations were
introduced into the 3' or 5' region of the NS segment of
WT-Venus-PR8 (FIG. 31B) and then MDCK cells were
infected at an MOI of 0.001 or 5 with each of these mutant
viruses, after which supernatants were collected at 2 days or
8 h postinfection, respectively. The supernatant was then
incubated with MDCK cells. Venus-negative plaques were
picked up and amplified in MDCK cells, and then we
determined the NS segment sequence in the viruses that lost
Venus expression. We found that the truncated NS segments
had a synonymous mutation on only one side (FIG. 31C). No
viruses were found that had NS segments with synonymous
mutations on both sides or without a synonymous mutation
in both low- and high-MOI coinfections. This result indi-
cates that the large deletion in the NS segment resulted from
internal deletion in each NS segment and not gene recom-
bination between NS segments.
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Additional Mutations Stabilize the Venus Gene.

To further understand the mechanisms of the Venus dele-
tion and stabilization, additional mutations were attempted
in the polymerase complex that stabilizes the Venus gene.
MDCK cells were infected with WT-Venus-PR8 at an MOI
of 0.001, and then Venus-positive plaques were picked and
amplified in MDCK cells. After consecutive passaging and
plaque purification of Venus-positive viruses, mutants were
obtained that stably expressed enhanced Venus fluorescence.
Sequence analysis revealed that mutations were introduced
into the polymerase genes PB2, PB1, and PA of each mutant
(FIG. 32A). PA-180 and PA-200 are located on the surface
of the polymerase complex, as is PB2-712, whereas PB2-
540, PB1-149, and PB1-684 are located inside the complex.
PA-180 and PA-200 are located in the endonuclease domain,
PB1-149 and PB1-684 are located near the exit of the RNA
template, and PB2-540 is located near the exit of newly
synthesized RNA products (FIG. 32B), while the function of
the region around PB2-712 has remained unclear (Reich et
al.,, 2014; Pflug et al., 2017; Gerlach et al., 2015). To
determine whether these mutations contribute to the stabi-
lization of the Venus gene, mutant viruses were generated
containing each of the mutations by using reverse genetics
and measured the Venus retention ratio after four passages in
MDCK cells (FIG. 32C). The mutant viruses showed
enhanced Venus stability compared to WT-Venus-PRS, indi-
cating that these amino acids play roles in the stabilization
of the Venus gene. Although further analysis is needed to
clarify how these amino acids contribute to the stability of
the Venus gene, considering that PB2-540, PB1-149, and
PB1-684 are located near the polymerase internal tunnels
(Reich et al., 2014; Pflug et al., 2017; Gerlach et al., 2015)
that the template and product go through during the tran-
scription/replication reaction, these amino acids may affect
the binding stability of the RNA template, product, and
polymerase complex. Moreover, when we examined
whether these mutations were found in previously isolated
influenza A viruses in the Influenza Research Database (FIG.
32D), we found that these amino acids are extremely rare,
suggesting that they are not evolutionarily beneficial.
Discussion

Recombinant influenza viruses expressing foreign genes
would be useful tools; however, long insertions in virus
genomes are often unstable and cause attenuation of the
recombinant viruses. We previously found that amino acids
in the influenza virus polymerase complex play crucial roles
in the stabilization of foreign gene insertions; the Venus gene
inserted into the NS segment was stabilized by PB2-E712D
in an HIN1 virus (Fukuyama et al., 2015; Katsura et al.,
2016) and by PB2-V25A and PA-R443K in an H5N1 virus
(Zhao et al., 2016). However, the mechanisms by which
these amino acids contribute to the stabilization remained
unclear. In the present study, we explored the mechanism of
PB2-E712D-induced stabilization of the Venus gene
inserted into the NS segment of an HIN1 virus. It was found
that the transcription/replication efficiency of the modified
segment was significantly reduced in WT-Venus-PR8 com-
pared to Venus-PR8—PB2-E712D. This finding suggests
that the PB2-E712D mutation stabilizes the inserted foreign
gene due to the enhanced transcription/replication efficiency
of'the modified RNA segment. In contrast, the transcription/
replication efficiency of segments that do not contain addi-
tional sequences is not changed in the presence or absence
of the PB2-E712D mutation. Moreover, polymerase activity
is reduced, not enhanced, by the PB2-E712D mutation in a
minireplicon assay (Katsura et al., 2016). These results
indicate that the alteration of the transcription/replication
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efficiency caused by PB2-E712D is specific to modified
RNA segments. The insertion of foreign genes appears to
impair the transcription/replication of the modified seg-
ments, and the polymerase overcomes this impairment in the
presence of the PB2-E712D mutation.

In WT-Venus-PRS, in which the Venus gene is inserted
into the NS segment, the transcription/replication efficiency
of this segment is significantly reduced. As a result, the
expression of the NS1 protein is also reduced. Since NS1
plays a role in inhibiting IFN-mediated antiviral responses
(Garcia-Sastre et al., 2008; Optiz et al., 2007) WT-Venus-
PR8 cannot inhibit IFN-f} expression efficiently, which may
lead to virus attenuation. The viral titer of WT-Venus-PR8
increases during serial passages in MDCK cells as the virus
loses Venus expression (FIGS. 28B and 28C), suggesting
that mutated WT-Venus-PR8 that does not contain the Venus
gene propagates more efficiently than the original WT-
Venus-PR8. Therefore, it is likely that the immediate loss of
Venus expression in WT-Venus-PRS results from the selec-
tion of variants without the Venus gene during serial pas-
saging. Venus-PR8—PB2-E712D restores the transcription/
replication efficiency of the NS segment, leading to efficient
virus replication. Therefore, viruses expressing Venus are
not purged by selective pressure in the presence of the
PB2-E712D mutation, which enables Venus-PR8-PB2-
E712D to stably maintain the inserted Venus gene.

How is the transcription/replication efficiency reduced on
modified RNA segments specifically, and how is it enhanced
by the PB2-E712D mutation? The RNA secondary structure
and the binding affinity between the polymerase complex
and the RNA templates likely hold the answer to these
questions. Insertion of a foreign gene must change the RNA
secondary structure, and transcription/replication by the
viral polymerase complex may be negatively influenced by
this unusual RNA secondary structure. Although we do not
conclusively know how the PB2-E712D mutation over-
comes the impairment of transcription/replication, one pos-
sible explanation is that the binding affinity between the
polymerase complex and the RNA templates is increased.

The sequence analysis of WT-Venus-PRS that lost Venus
expression, coupled with the coinfection experiments
(FIGS. 29B and 29C), suggested that the inserted sequence
is deleted due to an internal deletion. Internal deletions often
occur during influenza virus replication cycles regardless of
the presence of a foreign gene insertion and have been
reported to play roles in virus adaptation (Lui et al., 1993;
Lui et al., 1985; Yang et al., 1987) and the generation of
defective interfering viral RNA (Davis et al., 1980; Jennings
et al., 1983). Internal deletion is believed to be caused by
polymerase complex dissociation from RNA templates dur-
ing transcription/replication (Jennings et al., 1983; Lazarini
et al,, 2001; Dimmock et al., 2014; Lopez et al., 2014).
Amino acid mutations in the polymerase complex affect the
frequency of occurrence of internal deletions (Fodor et al.,
2003; Vasilijevic et al., 2017; Slaine et al., 2018; Te Velthuis
et al, 2018). PB2-E712D may also be involved in the
occurrence of internal deletions. Therefore, the stabilization
of the Venus gene in Venus-PR8—PB2-E712D may be
caused not only by the enhancement of the transcription/
replication on the modified segment but also by the reduced
frequency of internal deletions.

Additional mutations in the influenza virus polymerase
complex were identified that stabilize the inserted Venus
gene, which may help us to further understand the stabili-
zation mechanisms based on the positions of these mutations
in the viral polymerase complex. Some of the identified
amino acids are located near the polymerase internal tunnels,
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which are near the RNA template or newly synthesized RNA
product during the transcription/replication reactions (Reich
et al., 2014; Pflug et al., 2017; Gerlach et al., 2015). These
amino acids might directly affect the binding affinity
between the polymerase complex, template, and product. A
previous report, which showed that PB2 amino acids located
at the template exit channel are involved in the formation of
short aberrant RNAs (Te Velthuis et al., 2018), supports the
possibility that amino acids near the polymerase internal
tunnels affect the binding affinity between the polymerase
complex, template, and product. However, PA-180 and
PA-200, which are located at the endonuclease domain, are
not near the polymerase internal tunnels, which is also true
for PB2-712. Therefore, these amino acids may affect the
binding affinity indirectly, or there may be other mechanisms
involved in the stabilization of the Venus gene. These
mutations could be used to establish recombinant influenza
viruses expressing a foreign gene. However, these amino
acids may not necessarily cause the stabilization of a foreign
gene in all influenza virus strains, since PB2-V25A, which
stabilizes the Venus gene in Venus-HS5N1, had a negative
effect on virus replication in Venus-PR8 and did not cause
Venus stabilization (our unpublished data).

Although the identified amino acids seem to enhance the
genetic stability of virus genomes, they have been rarely
found in virus isolates (FIG. 32D). It seems likely that
mutations that support the maintenance of inserted
sequences are not evolutionarily beneficial to the virus.
Insertions of additional sequences into virus genomes are
often deleterious for virus replication. These mutations are
probably rare in virus populations to avoid the accumulation
of deleterious insertions. Viruses may purge deleterious
insertions by reducing the transcription/replication effi-
ciency of RNA segments that contain insertions that form
abnormal secondary structures. In conclusion, although the
amino acid mutations we identified in this study are useful
for generating recombinant viruses, they do not seem to be
beneficial to the virus in nature in the long run.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 27

<210> SEQ ID NO 1
<211> LENGTH: 2233

<212> TYPE:
<213> ORGANISM:

DNA

<400> SEQUENCE: 1

agcgaaagca

attgtcgage

aacaaatttg

ttcatcaatg

aagcacagat

agtatttgca

aaggagaata

gaaaaggcca

gaagaaatgg

accagactat

cagtccgaga

aagcttgeceg

gtggatggat

gtaaatgcta

gggccteect

gaggacccaa

acattctttyg

aattatcttce

aaaattccaa

aacatggcac

tatgatagtg

aaggcatgeg

gctccaatty

tgcagagcca

tcttgtgeag

dagggaaggce

aatgacaccyg

gaaccacata

gccataggee

attaaaatga

gagagtatga

gagaacaaat

attgggaagg

ccacaactag

agggacaacc

ggtactgatc

ttgcggaaaa

cagcaatatg

agcaaggcga

ttgaaataat

acactacagg

gattcatcga

ataaaattaa

ccacaaaggc

tcaccataag

daggagaaga

accaaagtct

tcgaaccgaa

gaattgaacc

gttctcageyg

gtcatgaagg

gatggaagga

tgtcatggaa

agactaaaaa

cagaaaaggt

atgaaccaga

aactgacaga

aacacattge

cagaatacat

caatggatga

gaaagaccaa

acgtggtaaa

aatgggagaa

aggtttcaag

aatggggaat

ttgaagctga

cagaaacatg

tctgcaggac

aaggattttc

tggaacctygg

Influenza virus

caaaatggaa

aacaatgaaa

cactcacttg

gtcaataatc

cgagggaaga

ggctgagaaa

aattggagta

atctgagaaa

agactacact

acaagaaatg

gacaattgaa

ccegecgaac

cggctacatt

ttttttgaaa

gtccaaattce

agagggaata

acccaatgtt

gcaagtactyg

tatgaagaaa

agactttgac

attgaggtcg

ttcaagctygyg

aagcatgaga

aatgaaggga

tttccaatta

cttgtatggt

ctttgtgage

gtactgtgtt

geccatgtte

ggagatgagg

gtcetetgte

geccattgga

tttattagca

agctgaatca

gacctttgat

gattttgtge

gagtatgggg

gaagtatgcet

gtagaacttyg

gatcgcacaa

ccaaagttte

acaaggagag

acacacatcc

ctcgatgaag

gccagcagag

gaaaggtttyg

ttcteccagee

gagggcaagc

acaacaccac

ctgctgatgyg

ccgcetatatg

gttaaaccac

gcagaactge

acaagtcagc

gactgtaaag

cttgcaagtt

atagagcteg

aggaattatt

gtgtacatca

attccaatga

ttcatcataa

atggagtttt

cttgagatag

ttgtatgtga

cgttgectee

aaagagaaag

gagtccccca

aagtcggtat

agaaaactgc

cttggggggc

gacaatgcett

aggacctgaa

tcatgtatte

gtgatccaaa

tggcctggac

taccagattt

aagttcacat

acattttcte

aaagcagggce

gectetggga

aaatcacagg

ttgaaaattt

tgtctcaaat

gaccacttag

atgccttaaa

atgcaatcaa

acgaaaaggg

aggacattga

taaagtgggce

atgtaggtga

ggattcagaa

atgagattgg

tcacatcaga

atactgeett

taagcaagtyg

aaggaagatc

ctctcactga

gagatatgct

gaacaaatgg

tccagtcact

acatgaccaa

aaggagtgga

tcaacagett

ttettategt

tatatgaagc

caatccgatg

aatcgaaaca

agattttcac

tgcacttttyg

agtagtaaac

gtatgattac

atactatctg

gttcactggg

taggatcaaa

ttectttegt

aacaatgcge

tagagcctat

gtccaaagaa

acttccgaat

attaagcatt

atgcatgaga

aataaatcca

gaatgaggag

acttggtgag

tttgaagcaa

tgagtttaac

agaagatgtg

ggtgtctcac

gcttaatgca

tagaactaag

ccacttaagyg

cccaagactt

tataagaagt

aacctcaaaa

tcaacaaatt

agagttettt

ggaaagttce

gtatgcatct

tcaggetett

aattgaggag

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980

2040

2100
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tgcctgatta atgatccctg ggttttgett aatgettett ggttcaacte cttecttaca

catgcattga gttagttgtg gcagtgctac tatttgetat ccatactgte caaaaaagta

ccttgtttet

act

<210> SEQ ID NO 2
<211> LENGTH: 2341

<212> TYPE:
<213> ORGANISM:

DNA

<400> SEQUENCE: 2

agcgaaagca

ccagcacaaa

gggacaggaa

ggaagatgga

ctgccagaag

getttecttyg

gttgttcage

ctaaatagaa

aatggcctca

tcaatgaaca

gacaatatga

aacaaaagga

agagggaagc

tactttgttyg

gttggaggca

tctcaggaca

cagaatccte

ttcagaaatg

aaagggtata

ctagcaagca

cgaccgetet

aatatgttaa

aagactactt

gcacccaatce

cttggaatca
acaagttttt

ggggtgtetg

aatatgataa

aaagattaca

tcatttgaaa

gacggaggcc

tgggaattga

agccataaag

ggcaaaccat

atgctataag

caggatacac

caacaaacac

acaatgaacc

aggaatccca

aaacacgagt

accaacctge

cggccaatga

aagaagaaat

ctaagaaaat

gttatctaat

taaaacggag

agacactgge

atgagaagaa

ccgaacttte

ggatgttttt

ttctaagtat

tgtttgagag

tcgatttgaa

taatagaggg

gcactgtatt

actggtggga

atgaagggat

atatgagcaa

tctategtta

ggatcaacga

acaatgatct

ggtacacgta

taaagaaact

caaatttata

tggatgagga

aaattgaatc

Influenza virus

ttgaatggat

cacaactttce

catggatact

cgaaactgga

aagtggttat

tcetggtatt

agacaagctg

tgcaacagca

gtctggaagg

ggggatcaca

gataacacag

tagagcattg

agcaattgca

aaggagtata

agcaaagttg

tttcaccatc

ggccatgatce

tgctccaata

caagagtatg

atatttcaat

gactgcatca

aggcgtcetee

tggtcttcaa

tcaagccgga

gaaaaagtct

tgggtttgtt

gtcageggac

tggtccageca

ccgatgecat

gtgggagcaa

caacattaga

ttaccagggyg

aatgaacaat

gtcaatccga

ccttatactg

gtcaacagga

gcaccgcaac

gcccaaacag

tttgaaaact

acacaaggcc

ttggccaaca

ctcatagact

actcattttce

agaacaatgg

accctgaaca

accccaggga

tgtgagaaac

gcaaatgttyg

actggagata

acatatatga

atgttctcaa

aaacttagaa

gattcaacaa

ttgagcccetyg

atcctgaatce

tcctetgacy

gtcgacaggt

tacataaaca

gccaatttca

atgagtattg

acagctcaaa

ataggtgaca

accecgtteca

aatctccaca

cgtttatgea

gcagtgatga

ccttactttt

gagaccctee

cacatcagta

tcaacccgat

attgtgtatt

cgtgtattga

gacagaccta

caatagaagt

tccttaagga

agagaaagag

gtaaaaagaa

caatgaccaa

tgcaaataag

ttgaacaatc

taaggaagat

acaccaaatg

ccagaaatca

acaaaatggce

ctcaaatacc

gaaagaagat

gaatgatgat

ttggacaaaa

attttgetet

tttatcgaac

gaacaggtac

gecatggagcet

gagttactgt

tggcccettea

cacaaataca

aagctggact

ttcctgaagt

acccactgaa

tgccagcaca

cttaaaagtyg

ttacagccat

ctcagaaaag

tgatgggceca

ggaggcgatg

aacgatggag

tgactggact

gttcagatca

tgtaatggag

acgggtgaga

gcagagattg

agatgctgag

ggggtttgta

agggttgceca

gatgaccaat

gaacgaaaat

geccgaatgg

gagactggga

tgcagaaatg

tgaaaaaatc

gggcatgtte

gagatacacc

gattgtgaat

ctgtaagcta

atttgaattc

tcccagtttt

catcaaaaac

gttgttcate

aacccgaaga

getggtetee

ctgcctaaaa

cccatttgte

tggtccagee

2160

2220

2233

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980
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aaaaacatgg agtatgatgc tgttgcaaca acacactcct ggatccccaa aagaaatcga 2040
tccatcttga atacaagtca aagaggagta cttgaggatg aacaaatgta ccaaaggtgc 2100
tgcaatttat ttgaaaaatt cttccccage agttcataca gaagaccagt cgggatatcc 2160
agtatggtgg aggctatggt ttccagagcc cgaattgatg cacggattga tttcgaatct 2220
ggaaggataa agaaagaaga gttcactgag atcatgaaga tctgttccac cattgaagag 2280
ctcagacggc aaaaatagtg aatttagctt gtceccttcatg aaaaaatgcce ttgtttctac 2340
t 2341
<210> SEQ ID NO 3
<211> LENGTH: 2341
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 3
agcgaaagca ggtcaattat attcaatatg gaaagaataa aagaactacyg aaatctaatg 60
tcgcagtete gcaccecgega gatactcaca aaaaccaccyg tggaccatat ggccataate 120
aagaagtaca catcaggaag acaggagaag aacccagcac ttaggatgaa atggatgatg 180
gcaatgaaat atccaattac agcagacaag aggataacgg aaatgattcc tgagagaaat 240
gagcaaggac aaactttatg gagtaaaatg aatgatgccg gatcagaccg agtgatggta 300
tcacctcetgg ctgtgacatg gtggaatagg aatggaccaa taacaaatac agttcattat 360
ccaaaaatct acaaaactta ttttgaaaga gtcgaaagge taaagcatgg aacctttgge 420
cctgtecatt ttagaaacca agtcaaaata cgtcggagag ttgacataaa tcctggtcat 480
gcagatctca gtgccaagga ggcacaggat gtaatcatgg aagttgtttt cectaacgaa 540
gtgggagcca ggatactaac atcggaatcg caactaacga taaccaaaga gaagaaagaa 600
gaactccagyg attgcaaaat ttctectttg atggttgcat acatgttgga gagagaactg 660
gteccgcaaaa cgagattcct cccagtggcet ggtggaacaa gcagtgtgta cattgaagtg 720
ttgcatttga ctcaaggaac atgctgggaa cagatgtata ctccaggagyg ggaagtgagg 780
aatgatgatg ttgatcaaag cttgattatt gctgctagga acatagtgag aagagctgca 840
gtatcagcag atccactage atctttattg gagatgtgcc acagcacaca gattggtgga 900
attaggatgg tagacatcct taggcagaac ccaacagaag agcaagccgt ggatatatge 960
aaggctgcaa tgggactgag aattagctca tccttcagtt ttggtggatt cacatttaag 1020
agaacaagcg gatcatcagt caagagagag gaagaggtgce ttacgggcaa tcttcaaaca 1080
ttgaagataa gagtgcatga gggatatgaa gagttcacaa tggttgggag aagagcaaca 1140
gccatactca gaaaagcaac caggagattg attcagctga tagtgagtgg gagagacgaa 1200
cagtcgattg ccgaagcaat aattgtggcc atggtatttt cacaagagga ttgtatgata 1260
aaagcagtca gaggtgatct gaatttcgtc aatagggcga atcaacgatt gaatcctatg 1320
catcaacttt taagacattt tcagaaggat gcgaaagtgc tttttcaaaa ttggggagtt 1380
gaacctatcg acaatgtgat gggaatgatt gggatattgc ccgacatgac tccaagcatc 1440
gagatgtcaa tgagaggagt gagaatcagc aaaatgggtg tagatgagta ctccagcacyg 1500
gagagggtag tggtgagcat tgaccgtttt ttgagaatcc gggaccaacg aggaaatgta 1560
ctactgtctce ccgaggaggt cagtgaaaca cagggaacag agaaactgac aataacttac 1620
tcatcgtcaa tgatgtggga gattaatggt cctgaatcag tgttggtcaa tacctatcaa 1680
tggatcatca gaaactggga aactgttaaa attcagtggt cccagaaccc tacaatgcta 1740
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tacaataaaa tggaatttga accatttcag tctttagtac ctaaggccat tagaggccaa 1800
tacagtgggt ttgtaagaac tctgttccaa caaatgaggg atgtgcttgg gacatttgat 1860
accgcacaga taataaaact tcettccectte gcagecgetce caccaaagca aagtagaatg 1920
cagttctecct catttactgt gaatgtgagg ggatcaggaa tgagaatact tgtaaggggc 1980
aattctecctg tattcaacta taacaaggcc acgaagagac tcacagttct cggaaaggat 2040
gctggcactt taactgaaga cccagatgaa ggcacagctg gagtggagtc cgctgttcetg 2100
aggggattcc tcattctggg caaagaagac aagagatatg ggccagcact aagcatcaat 2160
gaactgagca accttgcgaa aggagagaag gctaatgtgce taattgggca aggagacgtg 2220
gtgttggtaa tgaaacggaa acgggactct agcatactta ctgacagcca gacagcgacce 2280
aaaagaattc ggatggccat caattagtgt cgaatagttt aaaaacgacc ttgtttctac 2340
t 2341
<210> SEQ ID NO 4
<211> LENGTH: 1565
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 4
agcaaaagca gggtagataa tcactcactg agtgacatca aaatcatggce gtctcaagge 60
accaaacgat cttacgaaca gatggagact gatggagaac gccagaatgce cactgaaatce 120
agagcatcceg tcggaaaaat gattggtgga attggacgat tctacatcca aatgtgcace 180
gaactcaaac tcagtgatta tgagggacgg ttgatccaaa acagcttaac aatagagaga 240
atggtgctet ctgcttttga cgaaaggaga aataaatacc ttgaagaaca tcccagtgcg 300
gggaaagatc ctaagaaaac tggaggacct atatacagga gagtaaacgg aaagtggatg 360
agagaactca tcctttatga caaagaagaa ataaggcgaa tctggcgceca agctaataat 420
ggtgacgatyg caacggctgg tctgactcac atgatgatct ggcattccaa tttgaatgat 480
gcaacttatc agaggacaag agctcttgtt cgcaccggaa tggatcccag gatgtgetcet 540
ctgatgcaag gttcaactct ccctaggagg tctggagecyg caggtgctge agtcaaagga 600
gttggaacaa tggtgatgga attggtcaga atgatcaaac gtgggatcaa tgatcggaac 660
ttetggaggyg gtgagaatgg acgaaaaaca agaattgctt atgaaagaat gtgcaacatt 720
ctcaaaggga aatttcaaac tgctgcacaa aaagcaatga tggatcaagt gagagagagc 780
cggaacccag ggaatgctga gttcgaagat ctcactttte tagcacggte tgcactcata 840
ttgagagggt cggttgctca caagtcctge ctgectgect gtgtgtatgg acctgecgta 900
geccagtgggt acgactttga aagggaggga tactctctag tcggaataga ccectttcaga 960
ctgcttcaaa acagccaagt gtacagecta atcagaccaa atgagaatcce agcacacaag 1020
agtcaactgg tgtggatggc atgccattct gccgcatttg aagatctaag agtattaagc 1080
ttcatcaaag ggacgaaggt gctcccaaga gggaagcttt ccactagagg agttcaaatt 1140
gctteccaatg aaaatatgga gactatggaa tcaagtacac ttgaactgag aagcaggtac 1200
tgggccataa ggaccagaag tggaggaaac accaatcaac agagggcatc tgcgggccaa 1260
atcagcatac aacctacgtt ctcagtacag agaaatctcc cttttgacag aacaaccatt 1320
atggcagcat tcaatgggaa tacagagggg agaacatctg acatgaggac cgaaatcata 1380
aggatgatgg aaagtgcaag accagaagat gtgtctttcc aggggcgggg agtcttcgag 1440
ctctecggacg aaaaggcagc gagcccgatce gtgecttect ttgacatgag taatgaagga 1500
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tcttatttet tcggagacaa tgcagaggag tacgacaatt aaagaaaaat acccttgttt

ctact

<210> SEQ ID NO 5
<211> LENGTH: 1027

<212> TYPE:
<213> ORGANISM:

DNA

<400> SEQUENCE: 5

agcaaaagca

ctctatcatc

tgcagggaag

gtcacctety

aggactgcag

catggacaaa

caaagaaatc

caacaggatg

acagattgct

aatcagacat

ggctggatcg

ggtgcaagcg

tcttettgaa

gtgatcctet

ttgategtet

cttectacgga

ctgtggatge

ttctact

ggtagatatt

cecgteaggec

aacaccgatc

actaagggga

cgtagacget

gcagttaaac

tcactcagtt

ggggctgtga

gactcccage

gagaacagaa

agtgagcaag

atgagaacca

aatttgcagg

cactattgee

ttttttcaaa

aggagtgcca

tgacgatggt

<210> SEQ ID NO 6
<211> LENGTH: 890

<212> TYPE:
<213> ORGANISM:

DNA

<400> SEQUENCE: 6

agcaaaagca

attgctttet

tcecttgateg

tggacatcaa

aatccgatga

acatgactct

caggcectet

cgaacttcag

aagagggagc

aggatgtcaa

ttcgagtete

ctccactcac

gggtgacaaa

ttggcatgte

gettegecga

gacagccaca

ggcacttaaa

tgaggaaatg

ttgtatcaga

tgtgattttt

aattgttgge

aaatgcagtt

tgaaactcta

tccaaaacag

Influenza virus

gaaagatgag
ccctcaaage
ttgaggttct
ttttaggatt
ttgtccaaaa
tgtataggaa
attctgetgg
ccactgaagt
atcggtctca
tggttttage
cagcagaggc
ttgggactca
cctatcagaa
gcaaatatca
tgcatttacc
aagtctatga

cattttgtca

Influenza virus

aacataatgg

cgcaaacgag

gatcagaaat

cgtgctggaa

atgaccatgg

tcaagggact

atggaccagg

gaccggctgg

gaaatttcac

ggagtcctca

cagagattcg

aaacgagaaa

tcttctaacce

cgagatcgea

catggaatgg

tgtgttcacyg

tgcccttaat

gctcaagagg

tgcacttgee

ggcatttgge

taggcaaatg

cagcactaca

catggaggtt

tcctagetee

acgaatgggg

ttgggatett

gtcgetttaa

gggaagaata

gcatagagcet

atccaaacac

ttgcagacca

ccctaagagg

agcagatagt

cctetgtace

ggtccatget

cgatcatgga

agactctaat

cattgectte

tcggaggact

cttggagaag

tggcgggaac

gaggtcgaaa
cagagacttyg
ctaaagacaa
ctcacegtyge
gggaacgggg
gagataacat
agttgtatgg
ctggtatgtyg
gtgacaacaa
gctaaggceta
gctagtcagg
agtgctggte
gtgcagatgce
gcacttgaca
atacggactyg
tcgaaaggaa

ggagtaaaaa

tgtgtcaage

agaactaggce

aaggggcagt

ggagcggatt

tgcgtegegt

catacccaag

taagaacatc

attgctaagyg

tcttecagga

tgaatggaat

cagtaatgag

aattaggtca

cgtacgtact

aagatgtcett

gaccaatcct

ccagtgageg

atccaaataa

tccatgggge

gectcatata

caacctgtga

ccaatccact

tggagcaaat

ctagacaaat

tgaaaaatga

aacggttcaa

ttgtggatte

aaaggagggc

cagcagagtyg

actaccttgt

tttcaggtag

gatgccccat

actcteggte

ctgaaagaag

tacctaactg

cagaaagtgg

atactgaaag

getttcaceg

catactgcetyg

gataacacag

aatgggagac

gaagtttgaa

1560

1565

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1027

60

120

180

240

300

360

420

480

540

600

660

720
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gaaataagat ggttgattga agaagtgaga cacaaactga agataacaga gaatagtttt

gagcaaataa catttatgca agccttacat ctattgettg aagtggagca agagataaga

actttctegt ttcagettat ttagtactaa aaaacaccct tgtttctact

<210> SEQ ID NO 7
<211> LENGTH: 1775
<212> TYPE: DNA

<213> ORGANISM: Influenza virus

<400> SEQUENCE: 7

agcaaaagca ggggaaaata

gtgcacttge agctgcagat

ccgacactgt tgacacagta

tcgaagacag ccacaacgga

ggaaatgtaa catcgccgga

tgagatcatg gtcctacatt

gagatttcat cgactatgag

gattcgaaat atttcccaaa

cagcatgete ccatgagggyg

aggagggcte atacccaaag

ttgtactgtyg gggtattcat

atgaaaatgc ttatgtctct

tagcagaaag acccaaagta

taaaacccgyg agacacaata

ctttegecact gagtagagge

agtgtaacac gaagtgtcaa

atatacaccc agtcacaata

tggttacagyg actaaggaac

ccggttttat tgaaggggga

agaatgaaca gggatcaggc

ggattacaaa caaggtgaac

gtaaagaatt caacaaatta

gatttctgga catttggaca

ctctggattt ccatgactca

agaataatgc caaagaaatc

aatgcatgga aagtgtaaga

agttgaacag ggaaaaggta

tggcgatcta ctcaactgte

gtttetggat gtgttctaat

tcagagatat gaggaaaaac

<210> SEQ ID NO 8

<211> LENGTH: 1413
<212> TYPE: DNA

aaaacaacca

gcagacacaa

ctcgagaaga

aaactatgta

tggctettygyg

gtagaaacac

gagctgaggg

gaaagctcat

aaaagcagtt

ctgaaaaatt

cacccgecta

gtagtgactt

agagatcaag

atatttgagg

tttgggteeyg

acaccectygg

ggagagtgcc

attccgteca

tggactggaa

tatgcagegyg

actgttatcg

gaaaaaagga

tataatgcag

aatgtgaaga

ggaaatggat

aatgggactt

gatggagtga

gccagttcac

ggatctttge

accettgttt

<213> ORGANISM: Influenza virus

aaatgaaggc

tatgtatagg

atgtgacagt

gattaaaagg

gaaacccaga

caaactctga

agcaattgag

ggcccaacca

tttacagaaa

cttatgtgaa

acagtaagga

caaattataa

ctgggaggat

caaatggaaa

gcatcatcac

gagctataaa

caaaatacgt

ttcaatccag

tgatagatgg

atcaaaaaag

agaaaatgaa

tggaaaattt

aattgttagt

atctgtatga

gttttgagtt

atgattatcc

aattggaatc

tggtgetttt

agtgcagaat

ctact

aaacctactyg

ctaccatgeg

gacacactct

aatagccceca

atgcgaccca

gaatggaata

ctcagtgtca

caacacaaac

tttgctatgg

caaaaaaggg

acaacagaat

caggagattt

gaactattac

tctaatagca

ctcaaacgca

cagcagtcetce

caggagtgecc

aggtctattt

atggtatggt

cacacaaaat

cattcaattce

aaataaaaaa

tctactggaa

gaaagtaaaa

ctaccacaag

caaatattca

aatggggatc

ggtctecetyg

atgcatctga

gtcctgttat

aacaattcaa

gttaacctge

ctacaattgg

ctgcettecag

tgttatccag

tcattcgaaa

ggagtaacgg

ctgacggaga

aaagaagtcc

ctctatcaga

accccggaaa

tggaccttge

ccaatgtatg

tcaatgcatyg

ccttaccaga

aaattgagga

ggagccattg

tatcatcatc

gccattaacg

acagctgtygyg

gttgatgatg

aatgaaagga

agccaattaa

tgtgacaatg

gaagagtcaa

tatcagattc

ggggcaatca

gattagaatt

780

840

890

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1775
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<400> SEQUENCE: 8

agcaaaagca ggggtttaaa atgaatccaa atcagaaaat aataaccatt ggatcaatct 60
gtectggtagt cggactaatt agcctaatat tgcaaatagg gaatataatc tcaatatgga 120
ttagccatte aattcaaact ggaagtcaaa accatactgg aatatgcaac caaaacatca 180
ttacctataa aaatagcacc tgggtaaagg acacaacttc agtgatatta accggcaatt 240
catctetttyg tcccatcegt gggtgggeta tatacagcaa agacaatagce ataagaattg 300
gttccaaagyg agacgttttt gtcataagag agccctttat ttcatgttcet cacttggaat 360
gcaggacctt ttttctgace caaggtgcct tactgaatga caagcattca agtgggactg 420
ttaaggacag aagcccttat agggccttaa tgagetgece tgteggtgaa gcteegtcece 480
cgtacaattc aagatttgaa tcggttgett ggtcagcaag tgcatgtcat gatggcatgg 540
gctggctaac aatcggaatt tcaggtccag ataatggagce agtggcetgta ttaaaataca 600
acggcataat aactgaaacc ataaaaagtt ggaggaagaa aatattgagyg acacaagagt 660
ctgaatgtge ctgtgtaaat ggttcatgtt ttactataat gactgatggce ccgagtgatg 720
ggctggecte gtacaaaatt ttcaagatcg aaaaggggaa ggttactaaa tcaatagagt 780
tgaatgcacc taattctcac tatgaggaat gttcctgtta cectgatacce ggcaaagtga 840
tgtgtgtgtyg cagagacaat tggcatggtt cgaaccggec atgggtgtet ttcgatcaaa 900
acctggatta tcaaatagga tacatctgca gtggggtttt cggtgacaac ccgegtcccg 960
aagatggaac aggcagctgt ggtccagtgt atgttgatgg agcaaacgga gtaaagggat 1020
tttcatatag gtatggtaat ggtgtttgga taggaaggac caaaagtcac agttccagac 1080
atgggtttga gatgatttgg gatcctaatg gatggacaga gactgatagt aagttctctg 1140
tgaggcaaga tgttgtggca atgactgatt ggtcagggta tagcggaagt ttcgttcaac 1200
atcctgaget gacagggcta gactgtatga ggcecgtgett ctgggttgaa ttaatcaggg 1260
gacgacctaa agaaaaaaca atctggacta gtgcgagcag catttctttt tgtggcgtga 1320
atagtgatac tgtagattgg tcttggccag acggtgctga gttgccattce agcattgaca 1380
agtagtctgt tcaaaaaact ccttgtttct act 1413

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN
<400> SEQUE:

Met Glu Arg
1

Arg Glu Ile
Lys Tyr Thr
35

Trp Met Met
50

Glu Met Ile
65

Met Asn Asp

Thr Trp Trp

D NO 9
H: 759
PRT

ISM: Influenza virus

NCE: 9

Ile Lys Glu Leu Arg

5

Leu Thr Lys Thr Thr

20

Ser Gly Arg Gln Glu

40

Ala Met Lys Tyr Pro

55

Pro Glu Arg Asn Glu

70

Ala Gly Ser Asp Arg

85

Asn Arg Asn Gly Pro

100

Asn Leu Met
10

Val Asp His
25

Lys Asn Pro

Ile Thr Ala

Gln Gly Gln

75

Val Met Val
90

Met Thr Asn
105

Ser Gln Ser
Met Ala Ile
30

Ala Leu Arg
45

Asp Lys Arg
60

Thr Leu Trp

Ser Pro Leu

Thr Val His
110

Arg Thr
15

Ile Lys

Met Lys

Ile Thr

Ser Lys
80

Ala Val
95

Tyr Pro
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Lys

Thr

145

Asp

Leu

Leu

Arg

Ser

225

Glu

Gln

Ser

Ile

Glu

305

Ser

Ser

Lys

Arg

Ile

385

Ala

Asp

Gln

Trp

Pro

465

Ser

Ser

Leu

Ile

Phe

130

Asp

Val

Thr

Gln

Glu

210

Ser

Gln

Ser

Ala

Gly

290

Gln

Ser

Val

Ile

Ala

370

Val

Met

Leu

Leu

Gly

450

Asp

Lys

Ile

Ser

Tyr

115

Gly

Ile

Ile

Ser

Asp

195

Leu

Val

Met

Leu

Asp

275

Gly

Ala

Phe

Lys

Arg

355

Thr

Ser

Val

Asn

Leu

435

Val

Met

Met

Asp

Pro
515

Lys

Pro

Asn

Met

Glu

180

Cys

Val

Tyr

Tyr

Ile

260

Pro

Ile

Val

Ser

Arg

340

Val

Ala

Gly

Phe

Phe

420

Arg

Glu

Thr

Gly

Arg

500

Glu

Thr

Val

Pro

Glu

165

Ser

Lys

Arg

Ile

Thr

245

Ile

Leu

Arg

Asp

Phe

325

Glu

His

Ile

Arg

Ser

405

Val

His

Pro

Pro

Val

485

Phe

Glu

Tyr

His

Gly

150

Val

Gln

Ile

Lys

Glu

230

Pro

Ala

Ala

Met

Ile

310

Gly

Glu

Glu

Leu

Asp

390

Gln

Asn

Phe

Ile

Ser

470

Asp

Leu

Val

Phe

Phe

135

His

Val

Leu

Ser

Thr

215

Val

Gly

Ala

Ser

Val

295

Cys

Gly

Glu

Gly

Arg

375

Glu

Glu

Arg

Gln

Asp

455

Ile

Glu

Arg

Ser

Glu

120

Arg

Ala

Phe

Thr

Pro

200

Arg

Leu

Gly

Arg

Leu

280

Asp

Lys

Phe

Val

Ser

360

Lys

Gln

Asp

Ala

Lys

440

Asn

Glu

Tyr

Val

Glu
520

Arg

Asn

Asp

Pro

Ile

185

Leu

Phe

His

Glu

Asn

265

Leu

Ile

Ala

Thr

Leu

345

Glu

Ala

Ser

Cys

Asn

425

Asp

Val

Met

Ser

Arg

505

Thr

Val

Gln

Leu

Asn

170

Thr

Met

Leu

Leu

Val

250

Ile

Glu

Leu

Ala

Phe

330

Thr

Glu

Thr

Ile

Met

410

Gln

Ala

Met

Ser

Ser
490

Asp

Gln

Glu

Val

Ser

155

Glu

Lys

Val

Pro

Thr

235

Lys

Val

Met

Lys

Met

315

Lys

Gly

Phe

Arg

Ala

395

Ile

Arg

Lys

Gly

Met

475

Thr

Gln

Gly

Arg

Lys

140

Ala

Val

Glu

Ala

Val

220

Gln

Asn

Arg

Cys

Gln

300

Gly

Arg

Asn

Thr

Arg

380

Glu

Lys

Leu

Val

Met

460

Arg

Glu

Arg

Thr

Leu

125

Ile

Lys

Gly

Lys

Tyr

205

Ala

Gly

Asp

Arg

His

285

Asn

Leu

Thr

Leu

Met

365

Leu

Ala

Ala

Asn

Leu

445

Ile

Gly

Arg

Gly

Glu
525

Lys

Arg

Glu

Ala

Lys

190

Met

Gly

Thr

Asp

Ala

270

Ser

Pro

Arg

Ser

Gln

350

Val

Ile

Ile

Val

Pro

430

Phe

Gly

Val

Val

Asn

510

Lys

His

Arg

Ala

Arg

175

Glu

Leu

Gly

Cys

Val

255

Ala

Thr

Thr

Ile

Gly

335

Thr

Gly

Gln

Ile

Arg

415

Met

Gln

Ile

Arg

Val

495

Val

Leu

Gly

Arg

Gln

160

Ile

Glu

Glu

Thr

Trp

240

Asp

Val

Gln

Glu

Ser

320

Ser

Leu

Arg

Leu

Val

400

Gly

His

Asn

Leu

Ile

480

Val

Leu

Thr
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Ile Thr Tyr
530

Val Leu Val
545

Lys Ile Gln

Phe Glu Pro

Ser Gly Phe

595

Thr Phe Asp
610

Pro Pro Lys
625

Arg Gly Ser

Asn Tyr Asn

Gly Thr Leu

675

Ala Val Leu
690

Gly Pro Ala
705

Lys Ala Asn

Arg Lys Arg

Arg Ile Arg
755

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

Ser Ser Ser Met Met

535

Asn Thr Tyr Gln Trp
550

Trp Ser Gln Asn Pro

565

Phe Gln Ser Leu Val

580

Val Arg Thr Leu Phe

600

Thr Ala Gln Ile Ile

615

Gln Ser Arg Met Gln
630

Gly Met Arg Ile Leu

645

Lys Ala Thr Lys Arg

660

Thr Glu Asp Pro Asp

680

Arg Gly Phe Leu Ile

695

Leu Ser Ile Asn Glu
710

Val Leu Ile Gly Gln

725

Asp Ser Ser Ile Leu

740

Met Ala Ile Asn

D NO 10
H: 2341
DNA

ISM: Influenza virus

<400> SEQUENCE: 10

agcgaaagca

tcgecagtete

aagaagtaca

gcaatgaaat

gagcaaggac

tcacctetygyg

ccaaaaatct

cctgtecatt

gcagatctca

gtgggagcca

gaactccagg

gtcegcaaaa

ttgcatttga

ggtcaattat

gcaccegega

catcaggaag

atccaattac

aaactttatg

ctgtgacatg

acaaaactta

ttagaaacca

gtgccaagga

ggatactaac

attgcaaaat

cgagattecct

ctcaaggaac

attcaatatg

gatactcaca

acaggagaag

agcagacaag

gagtaaaatg

gtggaatagg

ttttgaaaga

agtcaaaata

ggcacaggat

atcggaatcg

ttetecttty

cccagtgget

atgctgggaa

Trp Glu Ile

Ile Ile Arg
555

Thr Met Leu
570

Pro Lys Ala
585

Gln Gln Met

Lys Leu Leu

Phe Ser Ser
635

Val Arg Gly
650

Leu Thr Val
665

Glu Gly Thr

Leu Gly Lys

Leu Ser Asn
715

Gly Asp Val
730

Thr Asp Ser
745

gaaagaataa
aaaaccaccg
aacccagcac
aggataacgg
aatgatgceg
aatggaccaa
gtcgaaagge
cgteggagag
gtaatcatgg
caactaacga
atggttgcat
ggtggaacaa

cagatgtata

Asn Gly Pro
540

Asn Trp Glu

Tyr Asn Lys

Ile Arg Gly
590

Arg Asp Val
605

Pro Phe Ala
620

Phe Thr Val

Asn Ser Pro

Leu Gly Lys
670

Ala Gly Val
685

Glu Asp Arg
700

Leu Ala Lys

Val Leu Val

Gln Thr Ala
750

aagaactaag
tggaccatat
ttaggatgaa
aaatgattcc
gatcagaccg
tgacaaatac
taaagcatgg
ttgacataaa
aagttgtttt
taaccaaaga
acatgttgga
gcagtgtgta

ctccaggagyg

Glu Ser

Thr Val
560

Met Glu
575

Gln Tyr

Leu Gly

Ala Ala

Asn Val
640

Val Phe
655

Asp Ala

Glu Ser

Arg Tyr

Gly Glu

720

Met Lys
735

Thr Lys

aaatctaatg
ggccataatce
atggatgatg
tgagagaaat
agtgatggta
agttcattat
aacctttgge
tcctggteat
ccctaacgaa
gaagaaagaa
gagagaactg
cattgaagtyg

ggaagtgaag

60

120

180

240

300

360

420

480

540

600

660

720

780
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aatgatgatg ttgatcaaag cttgattatt gctgctagga acatagtgag aagagctgca 840
gtatcagcag acccactagce atctttattg gagatgtgcc acagcacaca gattggtgga 900
attaggatgg tagacatcct taagcagaac ccaacagaag agcaagccgt ggatatatge 960
aaggctgcaa tgggactgag aattagctca tccttcagtt ttggtggatt cacatttaag 1020
agaacaagcg gatcatcagt caagagagag gaagaggtgce ttacgggcaa tcttcaaaca 1080
ttgaagataa gagtgcatga gggatctgaa gagttcacaa tggttgggag aagagcaaca 1140
gccatactca gaaaagcaac caggagattg attcagctga tagtgagtgg gagagacgaa 1200
cagtcgattg ccgaagcaat aattgtggcc atggtatttt cacaagagga ttgtatgata 1260
aaagcagtta gaggtgatct gaatttcgtc aatagggcga atcagcgact gaatcctatg 1320
catcaacttt taagacattt tcagaaggat gcgaaagtgc tttttcaaaa ttggggagtt 1380
gaacctatcg acaatgtgat gggaatgatt gggatattgc ccgacatgac tccaagcatc 1440
gagatgtcaa tgagaggagt gagaatcagc aaaatgggtg tagatgagta ctccagcacyg 1500
gagagggtag tggtgagcat tgaccggttc ttgagagtca gggaccaacg aggaaatgta 1560
ctactgtctce ccgaggaggt cagtgaaaca cagggaacag agaaactgac aataacttac 1620
tcatcgtcaa tgatgtggga gattaatggt cctgaatcag tgttggtcaa tacctatcaa 1680
tggatcatca gaaactggga aactgttaaa attcagtggt cccagaaccc tacaatgcta 1740
tacaataaaa tggaatttga accatttcag tctttagtac ctaaggccat tagaggccaa 1800
tacagtgggt ttgtaagaac tctgttccaa caaatgaggg atgtgcttgg gacatttgat 1860
accgcacaga taataaaact tcettccectte gcagecgetce caccaaagca aagtagaatg 1920
cagttctecct catttactgt gaatgtgagg ggatcaggaa tgagaatact tgtaaggggc 1980
aattctecctg tattcaacta caacaaggcc acgaagagac tcacagttct cggaaaggat 2040
gctggcactt taaccgaaga cccagatgaa ggcacagctg gagtggagtc cgctgttetg 2100
aggggattcc tcattctggg caaagaagac aggagatatg ggccagcatt aagcatcaat 2160
gaactgagca accttgcgaa aggagagaag gctaatgtgce taattgggca aggagacgtg 2220
gtgttggtaa tgaaacgaaa acgggactct agcatactta ctgacagcca gacagcgacce 2280
aaaagaattc ggatggccat caattagtgt cgaatagttt aaaaacgacc ttgtttctac 2340
t 2341
<210> SEQ ID NO 11
<211> LENGTH: 2341
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 11
agcgaaagca ggcaaaccat ttgaatggat gtcaatccga ccttactttt cttaaaagtg 60
ccagcacaaa atgctataag cacaactttce ccttataccyg gagaccctcece ttacagccat 120
gggacaggaa caggatacac catggatact gtcaacagga cacatcagta ctcagaaaag 180
ggaagatgga caacaaacac cgaaactgga gcaccgcaac tcaacccgat tgatgggeca 240
ctgccagaag acaatgaacc aagtggttat gcccaaacag attgtgtatt ggaagcaatg 300
getttecttyg aggaatccca tcctggtatt tttgaaaact cgtgtattga aacgatggag 360
gttgttcage aaacacgagt agacaagctg acacaaggcc gacagaccta tgactggact 420
ttaaatagaa accagcctgce tgcaacagca ttggccaaca caatagaagt gttcagatca 480
aatggcctca cggccaatga gtcaggaagg ctcatagact tcecttaagga tgtaatggag 540
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tcaatgaaaa aagaagaaat ggggatcaca actcattttc agagaaagag acgggtgaga 600
gacaatatga ctaagaaaat gataacacag agaacaatag gtaaaaggaa acagagattg 660
aacaaaaggg gttatctaat tagagcattg accctgaaca caatgaccaa agatgctgag 720
agagggaagc taaaacggag agcaattgca accccaggga tgcaaataag ggggtttgta 780
tactttgttyg agacactggc aaggagtata tgtgagaaac ttgaacaatc agggttgcca 840
gttggaggca atgagaagaa agcaaagttg gcaaatgttg taaggaagat gatgaccaat 900
tctcaggaca ccgaactttce tttcaccatc actggagata acaccaaatg gaacgaaaat 960
cagaatcctc ggatgttttt ggccatgatc acatatatga ccagaaatca gcccgaatgg 1020
ttcagaaatg ttctaagtat tgctccaata atgttctcaa acaaaatggc gagactggga 1080
aaagggtata tgtttgagag caagagtatg aaacttagaa ctcaaatacc tgcagaaatg 1140
ctagcaagca ttgatttgaa atatttcaat gattcaacaa gaaagaagat tgaaaaaatc 1200
cgaccgctcet taatagaggg gactgcatca ttgagccctg gaatgatgat gggcatgttce 1260
aatatgttaa gcactgtatt aggcgtctce atcctgaatc ttggacaaaa gagatacacc 1320
aagactactt actggtggga tggtcttcaa tcctctgacg attttgctet gattgtgaat 1380
gcacccaatc atgaagggat tcaagccgga gtcgacaggt tttatcgaac ctgtaagcta 1440
cttggaatca atatgagcaa gaaaaagtct tacataaaca gaacaggtac atttgaattc 1500
acaagttttt tctatcgtta tgggtttgtt gccaatttca gcatggagct tcecccagtttt 1560
ggggtgtcetyg ggatcaacga gtcagcggac atgagtattg gagttactgt catcaaaaac 1620
aatatgataa acaatgatct tggtccagca acagctcaaa tggcccttca gttgttcatce 1680
aaagattaca ggtacacgta ccgatgccat agaggtgaca cacaaataca aacccgaaga 1740
tcatttgaaa taaagaaact gtgggagcaa acccgttcecca aagctggact getggtctcece 1800
gacggaggcc caaatttata caacattaga aatctccaca ttcctgaagt ctgcctaaaa 1860
tgggaattga tggatgagga ttaccagggg cgtttatgca acccactgaa cccatttgtce 1920
agccataaag aaattgaatc aatgaacaat gcagtgatga tgccagcaca tggtccagcce 1980
aaaaacatgg agtatgatgc tgttgcaaca acacactcct ggatccccaa aagaaatcga 2040
tccatcttga atacaagtca aagaggagta cttgaagatg aacaaatgta ccaaaggtgc 2100
tgcaatttat ttgaaaaatt cttccccage agttcataca gaagaccagt cgggatatcc 2160
agtatggtgg aggctatggt ttccagagcc cgaattgatg cacggattga tttcgaatct 2220
ggaaggataa agaaagaaga gttcactgag atcatgaaga tctgttccac cattgaagag 2280
ctcagacggc aaaaatagtg aatttagctt gtceccttcatg aaaaaatgcce ttgtttctac 2340
t 2341
<210> SEQ ID NO 12
<211> LENGTH: 2233
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 12
agcgaaagca ggtactgatt caaaatggaa gattttgtge gacaatgett caatccgatg 60
attgtcgage ttgcggaaaa aacaatgaaa gagtatgggg aggacctgaa aatcgaaaca 120
aacaaatttg cagcaatatg cactcacttg gaagtatgct tcatgtattc agatttccac 180
ttcatcaatg agcaaggcga gtcaataatc gtagaacttyg gtgatcctaa tgcacttttg 240
aagcacagat ttgaaataat cgagggaaga gatcgcacaa tggcctggac agtagtaaac 300
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agtatttgca acactacagg ggctgagaaa ccaaagtttce taccagattt gtatgattac 360
aaggaaaata gattcatcga aattggagta acaaggagag aagttcacat atactatctg 420
gaaaaggcca ataaaattaa atctgagaaa acacacatcc acattttctce gttcactggg 480
gaagaaatgyg ccacaagggc cgactacact ctcgatgaag aaagcagggc taggatcaaa 540
accaggctat tcaccataag acaagaaatg gccagcagag gcectetggga ttectttegt 600
cagtccgaga gaggagaaga gacaattgaa gaaaggtttyg aaatcacagyg aacaatgcge 660
aagcttgceg accaaagtct cccgccgaac ttetccagece ttgaaaattt tagagectat 720
gtggatggat tcgaaccgaa cggctacatt gagggcaagce tgtctcaaat gtccaaagaa 780
gtaaatgcta gaattgaacc ttttttgaaa acaacaccac gaccacttag acttccgaat 840
gggecteect gttcectcageg gtccaaattce ctgctgatgg atgccttaaa attaagcatt 900
gaggacccaa gtcatgaagg agagggaata ccgctatatg atgcaatcaa atgcatgaga 960
acattctttg gatggaagga acccaatgtt gttaaaccac acgaaaaggg aataaatcca 1020
aattatcttc tgtcatggaa gcaagtactg gcagaactgc aggacattga gaatgaggag 1080
aaaattccaa agactaaaaa tatgaaaaaa acaagtcagc taaagtgggc acttggtgag 1140
aacatggcac cagaaaaggt agactttgac gactgtaaag atgtaggtga tttgaagcaa 1200
tatgatagtg atgaaccaga attgaggtcg cttgcaagtt ggattcagaa tgagttcaac 1260
aaggcatgcg aactgacaga ttcaagctgg atagagcttg atgagattgg agaagatgtg 1320
gctccaattyg aacacattgce aagcatgaga aggaattatt tcacatcaga ggtgtctcac 1380
tgcagagcca cagaatacat aatgaagggg gtgtacatca atactgcctt acttaatgca 1440
tcttgtgcag caatggatga tttccaatta attccaatga taagcaagtg tagaactaag 1500
gagggaaggc gaaagaccaa cttgtatggt ttcatcataa aaggaagatc ccacttaagg 1560
aatgacaccg acgtggtaaa ctttgtgagc atggagtttt ctctcactga cccaagactt 1620
gaaccacaca aatgggagaa gtactgtgtt cttgagatag gagatatgct tctaagaagt 1680
gccataggec aggtttcaag gcccatgtte ttgtatgtga ggacaaatgg aacctcaaaa 1740
attaaaatga aatggggaat ggagatgagg cgttgtctcc tccagtcact tcaacaaatt 1800
gagagtatga ttgaagctga gtcctctgtc aaagagaaag acatgaccaa agagttcttt 1860
gagaacaaat cagaaacatg gcccattgga gagtctccca aaggagtgga ggaaagttcce 1920
attgggaagg tctgcaggac tttattagca aagtcggtat ttaacagctt gtatgcatct 1980
ccacaactag aaggattttc agctgaatca agaaaactgc ttcttatcgt tcaggctcett 2040
agggacaatc tggaacctgg gacctttgat cttggggggce tatatgaagce aattgaggag 2100
tgcctaatta atgatccctg ggttttgett aatgcttett ggttcaacte cttecttaca 2160
catgcattga gttagttgtg gcagtgctac tatttgctat ccatactgtc caaaaaagta 2220
ccttgtttet act 2233
<210> SEQ ID NO 13
<211> LENGTH: 1565
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 13
agcaaaagca gggtagataa tcactcactg agtgacatca aaatcatggce gtcccaagge 60
accaaacggt cttacgaaca gatggagact gatggagaac gccagaatgce cactgaaatce 120
agagcatceg tcggaaaaat gattggtgga attggacgat tctacatcca aatgtgcaca 180
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gaacttaaac tcagtgatta tgagggacgg ttgatccaaa acagcttaac aatagagaga 240
atggtgctet ctgcttttga cgaaaggaga aataaatacc tggaagaaca tcccagtgceg 300
gggaaagatc ctaagaaaac tggaggacct atatacagaa gagtaaacgg aaagtggatg 360
agagaactca tcctttatga caaagaagaa ataaggcgaa tctggcgceca agctaataat 420
ggtgacgatyg caacggctgg tctgactcac atgatgatct ggcattccaa tttgaatgat 480
gcaacttatc agaggacaag ggctcttgtt cgcaccggaa tggatcccag gatgtgetet 540
ctgatgcaag gttcaactct ccctaggagg tctggagecyg caggtgctge agtcaaagga 600
gttggaacaa tggtgatgga attggtcagg atgatcaaac gtgggatcaa tgatcggaac 660
ttetggaggyg gtgagaatgg acgaaaaaca agaattgctt atgaaagaat gtgcaacatt 720
ctcaaaggga aatttcaaac tgctgcacaa aaagcaatga tggatcaagt gagagagagc 780
cggaacccag ggaatgctga gttcgaagat ctcactttte tagcacggte tgcactcata 840
ttgagagggt cggttgctca caagtcctge ctgectgect gtgtgtatgg acctgecgta 900
gecagtgggt acgactttga aagagaggga tactctctag tcggaataga ccectttcaga 960
ctgcttcaaa acagccaagt gtacagecta atcagaccaa atgagaatcce agcacacaag 1020
agtcaactgg tgtggatggc atgccattct gccgcatttg aagatctaag agtattgagce 1080
ttcatcaaag ggacgaaggt ggtcccaaga gggaagcttt ccactagagg agttcaaatt 1140
gctteccaatg aaaatatgga gactatggaa tcaagtacac ttgaactgag aagcaggtac 1200
tgggccataa ggaccagaag tggaggaaac accaatcaac agagggcatc tgcgggccaa 1260
atcagcatac aacctacgtt ctcagtacag agaaatctcc cttttgacag aacaaccgtt 1320
atggcagcat tcactgggaa tacagagggg agaacatctg acatgaggac cgaaatcata 1380
aggatgatgg aaagtgcaag accagaagat gtgtctttcc aggggcgggg agtcttcgag 1440
ctctecggacg aaaaggcagc gagcccgatce gtgecttect ttgacatgag taatgaagga 1500
tcttatttet tcggagacaa tgcagaggag tacgacaatt aaagaaaaat acccttgttt 1560
ctact 1565
<210> SEQ ID NO 14
<211> LENGTH: 1027
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 14
agcaaaagca ggtagatatt gaaagatgag tcttctaacce gaggtcgaaa cgtacgttct 60
ctctatcate ccgtcaggcce ccctcaaage cgagatcgea cagagacttyg aagatgtett 120
tgcagggaag aacaccgatc ttgaggttct catggaatgg ctaaagacaa gaccaatcct 180
gtcacctetyg actaagggga ttttaggatt tgtgttcacg ctcaccgtge ccagtgageg 240
aggactgcag cgtagacgct ttgtccaaaa tgcccttaat gggaacgggyg atccaaataa 300
catggacaaa gcagttaaac tgtataggaa gctcaagagg gagataacat tccatgggge 360
caaagaaatc tcactcagtt attctgetgg tgcacttgec agttgtatgg gcctcatata 420
caacaggatg ggggctgtga ccactgaagt ggcatttgge ctggtatgtyg caacctgtga 480
acagattgct gactcccage atcggtctca taggcaaatyg gtgacaacaa ccaacccact 540
aatcagacat gagaacagaa tggttttagc cagcactaca gctaaggcta tggagcaaat 600
ggctggateyg agtgagcaag cagcagaggc catggaggtt gctagtcagg ctaggcaaat 660
ggtgcaageyg atgagaacca ttgggactca tcctagetce agtgctggtce tgaaaaatga 720
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-continued
tcttettgaa aatttgcagg cctatcagaa acgaatgggyg gtgcagatgce aacggttcaa 780
gtgatcctet cgctattgee gcaaatatca ttgggatctt gecacttgata ttgtggatte 840
ttgatcgtet ttttttcaaa tgcatttacc gtegetttaa atacggactyg aaaggagggce 900
cttctacgga aggagtgcca aagtctatga gggaagaata tcgaaaggaa cagcagagtg 960
ctgtggatgc tgacgatggt cattttgtca gcatagagct ggagtaaaaa actaccttgt 1020
ttctact 1027
<210> SEQ ID NO 15
<211> LENGTH: 890
<212> TYPE: DNA
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 15
agcaaaagca gggtgacaaa gacataatgg atccaaacac tgtgtcaagce tttcaggtag 60
attgctttet ttggcatgtc cgcaaacgag ttgcagacca agaactaggt gatgccccat 120
tcettgateg gettegecga gatcagaaat cectaagagg aaggggcage actcttggte 180
tggacatcga gacagccaca cgtgctggaa agcagatagt ggagcggatt ctgaaagaag 240
aatccgatga ggcacttaaa atgaccatgg cctetgtace tgegtcegegt tacctaaccyg 300
acatgactct tgaggaaatg tcaagggaat ggtccatget catacccaag cagaaagtgg 360
caggcectet ttgtatcaga atggaccagg cgatcatgga taaaaacatc atactgaaag 420
cgaacttcag tgtgattttt gaccggetgg agactctaat attgctaagyg gctttcaccg 480
aagagggagc aattgttggc gaaatttcac cattgcctte tcettcecagga catactgcetg 540
aggatgtcaa aaatgcagtt ggagtcctca tcggaggact tgaatggaat gataacacag 600
ttcgagtcete tgaaactcta cagagattcg cttggagaag cagtaatgag aatgggagac 660
ctccactcac tccaaaacag aaacgagaaa tggcgggaac aattaggtca gaagtttgaa 720
gaaataagat ggttgattga agaagtgaga cacaaactga aggtaacaga gaatagtttt 780
gagcaaataa catttatgca agccttacat ctattgettg aagtggagca agagataaga 840
actttctcat ttcagcttat ttaataataa aaaacaccct tgtttctact 890
<210> SEQ ID NO 16
<211> LENGTH: 757
<212> TYPE: PRT
<213> ORGANISM: Influenza virus
<400> SEQUENCE: 16
Met Asp Val Asn Pro Thr Leu Leu Phe Leu Lys Val Pro Ala Gln Asn
1 5 10 15
Ala Ile Ser Thr Thr Phe Pro Tyr Thr Gly Asp Pro Pro Tyr Ser His
20 25 30
Gly Thr Gly Thr Gly Tyr Thr Met Asp Thr Val Asn Arg Thr His Gln
35 40 45
Tyr Ser Glu Lys Gly Arg Trp Thr Thr Asn Thr Glu Thr Gly Ala Pro
50 55 60
Gln Leu Asn Pro Ile Asp Gly Pro Leu Pro Glu Asp Asn Glu Pro Ser
65 70 75 80
Gly Tyr Ala Gln Thr Asp Cys Val Leu Glu Ala Met Ala Phe Leu Glu
85 90 95
Glu Ser His Pro Gly Ile Phe Glu Asn Ser Cys Ile Glu Thr Met Glu
100 105 110
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98

Tyr

Asn

145

Gly

Glu

Asp

Lys

Asn

225

Ile

Thr

Met

Asp

305

Met

Leu

Lys

Pro

Thr

385

Ala

Thr

Lys

Leu

Arg
465

Lys

Tyr

Val

Asp

130

Thr

Arg

Glu

Asn

Gln

210

Thr

Ala

Leu

Gly

Met

290

Asn

Ile

Ser

Gly

Ala

370

Arg

Ser

Val

Thr

Ile

450

Phe

Ser

Arg

Gln

115

Trp

Ile

Leu

Met

Met

195

Arg

Met

Thr

Ala

Gly

275

Thr

Thr

Thr

Ile

Tyr

355

Glu

Lys

Leu

Leu

Thr

435

Val

Tyr

Tyr

Tyr

Gln

Thr

Glu

Ile

Gly

180

Thr

Leu

Thr

Pro

Arg

260

Asn

Asn

Lys

Tyr

Ala

340

Met

Met

Lys

Ser

Gly

420

Tyr

Asn

Arg

Ile

Gly
500

Thr

Leu

Val

Asp

165

Ile

Lys

Asn

Lys

Gly

245

Ser

Glu

Ser

Trp

Met

325

Pro

Phe

Leu

Ile

Pro

405

Val

Trp

Ala

Thr

Asn

485

Phe

Arg

Asn

Phe

150

Phe

Thr

Lys

Lys

Asp

230

Met

Ile

Lys

Gln

Asn

310

Thr

Ile

Glu

Ala

Glu

390

Gly

Ser

Trp

Pro

Cys
470

Arg

Val

Val

Arg

135

Arg

Leu

Thr

Met

Arg

215

Ala

Gln

Cys

Lys

Asp

295

Glu

Arg

Met

Ser

Ser

375

Lys

Met

Ile

Asp

Asn

455

Lys

Thr

Ala

Asp

120

Asn

Ser

Lys

His

Ile

200

Gly

Glu

Ile

Glu

Ala

280

Thr

Asn

Asn

Phe

Lys

360

Ile

Ile

Met

Leu

Gly

440

His

Leu

Gly

Asn

Lys

Gln

Asn

Asp

Phe

185

Thr

Tyr

Arg

Arg

Lys

265

Lys

Glu

Gln

Gln

Ser

345

Ser

Asp

Arg

Met

Asn

425

Leu

Glu

Leu

Thr

Phe
505

Leu

Pro

Gly

Val

170

Gln

Gln

Leu

Gly

Gly

250

Leu

Leu

Leu

Asn

Pro

330

Asn

Met

Leu

Pro

Gly

410

Leu

Gln

Gly

Gly

Phe

490

Ser

Thr

Ala

Leu

155

Met

Arg

Arg

Ile

Lys

235

Phe

Glu

Ala

Ser

Pro

315

Glu

Lys

Lys

Lys

Leu

395

Met

Gly

Ser

Ile

Ile

475

Glu

Met

Gln

Ala

140

Thr

Glu

Lys

Thr

Arg

220

Leu

Val

Gln

Asn

Phe

300

Arg

Trp

Met

Leu

Tyr

380

Leu

Phe

Gln

Ser

Gln

460

Asn

Phe

Glu

Gly

125

Thr

Ala

Ser

Arg

Ile

205

Ala

Lys

Tyr

Ser

Val

285

Thr

Met

Phe

Ala

Arg

365

Phe

Ile

Asn

Lys

Asp

445

Ala

Met

Thr

Leu

Arg

Ala

Asn

Met

Arg

190

Gly

Leu

Arg

Phe

Gly

270

Val

Ile

Phe

Arg

Arg

350

Thr

Asn

Glu

Met

Arg

430

Asp

Gly

Ser

Ser

Pro
510

Gln

Leu

Glu

Lys

175

Val

Lys

Thr

Arg

Val

255

Leu

Arg

Thr

Leu

Asn

335

Leu

Gln

Asp

Gly

Leu

415

Tyr

Phe

Val

Lys

Phe

495

Ser

Thr

Ala

Ser

160

Lys

Arg

Arg

Leu

Ala

240

Glu

Pro

Lys

Gly

Ala

320

Val

Gly

Ile

Ser

Thr

400

Ser

Thr

Ala

Asp

Lys

480

Phe

Phe
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100

Gly

Gln
545
Cys

Lys

Asp

Cys

625

Asn

Tyr

Ser

Tyr

Tyr

705

Arg

Lys

Leu

Val

Ile

530

Met

His

Lys

Gly

Cys

610

Asn

Asn

Asp

Ile

Gln

690

Arg

Ala

Glu

Arg

Ser

515

Lys

Ala

Arg

Leu

Gly

595

Leu

Pro

Ala

Ala

Leu

675

Arg

Arg

Arg

Glu

Arg
755

Gly

Asn

Leu

Gly

Trp

580

Pro

Lys

Leu

Val

Val

660

Asn

Cys

Pro

Ile

Phe
740

Gln

Ile

Asn

Gln

Asp

565

Glu

Asn

Trp

Asn

Met

645

Ala

Thr

Cys

Val

Asp
725

Thr

Lys

<210> SEQ ID NO 17

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Glu Asp Phe

1

Ala

Asn

Ser

Leu

65

Gly

Glu

Lys

Asp

50

Gly

Arg

Lys

Phe

35

Phe

Asp

Asp

Thr

20

Ala

His

Pro

Arg

716

Asn

Met

Leu

550

Thr

Gln

Leu

Glu

Pro

630

Met

Thr

Ser

Asn

Gly

710

Ala

Glu

Glu

Ile

535

Phe

Gln

Thr

Tyr

Leu

615

Phe

Pro

Thr

Gln

Leu

695

Ile

Arg

Ile

Ser

520

Asn

Ile

Ile

Arg

Asn

600

Met

Val

Ala

His

Arg

680

Phe

Ser

Ile

Met

Influenza virus

17

Val

Met

Ala

Phe

Asn

Thr
85

Arg

Lys

Ile

Ile

Ala

70

Met

Gln

Glu

Cys

Asn

55

Leu

Ala

Cys

Tyr

Thr

40

Glu

Leu

Trp

Ala

Asn

Lys

Gln

Ser

585

Ile

Asp

Ser

His

Ser

665

Gly

Glu

Ser

Asp

Lys
745

Phe

Gly

25

His

Gln

Lys

Thr

Asp

Asp

Asp

Thr

570

Lys

Arg

Glu

His

Gly

650

Trp

Val

Lys

Met

Phe
730

Ile

Asn

10

Glu

Leu

Gly

His

Val
90

Met

Leu

Tyr

555

Arg

Ala

Asn

Asp

Lys

635

Pro

Ile

Leu

Phe

Val

715

Glu

Cys

Pro

Asp

Glu

Glu

Arg

75

Val

Ser

Gly

540

Arg

Arg

Gly

Leu

Tyr

620

Glu

Ala

Pro

Glu

Phe

700

Glu

Ser

Ser

Met

Leu

Val

Ser

60

Phe

Asn

Ile

525

Pro

Tyr

Ser

Leu

His

605

Gln

Ile

Lys

Lys

Asp

685

Pro

Ala

Gly

Thr

Ile

Lys

Cys

45

Ile

Glu

Ser

Gly

Ala

Thr

Phe

Leu

590

Ile

Gly

Glu

Asn

Arg

670

Glu

Ser

Met

Arg

Ile
750

Val

Ile

30

Phe

Ile

Ile

Ile

Val

Thr

Tyr

Glu

575

Val

Pro

Arg

Ser

Met

655

Asn

Gln

Ser

Val

Ile
735

Glu

Glu

15

Glu

Met

Val

Ile

Cys
95

Thr

Ala

Arg

560

Ile

Ser

Glu

Leu

Met

640

Glu

Arg

Met

Ser

Ser
720

Lys

Glu

Leu

Thr

Tyr

Glu

Glu

80

Asn
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102

Thr

Lys

Ile

Ile

145

Tyr

Thr

Gln

Gly

Ser

225

Tyr

Ile

Gly

Lys

Tyr

305

Asn

Ser

Lys

Ala

Lys

385

Arg

Leu

Ala

Glu

Ile

465

Gln

Lys

Thr

Glu

Tyr

130

His

Thr

Ile

Ser

Thr

210

Leu

Ile

Glu

Pro

Leu

290

Asp

Val

Trp

Ile

Leu

370

Asp

Ser

Thr

Pro

Val

450

Asn

Leu

Thr

Gly

Asn

115

Tyr

Ile

Leu

Arg

Glu

195

Met

Glu

Glu

Pro

Pro

275

Ser

Ala

Val

Lys

Pro

355

Gly

Val

Leu

Asp

Ile

435

Ser

Thr

Ile

Asn

Ala

100

Arg

Leu

Phe

Asp

Gln

180

Arg

Arg

Asn

Gly

Phe

260

Cys

Ile

Ile

Lys

Gln

340

Lys

Glu

Gly

Ala

Ser

420

Glu

His

Ala

Pro

Leu
500

Glu

Phe

Glu

Ser

Glu

165

Glu

Gly

Lys

Phe

Lys

245

Leu

Ser

Glu

Lys

Pro

325

Val

Thr

Asn

Asp

Ser

405

Ser

His

Cys

Leu

Met
485

Tyr

Lys

Ile

Lys

Phe

150

Glu

Met

Glu

Leu

Arg

230

Leu

Lys

Gln

Asp

Cys

310

His

Leu

Lys

Met

Leu

390

Trp

Trp

Ile

Arg

Leu

470

Ile

Gly

Pro

Glu

Ala

135

Thr

Ser

Ala

Glu

Ala

215

Ala

Ser

Thr

Arg

Pro

295

Met

Glu

Ala

Asn

Ala

375

Lys

Ile

Ile

Ala

Ala

455

Asn

Ser

Phe

Lys

Ile

120

Asn

Gly

Arg

Ser

Thr

200

Asp

Tyr

Gln

Thr

Ser

280

Ser

Arg

Lys

Glu

Met

360

Pro

Gln

Gln

Glu

Ser

440

Thr

Ala

Lys

Ile

Phe

105

Gly

Lys

Glu

Ala

Arg

185

Ile

Gln

Val

Met

Pro

265

Lys

His

Thr

Gly

Leu

345

Lys

Glu

Tyr

Asn

Leu

425

Met

Glu

Ser

Cys

Ile
505

Leu

Val

Ile

Glu

Arg

170

Gly

Glu

Ser

Asp

Ser

250

Arg

Phe

Glu

Phe

Ile

330

Gln

Lys

Lys

Asp

Glu

410

Asp

Arg

Tyr

Cys

Arg

490

Lys

Pro

Thr

Lys

Met

155

Ile

Leu

Glu

Leu

Gly

235

Lys

Pro

Leu

Gly

Phe

315

Asn

Asp

Thr

Val

Ser

395

Phe

Glu

Arg

Ile

Ala

475

Thr

Gly

Asp

Arg

Ser

140

Ala

Lys

Trp

Arg

Pro

220

Phe

Glu

Leu

Leu

Glu

300

Gly

Pro

Ile

Ser

Asp

380

Asp

Asn

Ile

Asn

Met

460

Ala

Lys

Arg

Leu

Arg

125

Glu

Thr

Thr

Asp

Phe

205

Pro

Glu

Val

Arg

Met

285

Gly

Trp

Asn

Glu

Gln

365

Phe

Glu

Lys

Gly

Tyr

445

Lys

Met

Glu

Ser

Tyr

110

Glu

Lys

Arg

Arg

Ser

190

Glu

Asn

Pro

Asn

Leu

270

Asp

Ile

Lys

Tyr

Asn

350

Leu

Asp

Pro

Ala

Glu

430

Phe

Gly

Asp

Gly

His
510

Asp

Val

Thr

Ala

Leu

175

Phe

Ile

Phe

Asn

Ala

255

Pro

Ala

Pro

Glu

Leu

335

Glu

Lys

Asp

Glu

Cys

415

Asp

Thr

Val

Asp

Arg

495

Leu

Tyr

His

His

Asp

160

Phe

Arg

Thr

Ser

Gly

240

Arg

Asn

Leu

Leu

Pro

320

Leu

Glu

Trp

Cys

Leu

400

Glu

Val

Ser

Tyr

Phe
480

Arg

Arg
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104

Asn

Asp

Ile

545

Met

Trp

Glu

Lys

Pro

625

Leu

Gly

Arg

Ala

Ser
705

Asp

Pro

530

Gly

Phe

Gly

Ser

Glu

610

Lys

Ala

Phe

Asp

Ile

690

Trp

Thr

515

Arg

Asp

Leu

Met

Met

595

Phe

Gly

Lys

Ser

Asn

675

Glu

Phe

Asp

Leu

Met

Tyr

Glu

580

Ile

Phe

Val

Ser

Ala

660

Leu

Glu

Asn

Val

Glu

Leu

Val

565

Met

Glu

Glu

Glu

Val

645

Glu

Glu

Cys

Ser

<210> SEQ ID NO 18

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Gly

Ile

Leu

Arg

Glu

Tyr

Lys

Ala

Asp
145

Pro

Ala

Glu

Gly

Ser

50

Met

His

Arg

Glu

Thr

130

Ala

Arg

Ser

Arg

Gly

35

Asp

Val

Pro

Arg

Glu

115

Ala

Thr

Met

Gln

Gln

20

Ile

Tyr

Leu

Ser

Val

100

Ile

Gly

Tyr

Cys

498

Val

Pro

Leu

550

Arg

Arg

Ala

Asn

Glu

630

Phe

Ser

Pro

Leu

Phe
710

Asn

His

535

Arg

Thr

Arg

Glu

Lys

615

Ser

Asn

Arg

Gly

Ile

695

Leu

Phe

520

Lys

Ser

Asn

Cys

Ser

600

Ser

Ser

Ser

Lys

Thr

680

Asn

Thr

Influenza virus

18

Gly

Asn

Gly

Glu

Ser

Ala

85

Asn

Arg

Leu

Gln

Ser
165

Thr

Ala

Arg

Gly

Ala

70

Gly

Gly

Arg

Thr

Arg
150

Leu

Lys

Thr

Phe

Arg

55

Phe

Lys

Lys

Ile

His

135

Thr

Met

Arg

Glu

Tyr

40

Leu

Asp

Asp

Trp

Trp

120

Met

Arg

Gln

Val

Trp

Ala

Gly

Leu

585

Ser

Glu

Ile

Leu

Leu

665

Phe

Asp

His

Ser

Ile

25

Ile

Ile

Glu

Pro

Met

105

Arg

Met

Ala

Gly

Ser

Glu

Ile

Thr

570

Leu

Val

Thr

Gly

Tyr

650

Leu

Asp

Pro

Ala

Tyr

10

Arg

Gln

Gln

Arg

Lys

90

Arg

Gln

Ile

Leu

Ser
170

Met

Lys

Gly

555

Ser

Gln

Lys

Trp

Lys

635

Ala

Leu

Leu

Trp

Leu
715

Glu

Ala

Met

Asn

Arg

Lys

Glu

Ala

Trp

Val

155

Thr

Glu

Tyr

540

Gln

Lys

Ser

Glu

Pro

620

Val

Ser

Ile

Gly

Val

700

Ser

Gln

Ser

Cys

Ser

60

Asn

Thr

Leu

Asn

His

140

Arg

Leu

Phe

525

Cys

Val

Ile

Leu

Lys

605

Ile

Cys

Pro

Val

Gly

685

Leu

Met

Val

Thr

45

Leu

Lys

Gly

Ile

Asn

125

Ser

Thr

Pro

Ser

Val

Ser

Lys

Gln

590

Asp

Gly

Arg

Gln

Gln

670

Leu

Leu

Glu

Gly

30

Glu

Thr

Tyr

Gly

Leu

110

Gly

Asn

Gly

Arg

Leu

Leu

Arg

Met

575

Gln

Met

Glu

Thr

Leu

655

Ala

Tyr

Asn

Thr

15

Lys

Leu

Ile

Leu

Pro

95

Tyr

Asp

Leu

Met

Arg
175

Thr

Glu

Pro

560

Lys

Ile

Thr

Ser

Leu

640

Glu

Leu

Glu

Ala

Asp

Met

Lys

Glu

Glu

80

Ile

Asp

Asp

Asn

Asp
160

Ser
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106

Gly Ala Ala Gly Ala Ala Val Lys
180

Leu Val Arg Met Ile Lys Arg Gly
195 200

Gly Glu Asn Gly Arg Lys Thr Arg
210 215

Ile Leu Lys Gly Lys Phe Gln Thr
225 230

Gln Val Arg Glu Ser Arg Asn Pro
245

Thr Phe Leu Ala Arg Ser Ala Leu
260

Lys Ser Cys Leu Pro Ala Cys Val
275 280

Tyr Asp Phe Glu Arg Glu Gly Tyr
290 295

Arg Leu Leu Gln Asn Ser Gln Val
305 310

Asn Pro Ala His Lys Ser Gln Leu
325

Ala Phe Glu Asp Leu Arg Val Leu
340

Val Pro Arg Gly Lys Leu Ser Thr
355 360

Glu Asn Met Glu Thr Met Glu Ser
370 375

Tyr Trp Ala Ile Arg Thr Arg Ser
385 390

Ala Ser Ala Gly Gln Ile Ser Ile
405

Asn Leu Pro Phe Asp Arg Thr Thr
420

Thr Glu Gly Arg Thr Ser Asp Met
435 440

Glu Ser Ala Arg Pro Glu Asp Val
450 455

Glu Leu Ser Asp Glu Lys Ala Ala
465 470

Met Ser Asn Glu Gly Ser Tyr Phe
485

Asp Asn

<210> SEQ ID NO 19

<211> LENGTH: 252

<212> TYPE: PRT

<213> ORGANISM: Influenza virus

<400> SEQUENCE: 19

Met Ser Leu Leu Thr Glu Val Glu
1 5

Ser Gly Pro Leu Lys Ala Glu Ile
20

Ala Gly Lys Asn Thr Asp Leu Glu
35 40

Gly

185

Ile

Ile

Ala

Gly

Ile

265

Tyr

Ser

Tyr

Val

Ser

345

Arg

Ser

Gly

Gln

Val

425

Arg

Ser

Ser

Phe

Thr

Ala
25

Val

Val

Asn

Ala

Ala

Asn

250

Leu

Gly

Leu

Ser

Trp

330

Phe

Gly

Thr

Gly

Pro

410

Met

Thr

Phe

Pro

Gly
490

Tyr
10

Gln

Leu

Gly Thr

Asp Arg

Tyr Glu
220

Gln Lys
235

Ala Glu

Arg Gly

Pro Ala

Val Gly

300

Leu Ile
315

Met Ala

Ile Lys

Val Gln

Leu Glu

380

Asn Thr

395

Thr Phe

Ala Ala

Glu Ile

Gln Gly
460

Ile Val
475

Asp Asn

Val Leu

Arg Leu

Met Glu

Met Val Met

Asn

205

Arg

Ala

Phe

Ser

Val

285

Ile

Arg

Cys

Gly

Ile

365

Leu

Asn

Ser

Phe

Ile
445
Arg

Pro

Ala

Ser

Glu

190

Phe

Met

Met

Glu

Val

270

Ala

Asp

Pro

His

Thr

350

Ala

Arg

Gln

Val

Thr

430

Arg

Gly

Ser

Glu

Ile

Asp
30

Trp

Cys

Met

Asp

255

Ala

Ser

Pro

Asn

Ser

335

Lys

Ser

Ser

Gln

Gln

415

Gly

Met

Val

Phe

Glu
495

Ile
15

Val

Glu

Arg

Asn

Asp

240

Leu

His

Gly

Phe

Glu

320

Ala

Val

Asn

Arg

Arg

400

Arg

Asn

Met

Phe

Asp
480

Tyr

Pro

Phe

Trp Leu Lys Thr

45
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Arg
Thr
65

Gln

Lys

Gly

Gly

145

Ser

Asn

Ala

Ala

Ser

225

Gln

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

Pro

50

Leu

Asn

Lys

Glu

Leu

130

Leu

His

Arg

Gly

Arg

210

Ser

Lys

Ile

Thr

Ala

Leu

Ile

115

Ile

Val

Arg

Met

Ser

195

Gln

Ala

Arg

Leu

Val

Leu

Tyr

100

Ser

Tyr

Cys

Gln

Val

180

Ser

Met

Gly

Met

<400> SEQUENCE:

Ser

Pro

Asn

85

Arg

Leu

Asn

Ala

Met

165

Leu

Glu

Val

Leu

Gly
245

SEQ ID NO 20
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: A synthetic oligonucleotide

40

20

Pro

Ser

70

Gly

Lys

Ser

Arg

Thr

150

Val

Ala

Gln

Gln

Lys

230

Val

Leu

55

Glu

Asn

Leu

Tyr

Met

135

Cys

Thr

Ser

Ala

Ala

215

Asn

Gln

Thr

Arg

Gly

Lys

Ser

120

Gly

Glu

Thr

Thr

Ala

200

Met

Asp

Met

Lys

Gly

Asp

Arg

105

Ala

Ala

Gln

Thr

Thr

185

Glu

Arg

Leu

Gln

Gly

Leu

Pro

90

Glu

Gly

Val

Ile

Asn

170

Ala

Ala

Thr

Leu

Arg
250

Ile

Gln

75

Asn

Ile

Ala

Thr

Ala

155

Pro

Lys

Met

Ile

Glu

235

Phe

cccatcgata ccatggagag gataaaagaa ttacgagatce

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

<400>

SEQUENCE :

SEQ ID NO 21
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: A synthetic oligonucleotide

40

21

ctagctagece tactaattga tggccatceg aattettttg

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

<400>

SEQUENCE :

SEQ ID NO 22
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: A synthetic oligonucleotide

38

22

tacgagctca ccatggatgt caatccgact ttactttt

Leu Gly Phe

60

Arg

Asn

Thr

Leu

Thr

140

Asp

Leu

Ala

Glu

Gly

220

Asn

Lys

Arg

Met

Phe

Ala

125

Glu

Ser

Ile

Met

Val

205

Thr

Leu

Arg

Asp

His

110

Ser

Val

Gln

Arg

Glu

190

Ala

His

Gln

Val

Phe

Lys

95

Gly

Cys

Ala

His

His

175

Gln

Ser

Pro

Ala

Phe

Val

80

Ala

Ala

Met

Phe

Arg

160

Glu

Met

Gln

Ser

Tyr
240

40

40

38
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<210> SEQ ID NO 23
<211> LENGTH: 40
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: A synthetic oligonucleotide

<400> SEQUENCE: 23

ctagctagece tactattttt geecgtcetgag ttettcaatg

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

SEQ ID NO 24

LENGTH: 36

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 24

cccatcegata ccatggaaga ctttgtgega caatge

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

SEQ ID NO 25

LENGTH: 39

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 25

ctagctagece tactatttca gtgecatgtge gaggaagga

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

SEQ ID NO 26

LENGTH: 34

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 26

ttcatcgata ccatggegte tcaaggcace aaac

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

SEQ ID NO 27

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 27

cgegetagee tattaattgt catactecte tgeattgtet

OTHER INFORMATION: A synthetic oligonucleotide

OTHER INFORMATION: A synthetic oligonucleotide

OTHER INFORMATION: A synthetic oligonucleotide

OTHER INFORMATION: A synthetic oligonucleotide

40

36

39

34

40

What is claimed is:

1. An isolated recombinant influenza virus having PA,
PB1, PB2, NP, NS, M, NA, and HA viral segments, wherein
i) at least one of the viral segments is a PB2 viral segment
encoding PB2 with residue at position 540 that is not
asparagine, a PA viral segment encoding PA with a residue
at position 180 that is not glutamine or a residue at position
200 that is not threonine, or a PB1 viral segment encoding
PB1 with a residue at position 149 that is not valine, a
residue at position 684 that is not glutamic acid or a residue
at position 685 that is not aspartic acid, or any combination
thereof, wherein the recombinant influenza virus has
enhanced stability and/or enhanced replication relative to a
corresponding recombinant influenza virus with a residue at
position 540 in PB2 that is asparagine, a residue at position
180 in PA that is glutamine, a residue at position 200 in PA

55

60

65

that is threonine, a residue at position 149 in PB1 that is
valine, a residue at position 684 in PB1 that is glutamic acid
or a residue at position 685 in PBI1 that is aspartic acid; ii)
at least one of the viral segments is a PB2 viral segment
encoding PB2 with residue at position 540 that is not
asparagine or a residue at position 712 that is not glutamic
acid, and wherein at least one of the other viral segments is
a PA viral segment encoding PA with a residue at position
180 that is not glutamine or a residue at position 200 that is
not threonine, or a PB1 viral segment encoding PB1 with a
residue at position 149 that is not valine, a residue at position
684 that is not glutamic acid or a residue at position 685 that
is not aspartic acid, or any combination thereof, wherein the
recombinant influenza virus has enhanced stability and/or
enhanced replication relative to a corresponding recombi-
nant influenza virus with a residue at position 540 in PB2
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that is asparagine, a residue in PB2 at position 712 that is
glutamic acid, a residue at position 180 in PA that is
glutamine, a residue at position 200 in PA that is threonine,
a residue at position 149 in PBI1 that is valine, a residue at
position 684 in PB1 that is glutamic acid or a residue at
position 685 in PB1 that is aspartic acid; or iii) the recom-
binant virus has two or more viral segments comprising a
PB2 viral segment encoding PB2 with residue at position
540 that is not asparagine or a residue at position 712 that is
not glutamic acid, a PA viral segment encoding PA with a
residue at position 180 that is not glutamine or a residue at
position 200 that is not threonine, or a PB1 viral segment
encoding PB1 with a residue at position 149 that is not
valine, a residue at position 684 that is not glutamic acid or
a residue at position 685 that is not aspartic acid, or any
combination thereof, wherein the recombinant influenza
virus has enhanced stability and/or enhanced replication
relative to a corresponding recombinant influenza virus with
a residue at position 540 in PB2 that is asparagine, a residue
in PB2 at position 712 that is glutamic acid, a residue at
position 180 in PA that is glutamine, a residue at position
200 in PA that is threonine, a residue at position 149 in PB1
that is valine, a residue at position 684 in PB1 that is
glutamic acid or a residue at position 685 in PB1 that is
aspartic acid.

2. The virus of claim 1 wherein the residue at position 540
of PB2 is K, R, D, E, Q, or H, the residue at position 712 of
PB2is D, N, Q, S, H, T, Y, or C, the residue at position 180
in PAis R, K, D, E, N, or H, the residue at position 200 in
PAis A, L L, C, S, M, F, P, G, or V, the residue at position
149in PBlisA, T, L, C, S, M, F, P, or G, the residue at
position 684 is D, Q, S, H, T, Y, C, K, R, or N, or the residue
at position 685 in PB1is E,N, R, H, K, S, T, Y, C, or Q; the
residue at position 540 of PB2 is K, R, H, D, S, H, T, Y, or
C, the residue at position 712 of PB2 is D, K, H, R, Q, or N,
the residue at position 180 in PAis R, K, D, N, S, H, T, Y,
or H, the residue at position 200 in PAis A, I, L, G, S, M,
or V, the residue at position 149 in PBl1 is A, T, [, L, S, M,
or G, the residue at position 684 is D, Q, H, L, R or N, or
the residue at position 685 in PB1 is E, N, R, H, K or Q; or
the residue at position 540 of PB2 is K, R or H, the residue
at position 712 of PB2 is D or N, the residue at position 180
in PA is R, K or H, the residue at position 200 in PA is A,
I, L, G or V, the residue at position 149 in PB1 is A, T, , L
or G, the residue at position 684 is D or N, or the residue at
position 685 in PB1 is E or Q.

3. The virus of claim 1 wherein the PB2 has a residue at
position 540 that is not asparagine, the PA has a residue at
position 180 that is not glutamine and a residue at position
200 that is not threonine, and the PB1 has a residue at
position 149 that is not valine, a residue at position 684 that
is not glutamic acid or a residue at position 685 that is not
aspartic acid; the PB2 has a residue at position 540 that is not
asparagine, the PA has a residue at position 180 that is not
glutamine or a residue at position 200 that is not threonine,
and the PB1 has a residue at position 149 that is not valine,
aresidue at position 684 that is not glutamic acid or a residue
at position 685 that is not aspartic acid; the PB2 has a residue
at position 540 that is not asparagine or a residue at 712 that
is not aspartic acid, the PA has a residue at position 180 that
is not glutamine and a residue at position 200 that is not
threonine, and the PB1 has a residue at position 149 that is
not valine, a residue at position 684 that is not glutamic acid
or a residue at position 685 that is not aspartic acid; or the
PB2 has a residue at position 540 that is not asparagine and
a residue at 712 that is not aspartic acid, the PA has a residue
at position 180 that is not glutamine or a residue at position

20
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200 that is not threonine, and the PB1 has a residue at
position 149 that is not valine, a residue at position 684 that
is not glutamic acid or a residue at position 685 that is not
aspartic acid.

4. The virus of claim 1 wherein the PA further comprises
a residue at position 443 that is not arginine, the PB1 further
comprises a residue at position 737 that is not lysine, the
PB2 further comprises a residue at position 25 that is not
valine or a residue at position 712 that is not glutamic acid,
the NS viral segment encodes a NS1 with a residue at
position 167 that is not proline, the HA viral segment
encodes a HA with a residue at position 380 that is not
threonine, or any combination thereof.

5. The virus of claim 4 wherein the residue at position 443
of PA is K or H, the residue at position 737 of PB1 is H or
R, the residue at position 25 of PB2 is A, L, T, 1, or G, the
residue at position 712 of PB2 is D, the residue at position
167 of NS1is S, C, M, A, L, I, G or T, or any combination
thereof.

6. The virus of claim 1 wherein at least one of the viral
segments includes a heterologous gene sequence encoding a
gene product.

7. The recombinant virus of claim 6 wherein the heter-
ologous sequence is in the NS viral segment, M viral
segment, NP viral segment, PA viral segment, PB1 viral
segment, or the PB2 viral segment.

8. A vaccine having the isolated recombinant virus of
claim 1.

9. The vaccine of claim 8 wherein the virus encodes a
non-influenza microbial protein, a heterologous influenza
protein or a cancer associated antigen.

10. A plurality of influenza virus vectors for preparing a
reassortant, comprising

a) a vector for VRNA production comprising a promoter

operably linked to an influenza virus PA DNA linked to
a transcription termination sequence, a vector for
VvRNA production comprising a promoter operably
linked to an influenza virus PB1 DNA linked to a
transcription termination sequence, a vector for VRNA
production comprising a promoter operably linked to
an influenza virus PB2 DNA linked to a transcription
termination sequence, a vector for VRNA production
comprising a promoter operably linked to an influenza
virus HA DNA linked to a transcription termination
sequence, a vector for VRNA production comprising a
promoter operably linked to an influenza virus NP
DNA linked to a transcription termination sequence, a
vector for vVRNA production comprising a promoter
operably linked to an influenza virus NA DNA linked
to a transcription termination sequence, a vector for
VvRNA production comprising a promoter operably
linked to an influenza virus M DNA linked to a tran-
scription termination sequence, and a vector for VRNA
production comprising a promoter operably linked to
an influenza virus NS ¢cDNA linked to a transcription
termination sequence, wherein the PB1, PB2, or PA
DNAs in the vectors for VRNA production encode at
least one of: a PB2 viral segment encoding PB2 with
residue at position 540 that is not asparagine, a PA viral
segment encoding PA with a residue at position 180 that
is not glutamine or a residue at position 200 that is not
threonine, or a PB1 viral segment encoding PB1 with
a residue at position 149 that is not valine, a residue at
position 684 that is not glutamic acid or a residue at
position 685 that is not aspartic acid, or a combination
thereof; and optionally



US 11,241,492 B2

113

b) a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza
virus PA, a vector for mRNA production comprising a
promoter operably linked to a DNA segment encoding
influenza virus PB1, a vector for mRNA production
comprising a promoter operably linked to a DNA
segment encoding influenza virus PB2, and a vector for
mRNA production comprising a promoter operably
linked to a DNA segment encoding influenza virus NP,
and optionally a vector for mRNA production compris-
ing a promoter operably linked to a DNA segment
encoding influenza virus HA, a vector for mRNA
production comprising a promoter operably linked to a
DNA segment encoding influenza virus NA, a vector
for mRNA production comprising a promoter operably
linked to a DNA segment encoding influenza virus M1,
a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza
virus M2, or a vector for mRNA production comprising
a promoter operably linked to a DNA segment encod-
ing influenza virus NS2.

11. The vectors of claim 10 wherein the PB1, PB2, PA,
NP, NS, and M DNAs in the vectors for VRNA production
have a sequence corresponding to one that encodes a poly-
peptide having at least 95% amino acid sequence identity to
a corresponding polypeptide encoded by SEQ ID NOs:1-6
or 10-15.

12. The vectors of claim 10 wherein the residue at position
540 of PB2 is K, R or H, the residue at position 180 in PA
is R, K or H, the residue at position 200 in PAis A, I, L, G
or V, the residue at position 149 in PB1 is A, T, I, L or G,
the residue at position 684 is D or N, or the residue at
position 685 in PBI1 is E or Q.

13. The vectors of claim 10 wherein at least one of the
viral segments includes a heterologous gene sequence
encoding a gene product.

14. A method to prepare influenza virus, comprising:
contacting a cell with:

a vector for VRNA production comprising a promoter

operably linked to an influenza virus PA DNA linked to
a transcription termination sequence, a vector for
VRNA production comprising a promoter operably
linked to an influenza virus PB1 DNA linked to a
transcription termination sequence, a vector for VRNA
production comprising a promoter operably linked to
an influenza virus PB2 DNA linked to a transcription
termination sequence, a vector for VRNA production
comprising a promoter operably linked to an influenza
virus HA DNA linked to a transcription termination
sequence, a vector for vVRNA production comprising a
promoter operably linked to an influenza virus NP
DNA linked to a transcription termination sequence, a
vector for vVRNA production comprising a promoter
operably linked to an influenza virus NA DNA linked
to a transcription termination sequence, a vector for
VRNA production comprising a promoter operably
linked to an influenza virus M DNA linked to a tran-
scription termination sequence, and a vector for VRNA
production comprising a promoter operably linked to
an influenza virus NS DNA linked to a transcription
termination sequence, wherein the PB1, PB2, or PA
DNAs in the vectors for vRNA production encode

1) a PB2 with residue at position 540 that is not asparagine
or a residue at position 712 that is not glutamic acid,
and at least one: a PA with a residue at position 180 that
is not glutamine or a residue at position 200 that is not
threonine, or a PB1 with a residue at position 149 that
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is not valine, a residue at position 684 that is not
glutamic acid or a residue at position 685 that is not
aspartic acid, or any combination thereof, ii) a PB2
with residue at position 540 that is not asparagine, a PA
with a residue at position 180 that is not glutamine or
a residue at position 200 that is not threonine, or a PB1
with a residue at position 149 that is not valine, a
residue at position 684 that is not glutamic acid or a
residue at position 685 that is not aspartic acid, or any
combination thereof, or iii) two or more of: a PB2 with
residue at position 540 that is not asparagine or a
residue at position 712 that is not glutamic acid, a PA
with a residue at position 180 that is not glutamine or
a residue at position 200 that is not threonine, or a PB1
with a residue at position 149 that is not valine, a
residue at position 684 that is not glutamic acid or a
residue at position 685 that is not aspartic acid, or any
combination thereof; and optionally

a vector for mRNA production comprising a promoter

operably linked to a DNA segment encoding influenza
virus PA, a vector for mRNA production comprising a
promoter operably linked to a DNA segment encoding
influenza virus PB1, a vector for mRNA production
comprising a promoter operably linked to a DNA
segment encoding influenza virus PB2, and a vector for
mRNA production comprising a promoter operably
linked to a DNA segment encoding influenza virus NP,
and optionally a vector for mRNA production compris-
ing a promoter operably linked to a DNA segment
encoding influenza virus HA, a vector for mRNA
production comprising a promoter operably linked to a
DNA segment encoding influenza virus NA, a vector
for mRNA production comprising a promoter operably
linked to a DNA segment encoding influenza virus M1,
a vector for mRNA production comprising a promoter
operably linked to a DNA segment encoding influenza
virus M2, or a vector for mRNA production comprising
a promoter operably linked to a DNA segment encod-
ing influenza virus NS2;

in an amount effective to yield infectious influenza virus.

15. The method of claim 14 wherein the cell is an avian
cell or a mammalian cell.

16. The method of claim 15 wherein the cell is a Vero cell,
a human cell or a MDCK cell.

17. The method of claim 14 wherein the wherein the PB1,
PB2, PA, NP, NS, and M DNAs in the vectors for vVRNA
productions have a sequence that corresponds to one that
encodes a polypeptide having at least 95% amino acid
sequence identity to a corresponding polypeptide encoded
by SEQ ID NOs:1-6 or 10-15.

18. The method of claim 14 wherein the residue at
position 540 of PB2 is K, R or H, the residue at position 712
of PB2 is D or N, the residue at position 180 in PA is R, K
or H, the residue at position 200 in PAis A, I, L, G or V, the
residue at position 149 in PB1is A, T, 1, L or G, the residue
at position 684 is D or N, or the residue at position 685 in
PB1is E or Q.

19. The method of claim 14 wherein the influenza virus
includes a heterologous gene sequence encoding a gene
product.

20. The method of claim 19 wherein the heterologous
sequence is 5' or 3' to the PA coding sequence in the PA viral
segment, 5' or 3' to the PB1 coding sequence in the PB1 viral
segment, 5' or 3' to the PB2 coding sequence in the PB2 viral
segment or 5' or 3' to the NS1 coding sequence in the NS
viral segment.





