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ABSTRACT

Compositions comprise a flagellin component that is at least
a portion of a flagellin, wherein the flagellin component
includes at least one cysteine residue and whereby the flagel-
lin component activates a Toll-like Receptor 5. Compositions
can further include an antigen, such as an influenza antigen.
The compositions are used to stimulate an immune response
and a protective immune response in a subject.
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Design of Substrate Binding Domain as
Influenza Vaccine (PR8)

Trimer Monomer Head Domain

Figure 1
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Capture KLISA using 6H11
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. = STF2A construct
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SEQ ID NO: 498 fliB/STF2 amino acid sequence (hinge region underlined)

MAQVINTNSLSLLTONNLNKSQOSALGTATERLSSGLRINSARDDAAGQATIANRFTANIKG
LTOASRNANDGISIAQTTEGALNEINNNLORVRELAVQSANSTNSQSDLDSIQAEITORL
NEIDRVSGOTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQINSQTLGLDSLNVOKAYD
VEDTAVTTKAYANNGTTLDVSGLDDAAIKAATGGTNGTASVTGGAVKEDADNNKYFVTIG
GFTGADAAKNGDYEVNVATDGTVILAAGATKTTMPAGATTKTEVQELKDTPAVVSADAKN
ALTAGGVDATDANGAELVKEMSYTDKNGKT IEGGYALKAGDKYYAADYDEATGAIKAKTTS
YTAADGTTKTAANQLGGVDGKTEVVTIDGKTYNASKAAGHDFKAQPELAEAAAKTTENPL
QKIDAALAQVDALRSDLGAVONRENSAITNLGNTVNNLSEARSRIEDSDYATEVSNMSRA
QITOQAGTSVLAQANQVPONVLSLLR

~ Figure 29
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SEQ 1D NO: 499 f1iB/STF2 nucleic acid sequence (hinge region underlined

ATGGCACAAGTAATCAACACTAACAGTCTGTCGCTGCTGACCCAGAATAACCTGARCARAR
TCCCAGTCCGCACTGGGCACCGCTATCCAGCGTICTGTCTTCTGGTICTGCGTATCAACAGC
GCGAAAGACGATGCGGCAGGTCAGGCGATTGCTARCCGTTTCACCGCGAACATCAAAGGT
CTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTGAAGGC
GCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGRACTGGCGGTTCAGTCTGCT
AACAGCACCAACTCCCAGTCTIGACCTCGACTCCATCCAGGCTGAAATCACCCAGCGCCTG
AACGAAATCGACCGTGTATCCGGCCAGACTCAGTTCAACGGCGTGAAAGTCCTGGCGCAG
GACAACACCCTGACCATCCAGGTTGGCGCCAACGACGGTGAAACTATCGATATCGATCTG
AAGCAGATCAACTCTCAGACCCTGGGTCTGGACTCACTGAACGTGCAGARAGCGTATGAT
GTGAAAGATACAGCAGTAACAACGAARAGCTTATGCCAATAATGGTACTACACTGGATGTA
TCGGGETCTTGATGATGCAGCTATTAARAGCGGCTACGGGTGGTACCGAATGGTACGGCTTCT
GTAACCGGTGGTGCGGTTAAATTTGACGCAGATAATAACAAGTACTTTGTTACTATTGGT
GGCTTTACTGGTGCTGATGCCGCCARARATGGCCGATTATGAAGTTAACGTTGCTACTGAC
GGTACAGTAACCCTTGCGGCTGGCGCAACTAAAACCACAATGCCTGCTGGTGCGACAACT
AAARCAGAAGTACAGGAGTTAAARGATACACCGGCAGTTGTTTCAGCAGATGCTARARAT
GCCTTAATTGCTGGCGGCGTTGACGCTACCGATGCTAATGGCGCTGAGTTGGTCARAATG
TCTTATACCGATAAAAATGCGTAAGACAATTGAAGGCGGTTATGCGCTTARAGCTGGCGAT
AAGTATTACGCCGCAGATTACGATGAAGCGACAGGAGCAATTAAAGCTAAAACTACAAGT
TATACTGCTGCTGACGGCACTACCAAAACAGCCEGCTAACCAACTGGGETGGCGTAGACGGET
AAAACCGAAGTCGTTACTATCGACGGTAAAACCTACAATGCCAGCAAAGCCGCTGGTCAT
GATTTCAAAGCACAACCAGAGCTGGCGGAAGCAGCCGCTAARACCACCGAARAACCCGCTG
CAGAAAATTGATGCCGCGCTGGCGCAGGTGGATGCGCTGCGCTCTGATCTGGGTGCGGTA
CAAAACCGTTTCAACTCTGUTATCACCAACCTGGGCAATACCGTAAACAATCTGTCTGAA
GCGCGTAGCCGTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCG
CAGATTCTGCAGCAGGCCGGETACTTCCGTTCTGGCGCAGGCTAACCAGGTCCCGCAGARC
GTGCTGTCTCTGTTACGT

Figure 30
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SEQ ID NO: 500 fliB/STF2A amino acid sequence

MAQVINTNSLSLLTONNLNKSQSALGTAIERLSSGLRINSAKDDAAGQATANRFTANTKGLT
QASRNANDGISIAQTTEGALNEINNNLORVRELAVOSANSTNSCSDLDSIQAREITQRINETID
RVSGOTQFNGVKVLACDNTLTIQVGANDGET IDIDLKQINSQOTLGLDSLNVHGAPVDPASPW
TENPLOKIDAALAQVDALRSDLGAVONRENSAITNLGNTVNNLSEARSRIEDSDYATEVSNM
SRAQILQOAGTSVLAQANQVPONVLSLLR

Figure 31
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SEQ ID NO: 501 fiB/STF2A nucleic acid sequence

ATGGCACAAGTAATCAACACTARCAGTCTGTCGCTGCTGACCCAGRATAACCTGAACAAATC
CCAGTCCGCACTGGGCACCGCTATCGAGCGTCTGICTTCTGGTCTGCCTATCAACAGCGCGA
AAGACGATGCGGCAGGTCAGCCGATTGCTAACCGTTTCACCGCGAACATCARAGGTCTGACT
CAGGCTTICCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTGAACGCGCGCTGAA
CGAAATCAACAACAACCTGCAGCGTGTGCGTGAACTGGCGGTTCAGTCTGCTAACAGCACCA
ACTCCCAGTCTGACCTCGACTCCATCCAGGCTGARATCACCCAGCGCCTGRAACGAAATCGAL
CGTGTATCCGGCCAGACTCAGTTCAACGGCGTGAAAGTCCTGGCGCAGGACARCACCCTGAC
CATCCAGGTTGGCGCCAACGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTC
AGACCCTGGGTCTGGACTCACTGAACGTGCATGGAGCGCCGGTGGATCCTGCTAGCCCATGS
ACCGARAACCCGCTGCAGARRATTGATGCCGLCGCTGGCGCAGGTGGATGCGCTGCGCTCTGA
TCTGGGTGCGCTACAAAACCGTTTCAACTCTGCTATCACCAACCTGGGCAATACCGTARAACA
ATCTGTCTGAAGCGCGTAGCCGTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATG
TCTCGCGCGCAGATTTTGCAGCAGGCCGGTACTTCCGTTCTGGCGCAGGCTAACCAGGTCCC
GCAGAACGTGCTGTCTICTGTTACGTG

Figure 32
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SEQ ID NO: 502 E. coli fliC amino acid sequence (hinge region underlined)

MAQVINTNSLSLITONNINKNQSALSSSIERLSSGLRINSAKDDAAGQATANRETSNIKG
LTOAARNANDGISVAQTTEGALSEINNNLORIRELTVQASTGTNSDSDLDSIQDEIKSRL
DETDRVSGRTOFNGVNVLAKDGSMKIQVGANDGOTITIDLKKIDIDTLGLNGFNVNGSGT
TANKAATISDLTAAKMDAATNTITTTNNALTASKALDQLKDGDTVTIKADAAQTATVYTY
NASAGNFSLSNVSNNTSEKAGDVAASLLPPAGQTASGVYKAASGEVNFDVDANGKITIGG
OKAYLTSDGNLTTNDAGGATAATLDGLFKKAGDGOSIGFKKTASVIMGGTTYNFKTGADA
DAATANAGVSFTDTASKETVLNKVATAKOGKAARADGDTSATITYKSGVQTYQAVFAAGD
GTASAKYADKADVSNATATYTDADGEMTTIGSYTTKYSIDANNGKVTVDSGTGTGKYAPK
VGAEVYVSANGTLTTDATSEGTVTKDPLKALDEATSSIDKEFRSSLGAIQNRLDSAVTNLN
NTTTNLSEAQSRIQDADYATEVSNMSKAQIIQQAGNSVLAKANQVPQOCOVILSLLQG

Figure 33
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SEQ ID NO: 503 E. coli fliC -nucleic acid sequence (hinge region underlined)

ATGGCACAAGTCATTAATACCAACAGCCTCTCGCTGATCACTCAAAATAATATCAACAAG
AACCAGTCTGCGCTGTCGAGTTCTATCGAGCGTCTGTCTTCTGGCTTGCGTATTAACAGC
GCGAAGGATGACGCCGCAGGTCAGGCGATTGCTAACCGTTTTACTTCTAACATTAAAGGC
CTGACTCAGGCTGCACGTAACGCCAACGACGGTATTTCCGTTGCGCAGACCACCGARGEE
GCGCTGTCCGAAATCAACAACAACTTACAGCGTATCCGTGAACTGACGGTTCAGGCTTCT
ACCGGGACTAACTCCGATTCAGATCTGGACTCCATTCAGGACGAAATCAAATCLCCGTICTG
GACGAAATTGACCGCGTATCTGGCCAGACCCAGTTCAACGGCGTGAACGTACTGGCGARA
GACGGTTCAATGAAAATTCAGGTTGGTGCGAATGACGGCCAGACTATCACGATTGATCTG
AAGAAAATTGACTCAGATACGCTGGGGCTGAATGGTTTTAACGTGAATGGTTCCGGTACG
ATAGCCAATAAAGCGGCGACCATTAGCGACCTGACAGCAGCGAAAATGGATGCTGCAACT
AATACTATAACTACAACAAATAATGCGCTGACTGCATCARAAGGCGCTTGATCAACTGARAA
GATGGTGACACTGTTACTATCAAAGCAGATGCTGCTCARACTGCCACGGTTTATACATAC
AATGCATCAGCTGGTAACTTCTCACTCAGTAATGTATCGAATAATACTTCAGAAARAGCA
GGTGATGTAGCAGCTAGCCTTCTCCCGCCGGCTGGGCAAACTGCTAGTGGTGTTTATARA
GCAGCAAGCGGTGAAGTGAACTTTGATCTTCATGCGAATGGTAAAATCACAATCGGAGGA
CAGAAAGCATATTTAACTAGTGATGGTAACTTAACTACARACGATGCTGGTGGTGCGACT
GCGGCTACGCTTGATGGTTTATTCAAGAAAGCTGGTGATGGTCAATCAATCGGGTTTAAC
AAGACTGCATCAGTCACGATGGGGGGAACAACTTATAACTTTAAAACGGGTGCTGATCCT
GATGCTGCAACTGCTAACGCAGGGGTATCGTTCACTGATACAGCTAGCARAGARACCGTT
TTAAATARAGTGGCTACAGCTAAACAAGGCAARAGCAGCTGCAGCTGACGGTGATACATCC
GCAACAATTACCTATAAATCTGGCGTTCAGACGTATCAGGCTGTATTTGCCGCAGGTGAC
GGTACTGCTAGCGCAAAATATGCCGATAAAGCTGACGTTTCTAATGCARCAGCAACATAC
ACTGATGCTGATGGTGAAATGACTACAATTGGTTCATACACCACGAAGTATTCAATCGAT
GCTAACAACGGCAAGGTAACTGTTGATTCTGGAACTGGTACGGGTAAATATGCGCCGARA
GTAGGGGCTGAAGTATATGTTAGTGCTAATGGTACTTTAACAACAGATGCAACTAGCGRAA
GGCACAGTAACAAAAGATCCACTGARAAGCTCTIGGATGAAGCTATCAGCTCCATCGACARA
TTCCGTTCTTCCCTGGGTGCTATCCAGAACCGTCTGGATTCCGCAGTCACCAACCTGAAC
AACACCACTACCAACCTGTCCGAAGCGCAGTCCCGTATTCAGGACGCCGACTATGCGACT
GAAGTGTCCAACATGTCGAAAGCGCAGATCATTCAGCAGGCCGGTAACTCCGTGCTGGCA
ARAGCCAACCAGGTACCGCAGCAGGTTCTGTCTICTGCTGCAGGGTTAG
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SEQ ID NO: 504 Salmonella muenchen flagellin f1iC amino acid sequence (hinge region

underlined)

MAQVINTNSLSLLTONNLNKSOSALGTATERLSSGLRINSAKDDAAGOATANRFTANTIKGLT
QASRNANDGISIAQTTEGALNEINNNLORVRELAVQOSANGTNSQSDLDSIQAETITQRINEID
RVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKEISSKTLGLDKINVODAYTPKETAV
TVDKTTYRKNGTDTITAQSNTDIQTATIGGCGATGVTGADIKFKDGOYYLDVKGGASAGVYKATY
DETTKKVNIDTTDKTPLATAEATATRGTATITHNQIAEVTKEGVDTTTVAAQLAAAGVTGAD
KDNTSLVKLSFEDKNGKVIDGGYAVREMGDDEFYAATYDEKTGTITAKTTTYTDGAGVAQTGAV
KFGGANGKSEVVTATDGKTYLASDLDKHNFRTGGELKEVNTDKTENPLOKIDAALAQVDTLR
SDLGAVONRENSATTNLGNTVNNLSSARSRIEDSDYATEVSNMSRAQTIT.QOAGTSVLAQANQ
VPONVLSLLR

Figure 35
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SEQ ID NO: 505 Salmonella muenchen flagellin fliC nucleic acid sequence (hinge region

underlined)

AATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAACARAT
CCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATCAACAGCGCG
AAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTCACCGCGAACATCARAGGTCTGAC
TCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTGAAGGCGCGCTGA
ACGAAATCAACAACAACCTGCAGCGTGTGCGTGAACTGGCGGTTCAGTCTGCTAACGGTACT
AACTCCCAGTCTGACCTTGACTCTATCCAGGCTGAAATCACCCAGCGTCTGAACGAAATCGA
CCGTGTATCCGGTCAGACTCAGTTCAACGGCGTGARAAGTCCTGGCGCAGGACAACACCCTGA
CCATCCAGGTTGGTGCCAACGACGGTGAAACTATTGATATTGATTTAAAAGAAATTAGCTCT
AAAACACTGGGACTTGATAAGCTTAATGTCCAGGATGCCTACACCCCGARAGAAACTGCTGT
AACCGTTGATAAAACTACCTATAAAAATGGTACAGATACTATTACAGCCCAGAGCAATACTG
ATATCCAAACTGCAATTGGCGGTGGTGCAACGGGGGTTACTGGGGCTGATATCAAATTTAAR
GATGGTCAATACTATTTAGATGTTAAAGGCGGTGCTTCTGCTGGTGTTTATAAAGCCACTTA
TGATGAAACTACAAAGAAAGTTAATATTGATACGACTGATAARACTCCGTTAGCAACTGCGG
AAGCTACAGCTATTCGGGGAACGGCCACTATAACCCACAACCAARTTGCTGAAGTAACARAR
GAGGGTGTTGATACGACCACAGTTGCGGCTCAACTTGCTGCTGCAGGGGTTACTGGTGCCGA
TAAGGACAATACTAGCCTTGTAAAACTATCGTTTGAGGATAARAACGGTAAGGTTATTGATG
GTGGCTATGCAGTGAAAATGGGCGACGATTTCTATGCCGCTACATATGATGAGAAAACAGGT
ACAATTACTGCTAAAACAACCACTTATACAGATGGTGCTGGCGTTGCTCARACTGGAGCTGT
GAAATTTGGTGGCGCAAATGGTAAATCTGAAGTTEGTTACTGCTACCGATGGTAAAACTTACT
TAGCAAGCGACCTTGACAAACATAACTTCAGAACAGGCGGTGAGCTTAAAGAGGTTAATACA
GATAAGACTGAAAACCCACTGCAGARAATTGATGCTGCCTTGGCACAGGTTGATACACTTCG
TTCTGACCTIGGGTGCGGTACAGAACCGTTTCAACTCCGCTATCACCAACCTGGGCAATACCG
TAAATAACCTGTCTTCTGCCCGTAGCCGTATCGAAGATTCCGACTACGCGACCGAAGTCTCC
AACATGTICTCGCGCGCAGATTCTGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCTAACCA
GGTTCCGCAAAACGTCCTCTCTTTACTGCGTTAA

Figure 36
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SEQ ID:506 Amino acid sequence of pMT/STF2 (Linker underlined)

MKLCILLAVVAFVGLSLGRSAQVINTNSLSLLTONNLNKSOSALGTATIERLSSGLRI
NSAKDDAAGQOAIANRFTANIKGLTQASRNANDGISIAQTTEGALNEINNNLQRVREL
AVQSANSTNSQSDLDSIQAEITQRLNEIDRVSGQTQFNGVKVLAQDNTLTIQVGAND
GETIDIDLKQINSQOTLGLDSLNVOKAYDVKDTAVITKAYANNGTTLDVSGLDDAAIK
AATGGTNGTASVTGGAVKEDADNNKYFVTIGGFTGADAAKNGDYEVNVATDGTVTTLA
AGATKTTMPAGATTKTEVQELKDTPAVVSADAKNALTAGGVDATDANGAELVKMSYT
DKNGKTIEGGYALKAGDKYYAADY DEATGAIKAKTTSYTAADGTTKTAANQLGGVDG
KTEVVTIDGKTYNASKAAGHDFKAQPELAEAAAKTTENPLOKIDAATAQVDALRSDT
GAVONRENSAITNLGNTVNNLSEARSRIEDSDYATEVSNMSRAQILOQAGTSVLAQA
NOVPONVLSLLRKGNSKLEGQLEFPRTSPVWWNSADIQHSGGRSSLEGPREEGKPIP
NPLLGLDSTRTGHHHHHH

Figure 37
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SEQ ID: 507 Amino acid sequence of pMT/STF2 (Linker
underlined) .

ATGAAGTTATGCATATTACTGGCCGTCGIGGCCTITTGTTGGCCTCTCGCTCGGGAGATCT
GCACAAGTAATCAACACTAACAGTCTGTCGCTGCTGACCCAGAATAACCTGAACAAATCC
CAGTCCGCACTGGGCACCGCTATCGAGCGTCTGTCTTCTGGTCTGCGTATCAACAGCGCG
ARAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTCACCGCGAACATCARAAGGTCTG
ACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTGARAGGCGCG
CTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAACTGGCGGTTCAGTCTGCTAAC
AGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGGCTGARATCACCCAGCGCCTGAAL
GAAATCGACCGTGTATCCGGCCAGACTCAGTTCAACGGCGTGAAAGTCCTGGCGCAGGAL
AACACCCTGACCATCCAGGTTGGCGCCAACGACGGTGARACTATCGATATCGATCTGAAG
CAGATCAACTCTCAGACCCTGGGTCTGGACTCACTGAACGTGCAGAAAGCGTATGATGTG
AAAGATACAGCAGTAACAACGAAAGCTTATGCCAATAATGGTACTACACTGGATGTATCG
GGTCTTGATGATGCAGCTATTAAAGCGGCTACGGGTGGTACGAATGGTACGGCTTICTGTA
ACCGGTGGTGCGGTTAAATTTGACGCAGATAATAACAAGTACTTTGTTACTATTGGTGGC
TTTACTGGTGCTGATGCCGCCAAAAATGGCGATTATGAAGTTAACGTTGCTACTGACGGT
ACAGTAACCCTTGCGGCTGGCGCAACTAAAACCACAATGCCTGCTGGTGCGACAACTAAA
ACAGAAGTACAGGAGTTAARAGATACACCGGCAGTTGTTTCAGCAGATGCTAAAAATGCC
TTAATTGCTGGCGGCGTTGACGCTACCGATGCTAATGGCGCTGAGTTGGTCARARTGTCT
TATACCGATAAAAATGGTAAGACAATTGAAGGCGGTTATGCGCTTARAGCTGGCGATRAAG
TATTACGCCGCAGATTACGATGAAGCGACAGGAGCAATTAAAGCTAARACTACAAGTTAT
ACTGCTGCTGACGGCACTACCAARAACAGCGGCTAACCAACTGGGTGGCGTAGACGGTARAR
ACCGAAGTCGTTACTATCGACGGTAARACCTACAATGCCAGCAAAGCCGCTGGTCATGAT
TTCAAAGCACAACCAGAGCTGGCGGAAGCAGCCGCTAARACCACCGARRACCCGCTGCAG
AAAATTGATGCCGCGCTGGCGCAGGTGGATGCGCTGCGCTCTGATCTGGGTGCGGTACAA
AACCGTTTCAACTCTGCTATCACCAACCTGGGCAATACCGTAAACAATCTGETCTGAAGCG
CGTAGCCGTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAG
ATTCTGCAGCAGGCCGGTACTTCCGTTCTGGCGCAGGCTAACCAGGTCCCGCAGAACGTG
CTGTCTCTGTTACGTAAGGGCAATTCGAAGCTTGAAGGTCAATTGGARATTCCCTAGGACT
AGTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAG
GGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCET
ACCGGTCATCATCACCATCACCAT
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SEQ ID NO: 561

DTICIGYHANNSTDITVDIVLEKNVIVTHSVNLLEDSHNGKLCRLKGIAPLOLGKCNTIAGH
LLGNPECDPLLPVRSWSY IVETPNSENGICYPGDFIDYEELREQLSSVSSFERFEIFPKE
SSWPNHNTNGVTAACSHEGKSSEFYRNLLWLTEKEGSYPKLKNSYVNKKGKEVLVLWGIHH
PPNSKEQONLYQNENAYVSVVISNYNRRETPEIAERPKVRDQAGRMNYYWTLLKPGDTII
FEANGNLIAPMYAFALSRGFGSGIITSNASMHECNTKCQTPLGAINSSLPYQONIHPVTIG
ECPKYVRSAKLRMVTGLRNIPSIQSRGLFGATAGFIEGGWTGMIDGWYGYHHONEQGSGY
AADQOKSTONAINGITNKVNTVIEKMNIQFTAVGKEFNKLEKRMENLNKKVDDGFLDIWTY
NAELLVLLENERTLDFHDSNVKNLYEKVKSCLKNNARKEIGNGCFEFYHKCDNECMESVRN
GTYDYPKYSEESKLNREKVDGVKLESMGIYQ

Figure 43
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SEQ ID NO: 562

GACCAGATCTGTATCGGTTATCATGCTAACAATTCTACTGAACAAGTAGATACTATCATG
GAGAAGAACGTTACAGTTACACATGCACAAGATATCCTGGAARAGAAGCATAATGGAAAA
CTGTGTGACCTTGATGGTGTTAAACCACTAATATTGCGTGACTGCTCAGTTGCTGGGETGG
TTGTTGGGGAATCCAATGTGCGACGAATTTATCAACGTTCCAGAATGCGAGTTACATTGTT
GAAAAAGCTAACCCTGTTAACGACTTGTGTTACCCAGGCGATTTTAATGACTACGAGGAA
CTTAAGCATTTGTTGTCAAGAATTAACCACTTCGAGAAAATTCAAATTATTCCAAAGTCA
TCTTGGTCCTCCCATGAAGCATCCCTAGGAGTCTCTTCCGCTTGCCCTTACCAAGGCAAG
AGTTCCTTTTTICGTAATGTCGTCTGGCTGATCAARRAGAACTCCACCTATCCAACTATA
AAGAGATCATACAACAACACAAATCAGGAGGATCTGCTAGTTCTGTGGGGCATTCACCAC
CCCAATGACGCAGCTGAGCAGACTAAATTGTACCAAAACCCARCTACCTATATATCAGTT
GGTACCTCAACTCTTAACCAGCGACTAGTCCCCCGTATTGCTACTAGGTCAAAGGTTAAT
GGTCARAAGTGGACGAATGGAGTTTTTCTGGACTATTTTGAAGCCCAACGATGCCATCAAC
TTCGAAAGTAATGGAAATTTCATAGCCCCTGAGTACGCTTACARAATCGTTAAAANGGGT
GATTCCACTATCATGARAATCTGAACTGGAATACGGAAACTGTAACACCAAATGCCAGACG
CCAATGGGTGCCATCAACTCTTCTATGCCTITTTCACAACATTCATCCTTTGACTATTGGT
GAATGCCCAAAGTACGTCAAATCTAACCGTTTGGTGTTGGCTACTGGTCTAAGGAACTCC
CCTCAGCGTGARAGAAGAAGARAGAAGAGGGGATTATTCGGTGCTATCGCTGGATTTATT
GAGGGAGGATGGCAGGGAATGGTCGATGGCTGGTATCGCTTACCATCACTCAAATGAACAG
GGAAGTGGATACGCAGCTGATARAGAATCTACTCAAAAGGCTATCGACGGTGTTACARAC
AAGGTCAATTCTATTATCGATAAGATGAATACACAGTTTGAGGCTGTTGGTAGAGAGTTC
ARTARATCTTGAGAGAAGAATCGAAAACCTGAACAAGAAAATGCGARGACGGATTTTTAGAT
GTATGGACTTACAATGCTGAGTTGTTGGTCTTGATGGAGAATGAACGAACGTTGGACTTC
CATGACTCCAATGTGAAGAACCTATATGACAAAGTGAGGCTGCAACTTAGAGACAACGCC
AAGGAATTGGGAAACGGGTGCTTCGAGTTTTACCACAAATGCGACAACGAATGTATGGAA
TCAGTGAGAAACGGTACCTATGATTACCCCCAATATTCCGAGGAGGCAAGACTGAAGAGA
GAAGAGATATCTGGTGTAAAGTTGGAATCCATCGGTATTTATCAGATTCTATCTATATAT
TCTACCTAATAG

Figure 44
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SEQ ID NO: 563 E. coli fliC Amino Acid sequence (without hinge region)

MAQVINTNSLSLITONNINKNQSALSSSIERLSSGLRINSAKDDAAGQATANRETSNIKG
LTOAARNANDGISVAQTTEGALSEINNNLORIRELTVOASTGTNSDSDLDSIQDEIKSRL
DEIDRVSGOTQFNGVNVLAKDGSMKIQVGANDGOTITIDLKKIDSDTLGTKDPLKALDEA
ISSIDKFRSSLGAIONRLDSAVTNLNNTTTNLSEAQSRIQDADYATEVSNMSKAQTITQOA
GNSVLAKANQVPQQVLSLLQG

Figure 45
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SEQ ID: 585 Amino acid sequence of pMT/STF2A

MKLCILLAVVAFVGLSLGRSAQVINTNSLSLLTONNLNKSQSALGTAIERLS
SGLRINSAKDDAAGQATANRETANIKGLTOASRNANDGISIAQTTEGALNET
NNNLOQRVRELAVQSANSTNSQSDLDSIQAEITQRLNEIDRVSGQTQFNGVKV
LAQDNTLTIOVGANDGETIDIDLKOINSQTLGLDSLNVHGAPVDPASPWTEN
PLOKIDAALAQVDALRSDLGAVONRFNSAITNLGNTVNNLSEARSRIEDSDY
ATEVSNMSRAQILOQAGTSVLAQANQVPONVLSLLREFSRYPAQWRPLTRTG
HHHHHH

Figure 46
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SEQ ID: 586 Nucleic acid sequence of pMT/STF2A

ATGAAGTTATGCATATTACTGGCCGTCGTGGCCTTTGTTGGCCTCTCGCTCG
GGAGATCTGCACAAGTAATCAACACTAACAGTCTGTCGCTGCTGACCCAGAA
TAACCTGAACAAATCCCAGTCCGCACTGGGCACCGCTATCGAGCGTCTGTCT
TCTGGTCTGCGTATCAACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTG
CTAACCGTTTCACCGCGAACATCAAAGGTCTGACTCAGGCTTCCCGTAACGC
TAACGACGGTATCTCCATTGCGCAGACCACTGAAGGCGCGCTGAACGAAATC
AACAACAACCTGCAGCGTGTGCGTGAACTGGCGGTTCAGTCTGCTAACAGCA
CCAACTCCCAGTCTGACCTCGACTCCATCCAGGCTGARATCACCCAGCGLCT
GAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTCAACGGCGTGARAGTC
CTGGCGCAGGACAACACCCTGACCATCCAGGTTGGCGCCAACGACGGTGARA
CTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCTGGACTC
ACTGAACGTGCATGGAGCGCCGGTGGATCCTGCTAGCCCATGGACCGAARAC
CCGCTGCAGAAAATTGATGCCGCGCTGGCGCAGGTGGATGCGCTGCGCTCTG
ATCTGGGTGCGGTACAAAACCGTTTCAACTCTGCTATCACCAACCTGGGCAA
TACCGTAAACAATCTGTCTGAAGCGCGTAGCCGTATCGAAGATTCCGACTAC
GCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTTTGCAGCAGGCCGGTA
CTTCCGTTCTGGCGCAGGCTAACCAGGTCCCGCAGRACGTGCTGTCTCTGTT
ACGTGAATTCTCTAGATATCCAGCACAGTGGCGGCCGCTCACGCGTACCGGT
CATCATCACCATCACCATTGA
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SEQ ID NO: 595 Salmonella muenchen f£1iC Amino Acid Sequence
(Hinge region deleted)

MAQVINTNSLSLLTONNLNKSQOSALGTATERLSSGLRINSAKDDAAGOQATANRFTANIKG
LTQASRNANDGISTAQTTEGALNEINNNLORVRELAVQOSANGTNSQSDLDSIQAETITORL
NEIDRVSGQTQOFNGVKVLAQDNTLTIQVGANDGETIDIDLKEISSKTLDKHNFRTGGELK
EVNTDKTENPLOKIDAATLAQVDTLRSDLGAVONRFNSAITNLGNTVNNLSSARSRIEDSD
YATEVSNMSRAQILOQAGTSVLAQANQVPONVLSLLR

Figure 48
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SEQ TID NO: 596 Salmonella Muenchen f£1iC Nucleic Acid Sequence
(Hinge region deleted)

ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAACAAR
TCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGETCTTCCGGTCTGCGTATCAACAGC
GCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTCACCGCGAACATCAAAGGT
CTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTGAAGGC
GCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGARCTGGCGGTTCAGTCTGCT
AACGGTACTAACTCCCAGTCTGACCTTGACTCTATCCAGGCTGARATCACCCAGCGTICTG
ARCGAAATCGACCGTGTATCCGGTCACGACTCAGTTCAACGGCGTGARAGTCCTGGCGCAG
GACAACACCCTGACCATCCAGGTTGGTGCCAACGACGGTGARACTATTGATATTGATTTA
AAAGAAATTAGCTCTAARACACTGACAGATAAGACTGAAAACCCACTGCAGARAATTGAT
GCTGCCTTGGCACAGGTTGATACACTTCGTTCTGACCTGGGTGCGGTACAGAACCGTTTC
AACTCCGCTATCACCAACCTGGGCAATACCGTAAATAACCTGTCTTCTGCCCGTAGCCGT
ATCGAAGATTCCGACTACGCGACCGAAGTCTCCAACATGTCTCGCGCGCAGATTCTGCAG
CAGGCCGGTACCTCCGTTCTGGCGCAGGCTAACCAGGTTCCGCAARRACGTCCTCTCTTTA
CTGCGTTAA
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IL-8 Secretion Following Stimulation of TLR5+ Cells
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TNF Secretion Following Stimulation of TLR2+ Cells
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M2e-Specific IgG Serum Titer
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M2Ze-Specific Serum IgQ Titer Post-boost
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Pam3Cys.M2e Dose Response
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M2e Specific Serum IgG Titer
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Rabbit IgG to M2e Individual Rabbits Day 49 (Day 7 Post Boost 2) 1:125 Dilution
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Survival Following Viral Challenge
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050324 QC ELISA: polyclonal anti-WNE (L2 0605)
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050324 QC ELISA: anti-flagellin (6H11)
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050324 QC ELISA: 5C5 monoclonal anti-WNE
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050324 QC ELISA: 7H2 monoclonal anti-WNE
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Flavivirus Envelope Protein Domain I/III junction
(domain I 280-297, domain 11T 298-406)

WN aa 281-307
WN LTSGHLKCRVKMEKIQLKGTTYGVCSK(SEQ ID NO: 691)
JE  LTSGHLKCRLKMDKLALKGTTYGMCTE (SEQ ID NO: 692)
D1  IFAGHLKCRLKMDKLTLKGMSYVMCTG(SEQ ID NO: 639)
D2 LFTGHLKCRLRMDKLQLKGMSYSMCTG(SEQ ID NO: 694)
D3 IFAGHLKCRLKMDKLKLKGMSYAMCLN(SEQ ID NO: 695)
D4 MFAGHLKCKVRMEKLRIKGMSYTMCSG (SEQ ID NO: 696)
xXXxGHLKCRxxMxKLxLKGxx YxxCxx (SEQ ID NO: 697)
GHLKCRMKLLKGYC - (SEQID NO: 698)
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Flagellin from Pseudomonas aeruginosa (accession number P21184)
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VTAATASGTV DIAIGITGGS AVNVKVDMKG NETAEQARAK IAAAVNDANV GIGAFSDGDT
koK 260 270 280 *290 * 300
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Flagellin from Listeria monocytogenes (accession number Q92DW3)
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COMPOSITIONS THAT INCLUDE
HEMAGGLUTININ, METHODS OF MAKING
AND METHODS OF USE THEREOF

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 11/714,684, filed on Mar. 6, 2007, which claims
the benefit of U.S. Provisional Application Nos. 60/779,854,
filed on Mar. 7, 2006; 60/784,497, filed on Mar. 20, 2006;
60/790,457, filed on Apr. 7, 2006; 60/814,292, filed on Jun.
16,2006; 60/830,881, filed on Jul. 14, 2006; 60/838,007, filed
on Aug. 16, 2006; and 60/856,451, filed on Nov. 3, 2006. The
entire teachings of the above applications are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

[0002] Viral influenza infection can lead to disease. Strat-
egies to prevent and manage disease associated with viral
influenza infection can include vaccines with inactivated
viruses and drugs. However, such strategies can be costly to
maintain supply with demand and, thus, be limited in supply;
may result in variable protection and less than satisfactory
alleviation of symptoms, thereby ineffectively preventing or
treating illness and, in some instances death, consequent to
disease associated with viral influenza infection. Thus, there
is a need to develop new, improved and effective methods of
treatment for preventing and managing disease associated
with viral influenza infection.

SUMMARY OF THE INVENTION

[0003] The present invention relates to compositions, such
as compositions that stimulate a protective immune response,
and methods of making proteins that stimulate a protective
immune response in a subject.

[0004] In one embodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transforming a nucleic acid sequence encoding the protein
portion into a prokaryotic host cell; and culturing the prokary-
otic host cell to thereby make the protein that stimulates a
protective immune response in a subject.

[0005] Inanotherembodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is not a Pichia pastoris eukaryotic host cell; and
culturing the eukaryotic host cell to thereby make the protein
that stimulates a protective immune response in a subject.
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[0006] Inanother embodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is not a Drosophila melanogaster eukaryotic host
cell; and culturing the eukaryotic host cell to thereby make the
protein that stimulates a protective immune response in a
subject.

[0007] In a further embodiment, the invention is a method
of making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
hostcellis not an insect eukaryotic host cell; and culturing the
eukaryotic host cell to thereby make the protein that stimu-
lates a protective immune response in a subject.

[0008] In a further embodiment, the invention is a method
of making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is not a stably transformed insect host cell; and
culturing the eukaryotic host cell to thereby make the protein
that stimulates a protective immune response in a subject.
[0009] In still another embodiment, the invention is a
method of making a protein that stimulates a protective
immune response in a subject, comprising the steps of sepa-
rating a portion of a protein from a naturally occurring viral
hemagglutinin to thereby form a protein portion, wherein the
protein portion includes at least a portion of a globular head,
and at least a portion of at least one secondary structure that
causes the globular head to essentially retain its tertiary struc-
ture, and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is neither a Picia pastoris eukaryotic host cell nor a
stably transfected insect host cell; and culturing the eukary-
otic host cell to thereby make the protein that stimulates a
protective immune response in a subject.

[0010] In yet another embodiment, the invention is a
method of stimulating protective immunity in a subject, com-
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prising the step of administering to the subject a composition
that includes a protein made by a method comprising the steps
of'separating a portion of a protein from a naturally occurring
viral hemagglutinin to thereby form a protein portion,
wherein the protein portion includes at least a portion of a
globular head, and at least a portion of at least one secondary
structure that causes the globular head to essentially retain its
tertiary structure, and wherein the protein portion lacks a
membrane fusion domain, a transmembrane domain and a
cytoplasmic domain; transforming a nucleic acid sequence
encoding the portion into a prokaryotic host cell; and cultur-
ing the prokaryotic host cell to thereby make the protein that
stimulates a protective immune response in a subject.

[0011] In an additional embodiment, the invention is a
method of stimulating protective immunity in a subject, com-
prising the step of administering to the subject a composition
that includes a protein portion of a naturally occurring viral
hemagglutinin, wherein the protein portion includes at least a
portion of a globular head, and at least a portion of one
secondary structure that causes the globular head to essen-
tially retain its tertiary structure and wherein the protein por-
tion lacks a membrane fusion domain, a transmembrane
domain and a cytoplasmic domain.

[0012] In still another embodiment, the invention is a
method of making a viral hemagglutinin protein that stimu-
lates a protective immune response in a subject, comprising
the steps of separating a portion of a protein from a naturally
occurring viral hemagglutinin to thereby form a protein por-
tion, wherein the protein portion includes at least a portion of
a globular head and at least a portion of at least one secondary
structure that causes the globular head to essentially retain its
tertiary structure, and wherein the protein portion lacks a
membrane fusion domain, a transmembrane domain and a
cytoplasmic domain; transfecting a nucleic acid sequence
encoding the portion in a eukaryotic host cell, wherein the
eukaryotic host cell is neither a Pickia pastoris eukaryotic
host cell nor a stably transfected insect host cell; and culturing
the eukaryotic host cell to thereby make the protein that
stimulates a protective immune response in a subject.

[0013] Inanother embodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby make a protein portion, wherein the pro-
tein portion includes at least a portion of a globular head, and
at least a portion of at least one secondary structure that
causes the globular head to essentially retain its tertiary struc-
ture, and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
infecting a nucleic acid sequence encoding the protein por-
tion into an insect cell host cell; and culturing the insect host
cell to thereby make the protein that stimulates a protective
immune response in a subject.

[0014] Inanother embodiment, the invention is a method of
making a viral hemagglutinin protein that stimulates a pro-
tective immune response in a subject, comprising the steps of
transforming a prokaryotic host cell with a nucleic acid
sequence encoding at least one viral hemagglutinin that lacks
a transmembrane domain and a cytoplasmic domain; and
culturing the prokaryotic cell to thereby make the protein.
[0015] In a further embodiment, the invention is a method
of stimulating protective immunity in a subject, comprising
the step of administering to the subject a composition that
includes a protein made by a method comprising the steps of
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transforming a prokaryotic host cell with a nucleic acid
sequence encoding at least one viral hemagglutinin that lacks
a transmembrane domain and a cytoplasmic domain; and
culturing the prokaryotic host cell to thereby make the pro-
tein.

[0016] Inanother embodiment, the invention is a method of
stimulating protective immunity in a subject, comprising the
step of administering to the subject a composition that
includes a protein having at least one viral hemagglutinin that
lacks a transmembrane domain and a cytoplasmic domain,
wherein the protein was expressed in a prokaryotic cell.
[0017] Inanadditional embodiment, the invention is a com-
position comprising at least a portion of at least one pathogen-
associated molecular pattern and a portion of a protein of a
naturally occurring viral hemagglutinin, wherein the portion
of the naturally occurring viral hemagglutinin includes at
least a portion of a globular head and at least a portion of at
least one secondary structure that causes the globular head to
essentially retain its tertiary structure, and wherein the por-
tion of the naturally occurring viral hemagglutinin lacks a
membrane fusion domain, a transmembrane domain, and a
cytoplasmic domain.

[0018] Another embodiment of the invention is a composi-
tion comprising a flagellin component that is at least a portion
of a flagellin, wherein the flagellin component includes at
least one cysteine residue and whereby the flagellin compo-
nent activates a Toll-like Receptor 5.

[0019] In still another embodiment, the invention is a com-
position comprising a Toll-like Receptor agonist component
that is at least a portion of a Toll-like Receptor agonist,
wherein the Toll-like Receptor agonist component includes at
least one cysteine residue in a position where a cysteine
residue does not occur in the native Toll-like Receptor ago-
nist, whereby the Toll-like Receptor agonist component acti-
vates a Toll-like Receptor.

[0020] Inanadditional embodiment, the invention is acom-
position comprising a flagellin component that is at least a
portion of a flagellin, wherein at least one lysine of the flagel-
lin component has been substituted with at least one arginine,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0021] Inyet another embodiment, the invention is a com-
position comprising a flagellin component that is at least a
portion of a flagellin, wherein at least one lysine of the flagel-
lin component has been substituted with at least one serine
residue, whereby the flagellin component activates a Toll-like
Receptor 5.

[0022] Another embodiment of the invention is a composi-
tion comprising a flagellin component that is at least a portion
of a flagellin, wherein at least one lysine of the flagellin
component has been substituted with at least one histidine
residue, whereby the flagellin component activates a Toll-like
Receptor 5.

[0023] A further embodiment of the invention is a method
of stimulating an immune response in a subject, comprising
the step of administering to the subject a composition that
includes a flagellin component that is at least a portion of a
flagellin, wherein the flagellin component includes at least
one cysteine residue and whereby the flagellin component
activates a Toll-like Receptor 5.

[0024] In still another embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
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a flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one arginine, whereby
the flagellin component activates a Toll-like Receptor 5.
[0025] An additional embodiment of the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one serine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0026] Inanother embodiment, the invention is a method of
stimulating an immune response in a subject, comprising the
step of administering to the subject a composition that
includes a flagellin component that is at least a portion of a
flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one histidine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0027] In yet another embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a Toll-like Receptor agonist component that is at
least a portion of a Toll-like Receptor agonist, wherein the
Toll-like Receptor agonist component includes at least one
cysteine residue in a position where a cysteine residue does
not occur in the native Toll-like Receptor agonist, whereby
the Toll-like Receptor agonist component activates a Toll-like
Receptor agonist.

[0028] The methods and composition of the invention can
be employed to stimulate an immune response, in particular,
a protective immune response, in a subject. Advantages of the
claimed invention include, for example, cost effective meth-
ods and compositions that can be produced in relatively large
quantities for use in the prevention and treatment of disease
associated with viral influenza infection. The claimed meth-
ods and compositions can be employed to prevent or treat
viral influenza infection and, therefore, avoid serious illness
and death consequent to viral influenza infection.

BRIEF DESCRIPTION OF THE FIGURES

[0029] FIG. 1 depicts a ribbon diagram of PR8 influenza A
hemagglutin (HA) crystal structure (1RU7). Schematically
presentations from left to right are HA trimer, monomer, the
globular head domain and the three choices of vaccine can-
didates. Molecules or domains of interest are highlighted by
dotted circle, such as the monomer in trimer structure and the
globular head domain within the monomer structure. The
domain boundaries of three vaccine candidates are marked by
the cross signs. The residue numbers of each selection are also
labeled in the individual vaccine presentation.

[0030] FIG. 2 depicts a hydrophobicity plot analysis of the
B/Lee/40 HA (SEQ ID NO: 36) using ProtScale (http://ca.
expasy.org/tools—Primary structure analysis—ProtScale) to
confirm that the selected boundaries were in the hydrophilic
regions of the protein.

[0031] FIG. 3 depicts a sandwich ELISA analysis of STF2.
HA B strain proteins. ELISA plates were coated with anti-
body to flagellin, and the indicated proteins were incubated to
allow capture. Proteins were detected using ferret antisera
against B/Malaysia/2506/2004 and enzyme-labeled goat
anti-ferret antibodies.

[0032] FIG. 4 depicts the TLR bioactivity of STF2.HA B
strain proteins. HEK293 (TLR5+) cells were incubated with
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the indicated proteins overnight, and the cell culture super-
natants were harvested and assessed for I[.-8 by ELISA.
[0033] FIG. 5 depicts the TLR bioactivity of STF2.HA B
strain proteins. HEK293

[0034] (TLRS5+) cells were incubated with the indicated
proteins overnight, and the cell culture supernatants were
harvested and assessed for IL.-8 by ELISA.

[0035] FIG. 6 depicts the dose-dependent antibody
response to STF2.HA1-2(PR8) (SEQ ID NO: 90) in BALB/c
mice. Mice (10/group) were immunized as indicated on days
Oand 14, and bled on days 12 and 21. Anti-HA IgG responses
on Day 28 were examined by ELISA. Convalescent antisera
(x) were included as a positive control. The data depict the
mean+SD of 10 individual sera per group.

[0036] FIG. 7 depicts serum reactivity with influenza
infected cells in vitro. The day 21 serum samples depicted in
FIG. 6 were incubated with mock- and PR/8/34-infected
MDCK cells. The data represent the OD,5, mean+SD of 10
individual sera/group.

[0037] FIG. 8A depicts survival of BALB/c mice immu-
nized with STF2.HA1-2(PR8) (SEQ ID NO: 90). Mice from
FIGS. 8 and 9 were challenged on day 28 with an LD, (8x10°
EID) of influenza A PR/8/34 administered intranasally (Day
0 post-challenge).

[0038] FIG. 8B depicts weights of BALB/c mice immu-
nized with STF2.HA1-2(PRS8) (SEQ ID NO: 90). Mice from
FIGS. 6 and 7 were challenged on day 28 with an LD, (8x10°
EID) of influenza A PR/8/34 administered intranasally (Day
0 post-challenge). Graph reflects the average weight per
group based on individual animals measured daily for 19
days.

[0039] FIG. 8C depicts clinical Score of BALB/c mice
immunized with STF2. HA1-2(PR8) (SEQ ID: NO 90). Mice
from FIGS. 6 and 7 were challenged on day 28 with an LDy,
(8x10° EID) of influenza A PR/8/34 administered intrana-
sally (Day 0 post-challenge). Graph reflects the average clini-
cal score per group based on individual animals measured
daily for 19 days. Clinical scores were assessed as follows: 4
pts=healthy, 3 pts=reduced grooming, 2 pts=reduced physi-
cal activity and 1 pt=moribund.

[0040] FIG. 9 depicts neutralization activity of immune
sera from BALB/c mice immunized with the indicated doses
of STF2.HA1-2(PR8) (SEQID NO: 90)ondays 0 and 14, and
bled on day 21. The endpoint titer of each sample was calcu-
lated as the titer that inhibited virus-mediated lysis of the cells
by at least 50%. Geometric mean titers+SD were calculated
for each dose group and plotted.

[0041] FIGS. 10A and 10B depict anti-HA antibody
response of BALB/c mice immunized with 3 pg of STF2.
HA1-2(PR8) (SEQ ID NO: 90), or 3 or 0.3 pg of STF2.HA1-
2(VN) (SEQIDNO: 95)s.c.ondaysOand 14. Onday 21, sera
were isolated and examined for reactivity with (FIG. 10A)
HA purified from Influenza A/Viet Nam/1203/2004 (obtained
from BEI Resources Cat# NR-660)) and (FIG. 10B) recom-
binant flagellin (STF2) (SEQ ID NO: 96) by ELISA.

[0042] FIG. 11 depicts a flow chart of the steps required to
express pFastBac constructs using Bac-to-Bac Baculovirus
Expression system.

[0043] FIGS. 12A and 12B depict an anti-HA specific IgG
responses in BALB/c mice immunized with STF2.HA1-1
fusion proteins. Mice (10/group) were immunized with indi-
cated STF2.HA1-1 fusion proteins on days O and 14, and bled
on day 21. Anti-HA and anti-flagellin I1gG responses were
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examined by ELISA. Convalescent antisera were included as
a positive control. The data depict the mean+SD of 10 indi-
vidual sera per group.

[0044] FIG. 13 A depicts survival of BALB/c mice immu-
nized with recombinant STF2.HA1-1 proteins. On day 28,
animals in FIG. 12 were challenged i.n. with an LDy, (8x10°
EID) of influenza A PR/8/34. The survival of individual mice
was monitored for 21 days post challenge.

[0045] FIG. 13B depicts weight of BALB/c mice immu-
nized with recombinant STF2.HA1-1 proteins. On day 28,
animals in FIG. 12 were challenged i.n. with an LDy, (8x10°
EID) of influenza A PR/8/34. Graph reflects the average
weight per group based on individual animals measured daily
for 21 days.

[0046] FIG. 13C depicts clinical assessment of BALB/c
mice immunized with recombinant STF2.HA1-1 proteins.
On day 28, animals in FIG. 12 were challenged intranasally
(in.) with an LDy, (8x10° EID) of influenza A PR/8/34.
Graph reflects the average weight per group based on indi-
vidual animals measured daily for 21 days. Clinical scores
were assessed as follows: 4 pts=healthy, 3 pts=reduced

grooming, 2 pts=reduced physical activity and 1
pt=moribund.
[0047] FIG. 14 depicts anti-HA antibody titers of mice

following immunization with 10 ng STF2.HA1-2(VN).
[0048] FIG. 15 depicts an anti-HA antibody titers of mice
following immunization with 3 ug STF2.HA1-2(VN).
[0049] FIG. 16 depicts an anti-HA antibody titers of mice
following immunization with 1 ug STF2.HA1-2(VN).
[0050] FIG. 17 depicts a survival of mice following chal-
lenge with 10 LDy, of influenza A/Viet Nam/1203/04
[0051] FIG. 18 depicts the amino acid sequence of full-
length flagellin (STF2) highlighting important domains and

residues. | experimentally-defined TLRS binding site
(Smith, et al., 2003); 4 =lysine residues; underline=flagellin
sequences corresponding to STF2A construct (linker not
shown).

[0052] FIG. 19 depicts a space-filling model of flagellin
(STF2) with the TLRS activation site (left panel) and lysine
residues (right panel) highlighted in gray.

[0053] FIG. 20 depicts a space-filling model of flagellin
(STF2) with residues retained in STF2A highlighted in black.
[0054] FIG. 21 depicts a schematic depiction of the two-
step PCR cloning of pMT/STF2A.

[0055] FIG. 22 depicts recognition of flagellin epitopes of
STFA proteins in ELISA.

[0056] FIG. 23 depicts TLRS-dependent secretion of 1L.-8
following stimulation of HEK293 cells with the indicated
STF2A proteins.

[0057] FIG. 24 depicts the 5200 chromatogram of STF2A.
HingeCys:CysHIC1.  Void=column  void  volume;
conjugate=elution peak of protein: peptide conjugate; A260,
A280 and conductivity are indicated.

[0058] FIG. 25 depicts TLRS-dependent secretion of 1L.-8
following stimulation of RAWOTLRS cells (closed symbols)
or TLR5-negative RAW cells (open symbols) with STF2A.
HingeCys (squares), STF2A.HingeCys:CysH1C1 conjugate
(circles), or STF2.0VA (triangles).

[0059] FIG. 26 depicts the 5200 chromatogram of STF2.4x
H1C1. Void=column void volume; conjugate=elution peak of
protein: peptide conjugate; A260, A280 and conductivity are
indicated.
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[0060] FIG. 27 depicts an anti-H1C1 antibody response of
BALB/c mice immunized with native HI1C1 peptide or
Pam3Cys.H1C1 peptide.

[0061] FIG. 28 depicts a survival plot of BALB/c mice
immunized with native HIC1 peptide or Pam3Cys.HI1C1
peptide then challenged with an LD, of influenza A/Puerto
Rico/8/34 virus.

[0062] FIG. 29 depicts the amino acid sequence of Salmo-
nella typhimurium flagellin type 2 (fjB/STF2) with the hinge
region underlined (SEQ ID NO: 312).

[0063] FIG. 30 depicts the nucleic acid sequence (SEQ ID
NO: 498) encoding SEQ ID NO: 312. The nucleic acid
sequence encoding the hinge region is underlined.

[0064] FIG. 31 depicts the amino acid sequence of {IjB/
STF2 without the hinge region (also referred to herein as
“fljB/STF2A” or “STF2A”) (SEQ ID NO: 499).

[0065] FIG. 32 depicts the nucleic acid sequence (SEQ ID
NO: 500) encoding SEQ ID NO: 499.

[0066] FIG. 33 depicts the amino acid sequence of E. coli
flagellin fliC (also referred to herein as “E. co/i fliC”) with the
hinge region underlined (SEQ ID NO: 501).

[0067] FIG. 34 depicts the nucleic acid sequence (SEQ ID
NO: 502) encoding SEQ ID NO: 501. The nucleic acid
sequence encoding the hinge region is underlined.

[0068] FIG. 35 depicts the amino acid sequence of S.
muenchen flagellin fliC (also referred to herein as “S.
muenchen fliC”) with the hinge region underlined (SEQ ID
NO: 503).

[0069] FIG. 36 depicts the nucleic acid sequence (SEQ ID
NO: 504) encoding SEQ ID NO: 503. The nucleic acid
sequence encoding the hinge region is underlined.

[0070] FIG. 37 depicts the amino acid sequence of pMT/
STF2. The linker is underlined and the sequence of the BiP
secretion signal is bolded (SEQ ID NO: 505).

[0071] FIG. 38 depicts the nucleic acid sequence (SEQ ID
NO: 506) of SEQ ID NO: 505. The nucleic acid sequence
encoding the linker is underlined and the nucleic acid
sequence encoding the BiP sequence is bolded.

[0072] FIG. 39 depicts a Pam3Cys.M2e fusion protein. The
amino acid sequence (SEQ ID NO: 509) of M2e is shown in
bold type.

[0073] FIG. 40 depicts the activation of an antigen-present-
ing cell (APC) by Toll-like Receptor (TLR) signaling.
[0074] FIGS. 41A and 41B depict plasmid constructs to
express an amino-terminus of an M2 (e.g., SEQ ID NOS: 509,
553) of H1 and HS (SEQ ID NO: 535) influenza A viral
isolates. pMT: metallothionein promoter-based expression
vector. BiP: secretion signal sequence of immunoglobulin-
binding protein. STF2: full-length flagellin of S. typhimu-
rium. STF2A: hinge region-deleted STF2. MCS: multiple
cloning site.

[0075] FIG. 42 depicts plasmid constructs designed to
express HA of H1 and HS influenza A virus isolates. AOX1:
AOX1 promoter of pPICZa expression vector (Invitrogen
Corporation, Carlsbad, Calif.). af: secretion signal sequence
of yeast. STF2: full-length flagellin of S. #yphimurium.
STF2A: hinge region-deleted STF2. MCS: multiple cloning
site.

[0076] FIG. 43 depicts the amino acid sequence (SEQ ID
NO: 560) of HA (PRS).

[0077] FIG. 44 depicts the nucleic acid sequence (SEQ ID
NO: 561) encoding SEQ ID NO: 560.

[0078] FIG. 45 depicts the amino acid sequence (SEQ ID
NO: 562) of E. coli fliC without the hinge region.
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[0079] FIG. 46 depicts the amino acid sequence of pMT/
STF2A (SEQ ID NO: 584). The linker sequence is underlined
and the BiP secretion signal is bolded.

[0080] FIG. 47 depicts the nucleic acid sequence (SEQ ID
NO: 585) encoding SEQ ID NO: 584. The nucleic acid
sequence encoding the linker is underlined and the nucleic
acid sequence encoding the BiP secretion signal is bolded.
[0081] FIG. 48 depicts the amino acid sequence (SEQ ID
NO: 594) of the Salmonella muenchen fliC without the hinge
region, which is also referred to herein as “S. muenchen
fliCA>

[0082] FIG. 49 depicts the nucleic acid sequence of Salmo-
nella muenchen fliC (SEQ ID NO: 595) encoding SEQ ID
NO: 594.

[0083] FIG. 50 depicts IL.-8 secretion following stimula-
tion of TLR5+ cells.

[0084] FIG. 51 depicts TNF secretion following stimula-
tion of TLR2+ cells.

[0085] FIG. 52 depicts M2e-specific IgG.

[0086] FIG. 53 depicts the OVA-specific IgG.

[0087] FIG. 54 depicts the M2e-specific IgG serum titers.
[0088] FIG. 55 depicts the M2e-specific serum IgG titer
post-boost.

[0089] FIG. 56 depicts the Pam3Cys.M2e dose response.
[0090] FIG. 57 depicts the M2e-specific serum IgG titer.
[0091] FIG. 58 depicts the rabbit IgG response to M2e.
[0092] FIG. 59 depicts the immunogenicity of STF2.4x
M2e in a rabbit 14 days post-prime.

[0093] FIG. 60 depicts the survival of BALB1c¢ mice fol-
lowing challenge. Mice were immunized on days 0 and 14 as
indicated in the legend and challenged on day 28 by intranasal
administration of an LD, of influenza A/Puerto Rico/8/34
virus (Day 0 post-challenge). Mice were monitored for sur-
vival for 21 days post-challenge.

[0094] FIG. 61 depicts fusion constructs in a pET24 vector.
T7:T7 promoter; lacO: lac operator; STF2: Salmonella typh-
imurium flagellin, STF2A=STF2 with the hinge region
deleted; EIIT* is domain IIT of a West Nile envelope protein
with 6 amino acids of domain I amino acid.

[0095] FIGS. 62A and 62B depict TLRS bioactivity of
STF2.EIll+ (SEQ ID NOS: 655, 656) and STF2AEII+ (SEQ
1D NOS: 671, 672) fusion proteins. Serial dilutions of puri-
fied proteins were added to HEK293 (TLR5+) cells overnight
and IL-8 content of the supernatants measured by ELISA.
Purified STF2.OVA was used as a positive control (FIG.
129A). The TLR2 agonist PAm3CSK4 was used as a negative
control (FIG. 129B).

[0096] FIG. 63 depicts STF2A.EIll+ antigenic epitopes
assessed by ELISA. Plates were coated with full-length WNE
(open bars) (SEQ ID NO: 640) or STF2AEIll+ (SEQ 1D
NOS: 671, 672) and probed with the indicated antibodies
(mAb). Poly=polyclonal antiserum to WNE; 3D9 through
7H2=neutralizing monoclonal antibodies to WNE epitopes;
anti-flagellin=monoclonal antibody to flagellin.

[0097] FIGS. 64A, 64B, 64C and 64D depict reactivity of
STF2.E (SEQ ID NOS: 759, 760); STF2.EIll+ (SEQ ID
NOS: 655, 656) and STF2A EIll+ (SEQ ID NOS: 671, 672)
fusion proteins with antibodies to WNE and flagellin. Plates
were coated with fusion proteins, blocked and incubated with
antibodies to WNE or flagellin. Antibody reactivity was
detected following incubation with HRP-labeled species spe-
cific IgG. Plates were developed in the presence of TMB
substrate and O.D. 450/650 using a TECAN plate reader and
Magellian software.
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[0098] FIG. 65 depicts IgG serum following injection with
fusion proteins. Mice were immunized with either PBS,
Drosophila conditioned medium containing STF2.E (CM,
positive control), 25 pg of STF2A EIIl+ (SEQ ID NOS: 671,
672)i.p., 25 ug STF2A Elll+s.c., 25 ug STF2.EIl+ (SEQ ID
NO: 657, 656) i.p., 25 pug STF2.EIl+ (SEQ ID NOS: 655,
656) or 25 pug STF2.E (SEQ ID NOS: 759, 760). On day 35,
immunized animals were challenged with WNV. Sera from
individual mice (day 35) were characterized by direct ELISA
to determine IgG levels. Purified WNV-E protein (SEQ ID
NO: 640) was used as the antigen in this assay. This antigen
(60) was produced in Drosophila as a his-tagged protein.
[0099] FIG. 66 depicts STF2A.EIl+ (SEQ ID NOS: 671,
672) and STF2.EIll+ (SEQ ID NOS: 655, 656) protective
immunity to WNV viral challenge. Mice were immunized
and challenged with a lethal dose of WNV strain 2741 on day
35. Survival was monitored for 21 days.

[0100] FIG. 67 depicts IgG sera titers following immuni-
zation with fusion proteins. STF2A.EIll+ proteins induce
WNV-specific IgG antibodies. Mice were immunized s.c. on
days 0, 14 and 28 with PBS alone or about 25 ug of STF2A.
Elll+ (SEQ ID NOS: 671, 672) (045 [positive control]),
STF2A EIll+ (067, trimer), STF2A.EIIl+ (070, monomer) or
STF2A Ellls+ (SEQID NOS: 673, 674) (069). On day 35 sera
from individual mice were characterized by direct ELISA to
determine IgG levels. Purified WNV-E protein (060, pro-
duced in Drosophila as a his-tagged protein) was used as the
antigen in this assay.

[0101] FIG. 68 depicts STF2A.EITl+ (SEQ ID NOS: 671,
672) and STF2A Ellls+ (SEQ ID NOS: 673, 671) protective
immunity in mice from WNV lethal challenge. On day 38
following immunization with fusion proteins, all groups were
challenged with a lethal dose of WNV strain 2741 and sur-
vival was monitored for 21 days. Survival for each group (10
mice/group) is indicated as a percentage.

[0102] FIG. 69 depicts competition assays. Serial dilutions
(five fold starting at 1:25) of antisera from immunized ani-
mals were incubated with biotinylated WNE protein (SEQ ID
NO: 640) and then added to the wells of ELISA plates coated
with mAb 7H2 at about 2 mg/ml. Wells were developed using
avidin-HRP to determine inhibition of West Nile protein
binding as a results of competition with mAb 7H2.

[0103] FIG. 70 depicts epitope mapping of the antibody
response induced by STF2A.EIlI+ (SEQ ID NOS: 673, 674)
fusion proteins. Immune sera from animals immunized with
indicated STF2A-fusion proteins (E2-21, E27-E52, FIG. 142)
were examined for the ability to recognize overlapping pep-
tides corresponding to the junction of domains [ and IIT of the
WNYV envelope protein.

[0104] FIG. 71 depicts epitope mapping of the antibody
response induced by STFA.Ellls+ (SEQ ID NOS: 673, 674)
E-21 (envelope protein) epitope fusion proteins. Immune sera
from animals immunized with the indicated STF2A-fusion
proteins (E2-21, E2-21-1(S,C), E2-21-2(C,S), E2-21-2(C,S)
and E2-21-4 through E2-21-24, see FIG. 139) were evaluated
to identify the residues defining the E-21 epitope of West Nile
envelope protein. Data reflects the response of sera to E-21
following the substitution of cysteine with serine (indicated
by C,S); and the sequential replacement of amino acids with
alanine. The peptides tested are listed in FIG. 139.

[0105] FIG. 72 depicts Pam3Cys.WNV001 (SEQ ID NO:
769) inducing EIII specific IgG antibodies. Mice were immu-
nized s.c. on days 0, 14 and 28 with PBS alone, 22 mg of
unmodified WNVO001 (SEQ ID NO: 769) or 30 pg of
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Pam3Cys. WNV001. On day 35 sera from individual mice
were characterized by direct ELISA to determine IgG levels
to synthetic WNVO001 peptide.

[0106] FIG. 73 depicts the amino acid sequences (SEQ ID
NOS: 689, 696) of the EIVEIII junction for West Nile, Japa-
nese encephalitis and Dengue (serotypes 1 through 4) viruses.
The West Nile epitope identified using antisera from STF2A.
Ellls+ immunized animals is underlined. This sequence cor-
responds to peptide E2-21 (SEQ ID NO: 726).

[0107] FIG. 74 depicts a tripalmitoylated peptide that
includes CSSN (SEQ ID NO: 839).

[0108] FIG. 75 depicts the D1 domain, D2 domain, TLRS
activation domain and hypervariable (D3 domain) of flagel-
lin.

[0109] FIG. 76 depicts the D1 domain, D2 domain, TLRS
activation domain and hypervariable (D3 domain) of flagellin
(Yonekura, et al. Nature 424, 643-650 (2003)).

[0110] FIG. 77 depicts the DO, D1, D2 and D3 domains of
flagellin and regions in the D2 and D3 domains suitable for
insertion or substitution with antigens (e.g., maturational
cleavage site, HA, M2e).

[0111] FIG. 78 depicts the amino acid sequence of
Pseudomonas aeruginosa flagellin (SEQ ID NO: 813).
Lysine residues are indicated by the asterisks.

[0112] FIG. 79 depicts the amino acid sequence of a S.
typhimurium flagellin (SEQ ID NO: 312). Lysine residues are
indicated by the asterisks.

[0113] FIG. 80 depicts the amino acid sequence (SEQ ID
NO: 817) of Listeria monocytogenes flagellin (GenBank
Accession No: Q92DW?3). Lysine residues are indicated by
the asterisks.

DETAILED DESCRIPTION OF THE INVENTION

[0114] The features and other details of the invention, either
as steps of the invention or as combinations of parts of the
invention, will now be more particularly described and
pointed out in the claims. It will be understood that the par-
ticular embodiments of the invention are shown by way of
illustration and not as limitations of the invention. The prin-
ciple features of this invention can be employed in various
embodiments without departing from the scope of the inven-
tion.

[0115] The invention generally is directed to methods of
making compositions, and to compositions, that stimulate an
immune response in a subject, such as a protective immune
response, and methods of treatment, such as by administering
the composition to a subject.

[0116] “Stimulating an immune response,” as used herein,
refers to the generation of antibodies and/or T-cells to at least
aportion of an antigen, such as the protein portions of hemag-
glutinin (HA) (e.g., HA1-1, HA1-2 proteins) described
herein. The antibodies and/or T-cells can be generated to at
least a portion of an influenza viral protein (e.g., HA and M2
proteins of influenza A, B and/or C).

[0117] Stimulating an immune response in a subject can
include the production of humoral and/or cellular immune
responses that are reactive against the antigen, such as a viral
protein, in particular, an influenza viral protein.

[0118] The compositions of the invention for use in meth-
ods to stimulate immune responses in subjects, can be evalu-
ated for the ability to stimulate an immune response in a
subject using well-established methods. Exemplary methods
to determine whether the compositions of the invention
stimulate an immune response in a subject, include measuring
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the production of antibodies specific to the antigen (e.g., IgG
antibodies) by a suitable technique such as, ELISA assays;
the potential to induce antibody-dependent enhancement
(ADE) of a secondary infection; macrophage-like assays;
neutralization assessed by using the Plaque Reduction Neu-
tralization Test (PRNT,,); and the ability to generate serum
antibodies in non-human models (e.g., mice, rabbits, mon-
keys) (Putnak, et al., Vaccine 23:4442-4452 (2005)).

[0119] “Stimulates a protective immune response,” as used
herein, means administration of the compositions of the
invention, such as hemagglutinin (HA) proteins (e.g., HA1-1,
HA1-2 proteins described herein), results in production of
antibodies to the protein to thereby cause a subject to survive
challenge by an otherwise lethal dose of a viral protein, such
as viral HA. Techniques to determine a lethal dose of a virus
(e.g., an influenza virus) are known to one of skill in the art
(see, for example, WHO/CDS/CSR/NCS2002.5 “WHO
Manual on Animal Influenza Diagnosis and Surveillance”
World Health Organization, Dept of Communicable Disease
Surveillance and Response, WHO Global Influenza Pro-
gramme; Harmon, M. W., et al., J. Clin. Microbiol. 26:333-
337(1988); Reed, L. J.,etal., Am. J. Hyg. 27:493-497 (1938);
Rose, T., etal., J. Clin. Microbiol. 37:937-943 (1999); Walls,
H. H. et al., J. Clin. Microbiol. 23:240-245 (1986); Current
Protocols in Immunology, 19.11.1-19.11.32, Cottey, R., etal.,
John Wiley & Sons, Inc (2001)). Exemplary techniques for
determining a lethal dose can include administration of vary-
ing doses of virus and a determination of the percent of
subjects that survive following administration of the dose of
virus (e.g., LDy, LD,y LD,,, LDy, LDy, LD, LDy,
LDg,). For example, a lethal dose of a virus that results in the
death of 50% of a population of subjects is referred to as an
“LDs,”; alethal dose ofa virus that results in the death of 80%
of'a population of subjects is referred to herein as “LDg,”; a
lethal dose of a virus that results in death of 90% of a popu-
lation of subjects is referred to herein as “LD,.”

[0120] For example, determination of'the LDy, can be con-
ducted in subjects (e.g., mice) by administering intranasally
varying doses (e.g., dilutions, such as log and half-log dilu-
tions of 8x10° egg-infectious doses (EID)) followed by an
assessment of the survival of the subjects about 14 days to
about 21 days after infection with the virus. Protective immu-
nity can be assessed by physical appearance of the subject,
general demeanor (active), weight (initial loss of weight fol-
lowed by return to a weight about the weight of the subject
prior to infection with the virus) and survival after about 14 to
about 21 days following infection with the virus.

[0121] Assessment of stimulation of protective immunity
can also be made by employing assays that assess the ability
of'the antibodies produced in response to the compositions of
the invention (e.g., a portion of the protein of the naturally
occurring virus, such as a protein portion of hemagglutinin) to
neutralize binding of the viral protein (e.g., hemagglutinin
protein) to a host cell (see, for example, Current Protocols in
Immunonology, 19.11.1-19.11.32, Cottey, R., et al., John
Wiley & Sons, Inc (2001)). Assessment of stimulation of
protective immunity can also be made by employing assays
that measure the ability of antibodies to inhibit hemagglutinin
binding (see, for example, Burnett, F. M., et al., J. exp. Biol.
Med. Sci. 25:227-233 (1947); Salk, J. E. J. Immunol. 49:87-
98 (1944); Current Protocols in Immunology, 19.11.1-19.11.
32, Cottey, R., et al., John Wiley & Sons, Inc (2001)).
[0122] It is believed that inhibition of hemagglutinin bind-
ing is indicative of the ability of antibodies, formed from the
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compositions and by the methods of the invention, to neutral-
ize the sialic acid binding sites of the naturally occurring viral
hemagglutinin (“neutralization of HA binding”) and, thereby,
prevent infection of the host cell as a consequence of stimu-
lating a protective immune response Inhibition or neutraliza-
tion of hemagglutinin binding is believed to correlate with an
ability of an immune response to protect against a lethal dose
of virus.

[0123] Neutralization of HA binding can be assessed by in
vitro assays (See, for example, Current Protocols in Immu-
nology 19.11.1-19.11.32, Cottey, R., et al., Suppl. 42, John
Wiley & Sons, Inc. (2001) and WHO Manual on Animal
Influenza Diagnosis and Surveillance, Webster, R., et al.,
pages 28-36, 48-54, 82-92 (2002)). Exemplary viral neutral-
ization assays rely on the ability of serum to specifically bind
and prevent replication of influenza virus in culture, such as in
the Madin-Darby Canine Kidney (MDCK) cell line. Briefly,
cells are cultured in 96 well plates in the presence of a previ-
ously titered virus and the cytopathic effect of the replicating
virus is observed under a microscope. To test serum, serial
dilutions of the serum are prepared and preincubated with the
viral stock for 2 hours at 37° C. prior to infecting the MDCK
cells. The mixture is incubated for an additional 2 hours after
which the virus/serum mixture is removed and replaced with
fresh media. The cells are grown for 4 days. Wells are scored
as positive for viral growth if at least about 50% of the cells
are dead in at least about half of the wells for a given serum
dilution. The reciprocal of the highest dilution of serum
which protects at least about half of the cells from death, in at
least about half of the wells, is considered the neutralization
titer.

[0124] Alternatively, a micro-neutralization in vitro assay
can be performed to assess neutralization of HA binding. For
example, serum is diluted and preincubated with a known titer
of virus and mixed with MDCK cells, as described above.
After 2 days of incubation, cells are washed and fixed with
acetone. The plates are developed as an ELIS A using a mono-
clonal antibody to the influenza nuclear antigen NP. A micro-
neutralization titer is determined as the reciprocal of the high-
est dilution which yields less than about 50% of the anti-NP
reading of the virus-only control wells.

[0125] The Hemagglutination Inhibition (HAI) assay is
based on the HA antigen on the surface of the influenza virus
agglutinating red blood cells (RBC) and preventing red blood
cells from precipitating. Antibodies that specifically bind the
sialic acid-binding regions of HA prevent agglutination
allowing precipitation. The assay is performed in 96 well V
bottom plates with fresh chicken RBC. A stock of viral anti-
gen is titered so that about a 4-fold excess of antigen is present
relative to the minimum amount needed to prevent precipita-
tion. The test serum, which can be from several species
including mouse, ferret, poultry or human, is heated to about
56° C. to inactivate complement. Serial 2-fold dilutions of the
inactivated serum are performed and mixed with the stock
HA. After about 30 minutes at room temperature, the RBCs
are added and the plate is incubated for about 30 to about 45
minutes. Results are scored by observations: agglutination
results in cloudy wells while inhibition results in a “button” of
red cells precipitated at the bottom of the well. Controls
include RBC with no HA, which forms a button, and HA and
RBC with no serum, which remains cloudy. The HAI titer of
aparticular serum sample is the reciprocal of the last dilution
which prevents agglutination (i.e., forms a button). For
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example, if about a 1:128 dilution reads as a button but the
1:256 dilution does not, the HAI titer is about 128.

[0126] In one embodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby make a protein portion, wherein the pro-
tein portion includes at least a portion of a globular head and
at least a portion of at least one secondary structure that
causes the globular head to essentially retain its tertiary struc-
ture, and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain.
The nucleic acid sequence encoding the protein portion is
transformed into a prokaryotic cell and the prokaryotic host
cell is cultured to thereby make the protein that stimulates a
protective immune response in a subject.

[0127] “A portion of a protein,” or “protein portion,” as
used herein in reference to a naturally occurring viral hemag-
glutinin, refers to any part of the naturally occurring viral
hemagglutinin that is less than the entire naturally occurring
viral hemagglutinin. “Naturally occurring viral hemaggluti-
nin,” as used herein, refers to the entire viral hemagglutinin,
as it occurs in nature.

[0128] The protein portion can further lack a signal
sequence. The protein portion can further include a sialic acid
binding site.

[0129] Portions of a protein of a naturally occurring viral
hemagglutinin for use in the compositions and methods ofthe
invention can be a portion of Orthomyxoviridae (influenza A,
B, C), Paramyxovirus (parainfluenza, respiratory syncytial
virus, Newcastle disease virus, Nipah, Measles, canine dis-
temper, Sendai virus), Reoviridae (rotavirus), Parvoviridae
(human parvovirus, porcine parvovirus), Orthopoxvirus
(Monkeypox virus, Ectromelia virus), Flaviviridae (West
Nile, Japanese Encephalitis, St. Louis, Murray Valley, Kun-
jin), Avipoxvirus (Chicken fowlpox), Nipah virus (Guillaume
V., et al., J Virol., 80:7546-54 (2006)); Canine distemper
virus (Singethan K., et al., J Gen Virol., 87:1635-42 (2006));
Newcastle disease virus, (de Leeuw O, S., et al., J Gen Virol.,
86:1759-69 (2005); and Melanson V. R., et al., J. FVirol,
78:13053-61 (2004); Deng R., et al., Virology, 204:17-26;
(1994)), Measles (Masse N., et al., J. Virol, 78:9051-63
(2004)), Sendai virus (Tomasi M., etal., FEBS Lett., 11:56-60
(2003)), Human parainfluenza (Porotto M., et al., J. FVirol.,
79:2383-92 (2005); Tsurudome M., et al., Virology, 213:190-
203 (1995); Bousse T., et al., Virology, 209:654-7 (1995); and
Takimoto T., et al., J. Firol., 66:7597-600 (1992)).

[0130] Portions of a viral hemagglutinin (“protein por-
tions”) (e.g., an influenza A, an influenza B and an influenza
C viral hemagglutinin) can include at least one member
selected from the group consisting of protein portions
referred to herein as “HA1-1,” “HA1-2" and “HA1-3.”
[0131] “HAI1-1,” as used herein, refers to a protein portion
of a viral hemagglutinin that includes at least about one
p-sandwich that includes the substrate binding site, which
includes at least about two f-sheets, at least about two to
about three short a-helixes, at least one small -sheet and at
least one additional small 3-sandwich at the bottom of the
molecule and at least about four disulfide bonds. The [3-sand-
wich that includes the substrate binding site of the HA1-1
includes at least about four f-strands as the top sheet and at
least about three to about four -strands as the bottom sheet.
At least about one a-helix of the HA1-1 portion is located by
the side of -sandwich that includes the substrate binding site
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and at least about one to about two are located at the bottom
of'the p-sandwich that includes the substrate binding site. The
small f-sandwich of the HA1-1 can include at least about two
to about three [-strands in each f-sheet; or about three to
about four p-strands. Exemplary HA1-1 protein portions
could include SEQ ID NOS: 8, 11, 14, 17, 20, 38, 40, 45, 47,
49,59, 60, 120, 130, 132, 133, 137, 139, 143, 147, 179, 180,
181 and 182.

[0132] “HAI1-2,” as used herein, refers to a protein portion
of a viral hemagglutinin that includes at least about one
p-sandwich that includes the substrate binding site, at least
about two to about three short a-helixes, at least about one
small [-sheet at the bottom of the molecule and at least about
two disulfide bonds. A f-strand in a viral hemagglutinin can
include between about two to about 15 amino acids. A small
[-strand can include about two amino acids; or between about
two to about three amino acids; or between about two to four
amino acids or between about two to about five amino acids.
A small B-sheet can include between about two to about three
[-strands; or between about three to about four 3-strands. The
[p-sandwich that includes the substrate binding site of HA1-2
can further include at least about four p-strands as the top
sheet and at least about three to about four -strands as the
bottom sheet. At least about one a-helix of the HA1-2 portion
is located by the side of the f-sandwich that includes the
substrate binding site and at least about one to about two are
located at the bottom of the f-sandwich that includes the
substrate binding site. Exemplary HA1-2 protein portions
could include SEQ ID NOS: 9, 12, 15, 18, 21, 24, 26, 28, 30,
32,39, 41, 46, 48, 50, 61, 72, 79, 88, 93, 122, 124, 185, 187,
189, and 191.

[0133] “HAI1-3,” as used herein, refers to a protein portion
of'a viral hemagglutinin that includes at least one -sandwich
that includes the substrate binding site, at least about two
short a-helixes and at least one disulfide bond. “p-sandwich,”
as used herein, refers to at least about two sets of beta-sheets
that form at least about one interactive layer. “Substrate bind-
ing site,” as used herein in reference to the f-sandwich, means
any part of the portion of the naturally occurring viral hemag-
glutinin that has the capacity to interact or bind to a molecule.
For example, the 3-sandwich that includes the substrate bind-
ing site of the portion can include a portion that binds sialic
acid. The f-sandwich that includes the substrate binding site
of HA1-3 can further include at least about four [3-strands as
the top sheet and at least about three [} strands as the bottom
sheet. At least about one a-helix of the HA1-1 portion is
located by the side of the §-sandwich that includes the sub-
strate binding site and at least one other a-helix is located at
the bottom of the $-sandwich that includes the substrate bind-
ing site. A short a-helix can include less than about 5 turns (2,
3, 4, 5 turns) in an o-helix. An a-helix in a viral hemagglu-
tinin can be between one to about 15 turns; or between about
two to 15 turns. Exemplary HA1-3 protein portions include
SEQ ID NOS: 10, 13, 16, 19, 22, 25,27, 29, 31 and 33.
[0134] “A sialic acid binding site,” as that phrase is used
herein in reference to the portion of the protein from the
naturally occurring viral hemagglutinin, means a part of the
protein portion that has the capacity to interact with sialic acid
residues. “A sialic acid binding site” is also referred to herein
as “asialic acid binding domain.” HA proteins and portions of
HA proteins for use in the invention can include portions of
SEQ ID NOs: 1-7, 23, 34-37, 42-44, 75, 83,213 and 787.
[0135] “Atleastaportion,” as used herein, refers to any part
of'a component (e.g., a globular head, a secondary structure)
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or molecule (e.g., a protein, antigen, Toll-like Receptor, a
peptide, flagellin, HA, matrix 2 protein (M2), matrix 2
ectodomain (M2e)); or the entirety of the component or the
molecule. “At least a portion,” is also referred to herein as a
“fragment.”

[0136] “Atleast a portion,” as used herein in reference to a
flagellin (e.g., fljB/STF2, E. coli fliC, S. muenchen fliC),
refers to any part of the flagellin (e.g., motif C; motif N;
domain 1, 2, 3) or the entirety of the flagellin that can initiate
an intracellular signal transduction pathway for a Toll-like
Receptor.

[0137] A single polypeptide can exhibit several types of
secondary structure. Without any stabilizing interactions, a
polypeptide can assume a random-coil conformation. How-
ever, secondary structures, such as alpha(a)-helices and beta
(B)-strands, can stabilize a protein or a portion of a protein.
Lateral association of f-strands form f-sheets (also referred
to herein as “p-pleated sheets™). Secondary structures can be
located at the surfaces of the portion, the protein, or the
naturally occurring protein (e.g., viral hemagglutinin, flagel-
lin, M2e). A tertiary structure of a protein is the three-dimen-
sional arrangement of amino acid residues. In contrast to
secondary structure, which is stabilized by, for example,
hydrogen bonds, a-helices, p-strands, tertiary structure
results from hydrophobic interactions between non-polar side
chains of the portion, protein or naturally occurring viral
hemagglutinin. The hydrophobic interactions hold the helices
strands in random coils in a compact internal scatffold. The
size and shape of a protein can depend on its primary amino
acid sequence, as well as the number, size and arrangement of
secondary structures.

[0138] “A globular head,” as that phrase is used herein,
refers to a portion of a protein of a naturally occurring viral
hemagglutinin that includes the receptor or sialic acid binding
regions. “Globular head,” is also referred to herein as a
“globular domain.” The globular head of viral hemagglutinin
proteins has been determined based on x-ray crystallography
as described, for example, by Wilson 1. A., et al. Nature
289:366-373 (1981); Chen, J., et al., Cell 95:409-417 (1998);
HaY.,etal., The EMBO Journal 21:865-875 (2002); Russell,
R. 1, etal., Virology 325:287-296 (2004); and Cox, N. I, et
al., In: Toply and Wilson’s Microbiology and Microbial
Infections, eds. BW JMathy, et al., Vol. 1 (9% ed.) New York,
N.Y., Oxford Univ. Press, Ch. 32, p. 634 (1998). The globular
head of a naturally occurring viral hemagglutinin is a com-
ponent of the HA1 subunit of, for example, influenza viral
hemagglutinin. In addition to the receptor binding domain,
the globular head can include the E~ subdomain and F~ sub-
domain as described, for example, by Ha, Y., et al. The EMBO
Journal 21:865-875 (2002).

[0139] The phrase, “causes the globular head to essentially
retain its tertiary structure,” as used herein, refers to mainte-
nance of the tertiary structure of the globular head of the
naturally occurring viral hemagglutinin sufficient to stimu-
late a protective immune response in a subject.

[0140] The membrane fusion domain of a viral hemagglu-
tinin is that region of the viral hemagglutinin (involved in
binding of the viral hemagglutinin) that binds a host cell. A
transmembrane domain of the viral hemagglutinin is that
portion ofthe viral hemagglutinin that spans the membrane of
the virus. A cytoplasmic domain of a viral hemagglutinin is
that portion of the viral hemagglutinin located on the cyto-
plasmic surface of the virus.
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[0141] The portion of the protein of the naturally occurring
viral hemagglutinin (also referred to herein as “protein por-
tion”) can further lack a signal sequence. The portion of a
globular head employed in the methods described herein can
include at least a portion of at least one secondary structure
that includes at least a portion of at least one [3-pleated sheet;
at least one alpha helix and/or at least one member selected
from the group consisting of a salt bridge, aleucine zipper and
a zinc finger. The portion of a globular head can further
include at least about one disulfide bond, at least about two
disulfide bonds, at least about three disulfide bonds, at least
about four disulfide bonds, at least about five disulfide bonds
and at least about six disulfide bonds.

[0142] The method of making a protein that stimulates a
protective immune response in a subject can further include
the step of substituting a nucleic acid sequence encoding at
least one amino acid residue selected from the group consist-
ing of a hydrophilic amino acid residue, a polar amino acid
residue and a neutral amino acid residue for a nucleic acid
sequence that encodes at least one hydrophobic amino acid
residue in the protein portion. The hydrophobic amino acid
residue substituted can include at least one member selected
from the group consisting of a phenylalanine residue, a tryp-
tophan residue and tyrosine residue. The polar amino acid
residue substituted for the hydrophobic amino acid can
include at least one member selected from the group consist-
ing of an aspartic acid residue and a glutamic acid residue.

[0143] The portion of a protein of a naturally occurring
viral hemagglutinin can be a portion of a naturally occurring
influenza viral hemagglutinin protein (e.g., influenza A, B
and C). The influenza A viral hemagglutinin protein can be at
least one member selected from the group consisting of H1,
H2, H3, H5, H7 and H9.

[0144] The host cell employed in the methods described
herein can be a prokaryotic host cell. The prokaryotic host cell
can be at least one member selected from the group consisting
of'an E. coli prokaryotic host cell, a Pseudomonas prokary-
otic host cell, a Bacillus prokaryotic host cell, a Salmonella
prokaryotic host cell and a P. fluorescens prokaryotic host
cell.

[0145] The method of making a protein that stimulates a
protective immune response in a subject can further include
the step of transforming the prokaryotic host cell with a
chaperone nucleic acid sequence. The chaperone nucleic acid
sequence can be at least one member selected from the group
consisting of a groES-groEL chaperone, a dnaK-dnal-grpE
chaperone, a groES-groEL-tig chaperone and a tig chaper-
one.

[0146] The method of making a protein that stimulates a
protective immune response in a subject can further include
the step of fusing at least a portion of a Toll-like Receptor
(TLR) agonist to the protein. The nucleic acid sequence
encoding at least a portion of a Toll-like Receptor agonist can
be operably linked to the nucleic acid sequence encoding the
protein portion of the viral hemagglutinin. A linker (e.g.,
peptide linker) can be between the Toll-like Receptor agonist
and the portion of the viral hemagglutinin.

[0147] Toll-like Receptors refer to a family of receptor
proteins that are homologous to the Drosophila melango-
gaster Toll protein. Toll-like Receptors are type [ transmem-
brane signaling receptor proteins characterized by an extra-
cellular leucine-rich repeat domain and an intracellular
domain homologous to an interleukin 1 receptor. Toll-like
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Receptors include TLR1, TLR2, TLR3, TLR4, TLRS, TLR6,
TLR7, TLR 8, TLRY, TLR10, TLR11 and TLR12.

[0148] “Agonist,” as used herein in referring to a TLR,
means a molecule that activates a TLR signaling pathway. A
TLR signaling pathway is an intracellular signal transduction
pathway employed by a particular TLR that can be activated
by a TLR ligand or a TLR agonist. Common intracellular
pathways are employed by TLRs and include, for example,
NF-kB, Jun N-terminal kinase and mitogen-activated protein
kinase. The Toll-like Receptor agonist can include at least one
member selected from the group consisting of a TLR1 ago-
nist, a TLR2 agonist (e.g., Pam3Cys, Pam2Cys, bacterial
lipoprotein), a TLR3 agonist (e.g., dsSRNA), a TLR4 agonist
(e.g., bacterial lipopolysaccharide), a TLRS agonist (e.g., a
flagellin), a TLR6 agonist, a TLR7 agonist, a TLR8 agonist, a
TLR9 agonist (e.g., unmethylated DNA motifs), TLR10 ago-
nist, a TLR11 agonist and a TLLR12 agonist.

[0149] The Toll-like Receptor agonists for use in the meth-
ods and compositions of the invention can be a Toll-like
Receptor agonist component that is at least a portion of a
Toll-like Receptor agonist, wherein the Toll-like Receptor
agonist component includes at least one cysteine residue in a
position where a cysteine does not occur in the native Toll-like
Receptor agonist, whereby the Toll-like Receptor agonist
component activates a Toll-like Receptor.

[0150] TLR4 ligands (e.g., TLR4 agonists) for use in the
compositions and methods of the invention can include at
least one member selected from the group consisting of SEQ
ID NOS: 359-406 (see, PCT/US 2006/002906/WO 2006/
083706; PCT/US 2006/003285/WO 2006/083792; PCT/US
2006/041865; PCT/US 2006/042051).

[0151] TLR2 ligands (e.g., TLR2 agonists) for use in the
compositions and methods of the invention can also include at
least one member selected from the group consisting of SEQ
ID NOS: 455-494 (see, PCT/US 2006/002906/WO 2006/
083706; PCT/US 2006/003285/WO 2006/083792; PCT/US
2006/041865; PCT/US 2006/042051).

[0152] The TLR2 ligand (e.g., TLR2 agonist) can also
include at least a portion of at least one member selected from
the group consisting of flagellin modification protein FImB of
Caulobacter crescentus; Bacterial Type 111 secretion system
protein; invasin protein of Salmonella; Type 4 fimbrial bio-
genesis protein (PilX) of Pseudomonas; Salmonella Scil pro-
tein; putative integral membrane protein of Streptomyces;
membrane protein of Pseudomonas; adhesin of Bordetella
pertusis; peptidase B of Vibrio cholerae; virulence sensor
protein of Bordetella; putative integral membrane protein of
Neisseria meningitidis; fusion of flagellar biosynthesis pro-
teins FliR and F1hB of Clostridium; outer membrane protein
(porin) of Acinetobacter; flagellar biosynthesis protein F1hF
of Helicobacter; ompA related protein of Xanthomonas;
omp2a porin of Brucella; putative porin/fimbrial assembly
protein (LHrE) of Sal/monella; wbdk of Salmonella; Glyco-
syltransferase involved in LPS biosynthesis; Sa/monella
putative permease.

[0153] The TLR2 ligand (e.g., TLR agonist) can include at
least a portion of at least one member selected from the group
consisting of lipoprotein/lipopeptides (a variety of patho-
gens); peptidoglycan (Gram-positive bacteria); lipoteichoic
acid (Gram-positive bacteria); lipoarabinomannan (myco-
bacteria); a phenol-soluble modulin (Staphylococcus epider-
midis); glycoinositolphospholipids (7rypanosoma Cruzi);
glycolipids (Treponema maltophilum); porins (Neisseria);
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zymosan (fungi) and atypical LPS (Leptospira interrogans
and Porphyromonas gingivalis).

[0154] The TLR2 ligand (e.g., TLR2 agonist) can also
include at least one member selected from the group consist-
ing of SEQ ID NOS: 495-497 (see, PCT/US 2006/002906/
WO 2006/083706; PCT/US 2006/003285/WO 2006/083792;
PCT/US 2006/041865; PCT/US 2006/042051).

KGGVGPVRRSSRLRRTTQPG (SEQ ID NO: 495)

GRRGLCRGCRTRGRIKQLQSAHK (SEQ ID NO: 496)

RWGYHLRDRKYKGVRSHKGVPR

[0155] The TLR2 agonist can include at least a portion of'a
bacterial lipoprotein (BLP).

[0156] The TLR2 agonist can be a bacterial lipoprotein,
such as Pam2Cys (S-[2,3-bis(palmitoyloxy) propyl] cys-
teine), Pam3Cys ([Palmitoyl]-Cys((RS)-2,3-di(palmitoy-
loxy)-propyl cysteine) or Pseudomonas aeruginosa Oprl
lipoprotein (Oprl). Exemplary Oprl lipoproteins include SEQ
1D NO: 780, encoded by SEQ ID NO: 781. An exemplary E.
coli bacterial lipoprotein for use in the invention described
herein is SEQ ID NO: 782 encoded by SEQ ID NO: 783. A
bacterial lipoprotein that activates a TLR2 signaling pathway
(a TLR2 agonist) is a bacterial protein that includes a palmi-
toleic acid (Omueti, K. O, et al., J. Biol. Chem. 280: 36616-
36625 (2005)). For example, expression of SEQ ID NOS: 781
and 783 in bacterial expression systems (e.g., £. coli) results
in the addition of a palmitoleic acid moiety to a cysteine
residue of the resulting protein (e.g., SEQ ID NOS: 780 and
782) thereby generating a TLR2 agonist for use in the com-
positions, fusion proteins and polypeptides of the invention.
Production of tripalmitoylated-lipoproteins (also referred to
as triacyl-lipoproteins) in bacteria occurs through the addi-
tion of a diacylglycerol group to the sulthydryl group of a
cysteine (e.g., cysteine 21 of SEQ ID NO: 782) followed by
cleavage of the signal sequence and addition of a third acyl
chain to the free N-terminal group of the same cysteine (e.g.,
cysteine 21 of SEQ ID NO: 782) (Sankaran, K., et al., J. Biol.
Chem. 269:19706 (1994)), to generate a tripalmitylated pep-
tide (a TLR2 agonist) as shown, for example, in FIG. 74.
[0157] The Toll-like Receptor agonist in the compositions
of the invention can further include at least one cysteine
residue at the terminal amino acid of the amino-terminus
and/or the terminal amino acid of the carboxy-terminus of the
Toll-like Receptor agonist. For example, SEQ ID NO: 359
can further include at least one cysteine residue in a peptide
bond to the amino-terminal glycine residue and/or at least one
cysteine residue in a peptide bond to the carboxy-terminal
glycine residue; SEQ ID NO: 360 can further include at least
one cysteine residue in a peptide bond to the amino-terminal
lysine residue and/or at least one cysteine residue in a peptide
bond to the carboxy-terminal glycine residue; SEQ 1D NO:
361 can further include at least one cysteine residue in a
peptide bond to the amino-terminal glutamic acid residue
and/or at least one cysteine residue in a peptide bond to the
carboxy-terminal proline residue.

[0158] TLRS agonists for use in the methods of the inven-
tion can include at least a portion of a flagellin. Flagellin are
pathogen-associated molecular patterns (PAMPs) that acti-
vate TLRS.

[0159] The flagellin in the compositions and methods
described herein can be at least a portion of a S. typhimurium
flagellin (Genbank Accession Number AF045151); at least a

(SEQ ID NO: 497)
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portion of the S. typhimurium flagellin selected from the
group consisting of SEQ ID NO: 312, SEQ ID NO: 810, SEQ
ID NO: 312 and SEQ ID NO: 499; at least a portion of an S.
muenchen  flagellin  (Genbank Accession Number
ABO028476) that includes at least a portion of SEQ ID NO:
503 and SEQ ID NO: 811; at least a portion of P. aeruginosa
flagellin that includes at least a portion of SEQ ID NO: 813;
at least a portion of a Listeria monocytogenes flagellin that
includes at least a portion of SEQ ID NO: 817; at least a
portion of an F. coli flagellin that includes at least a portion of
SEQ ID NO: 501 and SEQ ID NO: 812; at least a portion of
a Yersinia flagellin; and at least a portion of a Campylobacter
flagellin.

[0160] The flagellin employed in the compositions of the
invention can also include the polypeptides of SEQ ID NO:
312, SEQ ID NO: 499, SEQ ID NO: 503 and SEQ ID NO:
501; at least a portion of SEQ ID NO: 312, at least a portion
of SEQ ID NO: 499, at least a portion of SEQ ID NO: 503 and
at least a portion of SEQ ID NO: 501; and a polypeptide
encoded by SEQ IDNO: 498, SEQ ID NO: 500, SEQ ID NO:
504 and SEQ ID NO: 502; or at least a portion of a polypep-
tide encoded by SEQ ID NO: 498, SEQ ID NO: 500, SEQ ID
NO: 504 and SEQ ID NO: 502.

[0161] The flagellin employed in the compositions and
method of the invention can lack at least a portion of a hinge
region. Hinge regions are the hypervariable regions of a
flagellin. Hinge regions of a flagellin are also referred to
herein as “D3 domain or region,” “propellor domain or
region,” “hypervariable domain or region” and “variable
domain or region.” “Lack” of a hinge region of a flagellin,
means that at least one amino acid or at least one nucleic acid
codon encoding at least one amino acid that comprises the
hinge region of a flagellin is absent in the flagellin. Examples
ot’hinge regions include amino acids 176-415 of SEQ ID NO:
312, which are encoded by nucleic acids 528-1245 of SEQ ID
NO: 498; amino acids 174-422 of SEQID NO: 501, which are
encoded by nucleic acids 522-1266 of SEQ 1D NO: 502; or
amino acids 173-464 of SEQ ID NO: 503, which are encoded
by nucleic acids 519-1392 of SEQ ID NO: 505. Thus, if
amino acids 176-415 were absent from the flagellin of SEQ
1D NO: 312, the flagellin would lack a hinge region. A flagel-
lin lacking at least a portion of a hinge region is also referred
to herein as a “truncated version” of a flagellin.

[0162] “Atleastaportion of a hinge region,” as used herein,
refers to any part of the hinge region of the flagellin, or the
entirety of the hinge region. “At least a portion of a hinge
region” is also referred to herein as a “fragment of a hinge
region.” Atleast a portion of the hinge region of fljB/STF2 can
be, for example, amino acids 200-300 of SEQ ID NO: 312.
Thus, if amino acids 200-300 were absent from SEQ ID NO:
312, the resulting amino acid sequence of STF2 would lack at
least a portion of a hinge region.

[0163] Alternatively, at least a portion of a naturally occur-
ring flagellin can be replaced with at least a portion of an
artificial hinge region. “Naturally occurring,” in reference to
a flagellin amino acid sequence, means the amino acid
sequence present in the native flagellin (e.g., S. typhimurium
flagellin, S. muenchin flagellin, E. coli flagellin). The natu-
rally occurring hinge region is the hinge region that is present
in the native flagellin. For example, amino acids 176-415 of
SEQ ID NO: 312, amino acids 174-422 of SEQ ID NO: 501
and amino acids 173-464 of SEQ ID NO: 503, are the amino
acids corresponding to the natural hinge region of STF2, E.
coli fliC and S. muenchen flagellins, fliC, respectively. “Arti-
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ficial,” as used herein in reference to a hinge region of a
flagellin, means a hinge region that is inserted in the native
flagellin in any region of the flagellin that contains or con-
tained the native hinge region.

[0164] The hinge region of a flagellin be deleted and
replaced with an antigen (e.g., HA1-1, HA1-2, the matura-
tional cleavage site) and the resulting construct fused to
another antigen (e.g., 4xM2e).

[0165] An artificial hinge region may be employed in a
flagellin that lacks at least a portion of a hinge region, which
may facilitate interaction of the carboxy- and amino-terminus
of'the flagellin for binding to TL.RS and, thus, activation of the
TLRS innate signal transduction pathway. A flagellin lacking
at least a portion of a hinge region is designated by the name
of'the flagellin followed by a “A.” For example, an STF2 (e.g.,
SEQID NO: 312) that lacks atleast a portion of a hinge region
is referenced to as “STF2A” or “fjB/STF2A” (e.g., SEQ ID
NO: 499).

[0166] The flagellin for use in the methods and composi-
tions of the invention can be a at least a portion of a flagellin,
wherein the flagellin component includes at least one cysteine
residue and whereby the flagellin component activates a Toll-
like Receptor 5; a flagellin component that is at least a portion
of a flagellin, wherein at least one lysine of the flagellin
component has been substituted with at least one arginine,
whereby the flagellin component activates a Toll-like Recep-
tor 5; a flagellin component that is at least a portion of a
flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one serine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5; a flagellin component that is at least a portion of a
flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one histidine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5, as described herein.

[0167] A recombinant fusion protein can be generated by
operably linking a TLR agonist to the protein portion (e.g.,
HA1-1, HA1-2).

[0168] “Fusion protein,” as used herein, refers to a protein
generated from at least two similar or distinct components
(e.g., a protein portion of HA and a TLR agonist). Fusion
proteins can be generated recombinantly or by chemical con-
jugation.

[0169] In an embodiment, fusion proteins of protein por-
tions of HA and TLR agonists (e.g., SEQ ID NOS: 89-92, 95,
151-160, 177,209,210 and 211) can be admixed or coadmin-
istered with fusion proteins of TLR agonists and M2e proteins
(e.g., SEQ ID NOS: 527, 586 and 590) and administered to a
subject to stimulate an immune response, such as a protective
immune response.

[0170] Fusion proteins of the invention can be designated
by components of the fusion proteins separated by a “.”. For
example, “STF2.HA1-2" refers to a fusion protein compris-
ing one STF2 protein and one HA1-2 protein; and “STF2A.
HA1-2” refers to a fusion protein comprising one STF2 pro-
tein without the hinge region and HA1-2. Exemplary fusion
proteins of the invention include SEQ ID NOS: 89-92, 95,
151-160, 177,209, 210 and 211.

[0171] The fusion proteins can include, for example, two,
three, four, five, six or more Toll-like Receptor agonists (e.g.,
flagellin) and two, three, four, five, six or more antigens (e.g.,
protein portions, such as HA1-1, HA1-2). When two or more
TLR agonists and/or two or more protein portions comprise
fusion proteins of the invention, they are also referred to as
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“multimers.” For example, a multimer of HA1-1 can be four
HA1-1 sequences, which is referred to herein as 4xHA1-1.
Likewise, “2xHA1-1"1is amultimer of two HA1-1 sequences.
(See, for example, SEQ ID NOS: 342-346 and 348).

[0172] The fusion proteins of the invention can further
include a linker between at least one component of the fusion
protein (e.g., TLR agonist) and at least one other component
of the fusion protein (e.g., HA1-1, HA1-2) of the composi-
tion, a linker between at least two of similar components of
the fusion protein (e.g., HA1-1, HA1-2) or any combination
thereof “Linker,” as used herein in reference to a fusion pro-
tein of the invention, refers to a connector between compo-
nents of the fusion protein in a manner that the components of
the fusion protein are not directly joined. For example, one
part of the fusion protein (e.g., flagellin) can be linked to a
distinct part (e.g., protein portion, HA1-1, HA1-2, an antigen)
of'the fusion protein. Likewise, at least two or more similar or
like components of the fusion protein can be linked (e.g., two
flagellin can further include a linker between each flagellin, or
two HA proteins can further include a linker between each
HA protein).

[0173] Additionally, or alternatively, the fusion proteins of
the invention can include a combination of a linker between
distinct components of the fusion protein and similar or like
components of the fusion protein. For example, a fusion
protein can comprise at least two TLR agonists that further
includes a linker between, for example, two or more flagellin;
at least two protein portions of HA that further include a
linker between them; a linker between one component of the
fusion protein (e.g., flagellin) and another distinct component
of the fusion protein (e.g., protein portions of HA), or any
combination thereof.

[0174] The linker can be an amino acid linker. The amino
acid linker can include synthetic or naturally occurring amino
acid residues. The amino acid linker employed in the fusion
proteins of the invention can include at least one member
selected from the group consisting of a lysine residue, a
glutamic acid residue, a serine residue and an arginine resi-
due. The amino acid linker can include, for example, SEQ ID
NOS: 520, 522, 523 and 525, encoded by the nucleic acid
sequences of SEQ ID NOS: 519, 521, 524 and 526 respec-
tively.

[0175] The Toll-like Receptor agonist of the fusion proteins
of the invention can be fused to a carboxy-terminus, the
amino-terminus or both the carboxy- and amino-terminus of
the protein portion of HA (e.g., HA1-1, HA1-2 or other anti-
gens, such as the ectodomain of the Matrix 2 protein, a matu-
rational cleavage site).

[0176] Fusion proteins can be generated by fusing the pro-
tein portions of HA (or other antigens, such as the matura-
tional cleavage site of HA) to at least one of four regions
(Regions 1, 2,3 and 4) of flagellin, which have been identified
based on the crystal structure of flagellin (PDB:1UCU) (see
FIG. 77).

[0177] Region 1is TIAL (SEQ ID NO: 820). . .-... GLG
(95-111 of SEQ ID NO: 838). The corresponding residues for
Salmonella typhimurium {jB construct are TTLD (SEQ ID
NO: 821) .. .-... GTN (196-216 of SEQ ID NO: 838). This
region is an extended peptide sitting in a groove of two beta
strands (GTDQKID (SEQ ID NO: 822) and NGEVTL (SEQ
ID NO: 823) of (SEQ ID NO: 838). Substitution of this
peptide with an antigen (e.g., HA maturational cleavage site)
may mimic the conformation of wild type maturational cleav-
age site peptide in HAO. Exemplary amino acids that may be
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substituted include: flagellin residues SGLDDAAIKAAT
(SEQIDNO: 824) (201-212 of SEQ ID NO: 838) substituted
with maturational cleavage site residues: RGIFGAIAGFIE
(SEQ ID NO: 825), which correspond to the A/H3N2 sub-
type, or RGLFGAIAGFIE (SEQ ID NO: 801), which corre-
spond to the maturational cleavage site residues from the
A/H2N1, A/HIN1, A/H5N1 subtypes or with RGFFGA-
TIAGFLE (SEQ IDNO: 803), which correspond to Influenza B
HA maturational cleavage site residues.

[0178] Region 2 of the Sa/monella flagellin is a small loop
GTG (238-240 of SEQ ID NO: 838) in 1UCU structure (see
FIG. 77). The corresponding loop in Salmonella fijB is
GADAA (SEQ ID NO: 826) (244-248 of SEQ ID NO: 838).
Insertion of an antigen (e.g., protein portions of HA, a matu-
ration cleavage site peptide) in this loop or replacement of the
entire loop with an antigen (e.g., protein portions of HA, a
maturational cleavage site peptide) should preserve the
extended loop structure of the maturational cleavage site pep-
tide that is associated with the native HA molecule.

[0179] Region 3 is a bigger loop that resides on the opposite
side of the Region 1 peptide (see FIG. 77). This loop can be
simultaneously substituted together with region 1 to create a
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double copy of the antigen (e.g., protein portions of HA, a
maturational cleavage site peptide). The loop starts from
AGGA (SEQ ID NO: 827) and ends at PATA (SEQ ID NO:
828) (259-274 of SEQ ID NO: 838). The corresponding Sa/-
monella f1jB sequence is AAGA (SEQ ID NO: 829 .. .-. ..
ATTK (SEQIDNO: 830) (266-281 of SEQID NO: 838). The
sequence AGATKTTMPAGA (SEQ ID NO: 831) (267-278
of SEQ ID NO: 838) can be replaced with the antigens (e.g.,
protein portions of HA, a maturation cleavage site peptides).
[0180] Region 4 is the loop (VIGTG (SEQ ID NO: 832))
connecting a short a-helix (TEAKAALTAA (SEQ ID NO:
833)) and a B-strand (ASVVKMSYTDN (SEQ ID NO: 834)
in 1UCU structure (see FIG. 77). The corresponding loop in
Salmonella fljB is alonger loop VDATDANGA (SEQID NO:
835(307-315 of SEQ ID NO: 838). An antigen (e.g., a protein
portion of HA, a maturation cleavage site peptide) can be
inserted into or replace this region.

[0181] One or more copies of antigens (e.g., maturation
cleavage site) can be inserted or used to replace the peptides
listed in the above four regions. Preferably, the replacements
would be in Region 1 and Region 3.

[0182] Exemplary sequences of maturation cleavage site
peptides of HA are listed below:

Sequence Subtype
NVPEKQTRGIFGAIAGFIE A/H3N2 (SEQ ID NO: 798)
NVPQIESRGLFGAIAGFIE A/H2N1 (SEQ ID NO: 799)
NIPSIQSRGLFGAIAGFIE A/HIN1 (SEQ ID NO: 800)
RERRRKKRGLFGAIAGFIE A/HEN1 (SEQ ID NO: 836)
PAKLLKERGFFGAIAGFLE B/HA (SEQ ID NO: 802)
Sequence alignment of X-ray model (1UCU) and SEQ ID NO: 838
75.1% identity in 506 residues overlap; Score: 1703.0; Gap frequency: 2.6%
1UcCUu 1 AQVINTNSLSLLTQNNLNKSQSALGTAIERLSSGLRINSAKDDAAGQAIANRFTANIKGL (SEQ ID NO: 837)
sfla 2 AQVINTNSLSLLTQNNLNKSQSALGTAIERLSSGLRINSAKDDAAGQAIANRFTANIKGL (SEQ ID NO: 838)
Khkkhkhkhhkhkhkhhhhhhhhhdhhhdhhhhhhhdhhhhhdhhdhdhhhhhdhhdhhhhhdhhddddhd
1UcCUu 61 TQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNSQSDLDSIQAEITQRLN
sfla 62 TQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNSQSDLDSIQAEITQRLN
Khkkhkhkhhkhkhkhhhhhhhhhdhhhdhhhhhhhdhhhhhdhhdhdhhhhhdhhdhhhhhdhhddddhd
1UCU 121 EIDRVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQINSQTLGLDTLNVQQKYKV
Sfla 122 EIDRVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQINSQTLGLDSLNVQKAYDV
Khkkhkhkhhhhhhhhhhhhhhdhhhhhhhhdhhhddhhhhdhhddhhhhhdhhddd *hd*k * ok
1UCU 181 SDTAATVTGYAD--TTI-- -ALDNSTFKASATGLGGTDOKIDGDLKFDDTTGKYYAKVTV
Sfla 182 KDTAVTTKAYANNGTTLDVSGLDDAAIKAATGGTNGTASVTGGAVKFDADNNKYFVTIGG
*k kK * K * ok * ok * ok * * K * * ok ok * ok
1UCU 236 TGGT-GKDGYYEVSVDKTNGEVTLAGGATSPLTGGLPATATEDVKNVQVANADLTEAKA
sfla 242 FTGADAAKNGDYEVNV-ATDGTVTLAAGATKTTMPAGATTKTEVQELKDTPAVVSADAKN
* * ok kkk Kk * ok kkkk kkKk * kK * K
1UCU 294 ALTAAGVTGT- - - - ASVVKMS YTDNNGKT IDGGLAVKVGDDY YSATONK -DGS IS INTTK
Sfla 301 ALIAGGVDATDANGAELVKMSYTDKNGKTIEGGYALKAGDKYYAADYDEATGAIKAKTTS
*k ok kK * * khkkkkkk khkkkk Kkk *k Kk k& Kkk K * Kk * K
1UCU 349 YTADDGTSKTALNKLGGADGKTEVVSIGGKTYAASKAEGHNFKAQPDLAEAAATTTENPL
Sfla 361 YTAADGTTKTAANQLGGVDGKTEVVTIDGKTYNASKAAGHDFKAQPELAEAAAKTTENPL
kK kkk kkk ok kkk kkkhkkkk Kk kkkk hkkk kk Kkhkkkk Kkhkkkkk khkkkhk
1UCU 409 QKIDAALAQVDTLRSDLGAVQONRFNSAITNLGNTVNNLTSVRSRIEDSDYATEVSNMSRA
Sfla 421 QKIDAALAQVDALRSDLGAVQNRFNSAITNLGNTVNNLSEARSRIEDSDYATEVSNMSRA

KKKKKK KK KKK KK KK KKK Ak hh ok hk ko hkhhh*h* Kk Kk KK KK KK KK KK KKKk Kk okk
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1UCU 469 QILQQAGTSVLAQANQVPONVLSLLR

Sfla 481 QILQQAGTSVLAQANQVPONVLSLLR
Khkkkhkhkkhkhkhkkhkdkdkhkhdkhkhhkkhkh*k

[0183] The methods of making a protein that stimulates a
protective immune response in a subject can further include
the step of operably linking a nucleic acid sequence encoding
a carrier protein to the nucleic acid sequence encoding a
portion of the viral hemagglutinin.

[0184] “Carrier,” as used herein, refers to a molecule (e.g.,
protein, peptide) that can enhance stimulation of a protective
immune response. Carriers can be physically attached (e.g.,
linked by recombinant technology, peptide synthesis, chemi-
cal conjugation or chemical reaction) to a composition (e.g.,
aprotein portion of a naturally occurring viral hemagglutinin)
or admixed with the composition.

[0185] Carriers for use in the methods and compositions
described herein can include, for example, at least one mem-
ber selected from the group consisting of Tetanus toxoid
(TT), Vibrio cholerae toxoid, Diphtheria toxoid (DT), a
cross-reactive mutant (CRM) of diphtheria toxoid, E. coli
enterotoxin, E£. coli B subunit of heat labile enterotoxin
(LTB), Tobacco mosaic virus (TMV) coat protein, protein
Rabies virus (RV) envelope protein (glycoprotein), thyroglo-
bulin (Thy), heat shock protein HSP 60 Kda, Keyhole limpet
hemocyamin (KLLH), an early secreted antigen tuberculosis-6
(ESAT-6), exotoxin A, choleragenoid, hepatitis B core anti-
gen, and the outer membrane protein complex of N. menin-
giditis (OMPC) (see, for example, Schneerson, R., etal., Prog
Clin Biol Res 47:77-94 (1980); Schneerson, R., et al., J Exp
Med 152:361-76 (1980); Chu, C., et al., Infect Immun 40:
245-56 (1983); Anderson, P., Infect Immun 39:233-238
(1983); Anderson, P, et al., J Clin Invest 76:52-59 (1985);
Fenwick, B. W, et al., 54:583-586 (1986); Que, J. U., et al.
Infect Immun 56:2645-9 (1988); Que, J. U., et al. Infect
Immun 56:2645-9 (1988); (Que, I. U., et al. Infect Immun
56:2645-9 (1988); Murray, K., et al., Biol Chem 380:277-283
(1999); Fingerut, E., et al., Vet Immunol Immunopathol 112:
253-263 (2006); and Granoff, D. M., et al., Vaccine 11:Suppl
1:846-51 (1993)).

[0186] Exemplary carrier proteins for use in the methods
and compositions described herein can include at least one
member selected from the group consisting of SEQ ID NOS:
786-793.

[0187] The compositions of the invention can further
include at least one adjuvant. Adjuvants contain agents that
can enhance the immune response against substances that are
poorly immunogenic on their own (see, for example, Immu-
nology Methods Manual, vol. 2, 1. Lefkovits, ed., Academic
Press, San Diego, Calif., 1997, ch. 13). Inmunology Methods
Manual is available as a four volume set, (Product Code 737,
435-0); on CD-ROM, (Product Code Z37, 436-9); or both,
(Product Code 737, 437-7). Adjuvants can be, for example,
mixtures of natural or synthetic compounds that, when
administered with compositions of the invention, such as
proteins that stimulate a protective immune response made by
the methods described herein, further enhance the immune
response to the protein. Compositions that further include
adjuvants may further increase the protective immune
response stimulated by compositions of the invention by, for
example, stimulating a cellular and/or a humoral response

(i.e., protection from disease versus antibody production).
Adjuvants can act by enhancing protein uptake and localiza-
tion, extend or prolong protein release, macrophage activa-
tion, and T and B cell stimulation. Adjuvants for use in the
methods and compositions described herein can be mineral
salts, oil emulsions, mycobacterial products, saponins, syn-
thetic products and cytokines Adjuvants can be physically
attached (e.g., linked by recombinant technology, by peptide
synthesis or chemical reaction) to a composition described
herein or admixed with the compositions described herein.
[0188] Inanother embodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is not a Pichia pastoris eukaryotic host cell; and
culturing the eukaryotic host cell to thereby make the protein.
In one embodiment, the protein portion can further lack a
signal sequence. In another embodiment, the protein portion
can further include a sialic acid binding site.

[0189] In a further embodiment, the invention is a method
of making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
hostcellis not an insect eukaryotic host cell; and culturing the
eukaryotic host cell to thereby make the protein that stimu-
lates a protective immune response in a subject.

[0190] In a further embodiment, the invention is a method
of making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby form a protein portion, wherein the protein
portion includes at least a portion of a globular head, and at
least a portion of at least one secondary structure that causes
the globular head to essentially retain its tertiary structure,
and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
transfecting a nucleic acid sequence encoding the protein
portion into a eukaryotic host cell, wherein the eukaryotic
host cell is not a stably transformed insect cell; and culturing
the eukaryotic host cell to thereby make the protein that
stimulates a protective immune response in a subject.
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[0191] Inanotherembodiment, the invention is a method of
making a protein that stimulates a protective immune
response in a subject, comprising the steps of separating a
portion of a protein from a naturally occurring viral hemag-
glutinin to thereby make a protein portion, wherein the pro-
tein portion includes at least a portion of a globular head and
at least a portion of at least one secondary structure that
causes the globular head to essentially retain its tertiary struc-
ture, and wherein the protein portion lacks a membrane fusion
domain, a transmembrane domain and a cytoplasmic domain;
infecting a nucleic acid sequence encoding the protein por-
tion into an insect cell host cell (e.g., a baculovirus insect host
cell, such as Sf9 or High5 cells); and culturing the insect host
cell to thereby make the protein that stimulates a protective
immune response in a subject.

[0192] The methods of making a protein that stimulates a
protective immune response in a subject can further include
the step of deleting at least one glycosylation site in the
nucleic acid sequence encoding the protein portion. The gly-
cosylation site that is deleted can include an N-glycosylation
site.

[0193] The eukaryotic host cells employed in the methods
of'the invention can include a Saccharomyces eukaryotic host
cell, an insect eukaryotic host cell (e.g., at least one member
selected from the group consisting of a Baculovirus infected
insect cell, such as Spodoptera frugiperda (S19) or Trichhop-
lusia ni (High5) cells; and a Drosophila insect cell, such as
Dmel2 cells), a fungal eukaryotic host cell, a parasite eukary-
otic host cell (e.g., a Leishmania tarentolae eukaryotic host
cell), CHO cells, yeast cells (e.g., Pichia) and a Kluyveromy-
ces lactis host cell.

[0194] Suitable eukaryotic host cells and vectors can also
include plant cells (e.g., tomato; chloroplast; mono- and
dicotyledonous plant cells; Arabidopsis thaliana; Hordeum
vulgare; Zea mays; potato, such as Solanum tuberosum; car-
rot, such as Daucus carona L.; and tobacco, such as Nicotiana
tabacum, Nicotiana benthamiana (Gils, M., et al., Plant Bio-
technol J. 3:613-20 (2005); He, D. M., et al., Colloids Surf B
Biointerfaces, (2006); Huang, Z., et al., Vaccine 19:2163-71
(2001); Khandelwal, A, et al., Virology. 308:207-15 (2003);
Marquet-Blouin, E., et al., Plant Mol Biol 51:459-69 (2003);
Sudarshana, M. R., et al. Plant Biotechnol J. 4:551-9 (2006);
Varsani, A., et al., Virus Res, 120:91-6 (2006); Kamaraju-
gadda S., etal., Expert Rev Vaccines 5:839-49 (2006); Koya'V,
et al., Infect Immun. 73:8266-74 (2005); Zhang, X., et al.,
Plant Biotechnol J. 4:419-32 (2006)).

[0195] The proteins made by the methods of the invention
and the compositions of the invention can be purified and
characterized employing well-known methods (e.g., gel chro-
matography, cation exchange chromatography, SDS-PAGE),
as described herein.

[0196] For large scale production, fermentation techniques
can be employed, as described herein. Additional exemplary
fermentation techniques can include a proposed cycle that
can start with a culture inoculated into 6 L of MRBR media,
as described herein, held at about 30° C., about pH 7, and DO
controlled to greater than about 30%. A 6 liter feed can then be
started at least about 30 minutes after glucose exhaustion. The
proposed 6 liter feed media, when combined with 6 L of
MRBR media, can provide the necessary conditions for F.
coli growth based on about 52% utilization of carbon for
growth. The feed may or may not include IPTG. The batch
can be induced with at least 2 mM IPTG, introduced as a
bolus, shortly after the feed is started to initiate production.
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The feed rate can start at about 20 mL feed per hour per liter
bioreactor volume and increase over time based on the ability
of the culture to accept more glucose without glucose accu-
mulation. The culture can be harvested when the feed is
complete. The 6 liter feed media, about pH 6.0, can include
Glucose 180 g/L; KH,PO, 2 g/L; NaH,PO, (H,O) 4 g/L;
(NH,),HPO, 12 g/L; (NH,),HSO, 4 g/L; DL-Alanine 40
g/L; Citric Acid 4 g/L; MgSO,(7H,0) 5.5 g/L; Trace Metals 6
mL; CaCl, 2.5 g/L; FeSO, 7H,O 1 g/L.

[0197] Cell disruption and clarification in a large scale pro-
duction can include removal of Triton X-100 from the resus-
pension buffer; dissolution of insolubles by the addition of 50
mM Tris, 25 mM NaCl, 8 M urea, about pH 8 to the lysate;
addition of PEI (poly ethylamine) and subsequent removal by
centrifugation with one or more of the buffers to remove
nucleic acids and/or aid in filtration; the addition of flocul-
lants, such as Aerosil 380, Aerosil 200, Alkoxide Alu C, and
Celpur; and subsequent removal by centrifugation to aid in
filtration. Cation exchange chromatography can include the
use of a process resin, adding a denaturing endotoxin removal
step containing up to 8 M urea and up to about 2% Triton
X-100, and a step gradient elution. The step elution gradient
can include about 100 to about 200 mM NaCl.

[0198] In yet another embodiment, the invention is a
method of stimulating protective immunity in a subject, com-
prising the step of administering to the subject a composition
that includes a protein made by a method comprising the steps
of'separating a portion of a protein from a naturally occurring
viral hemagglutinin to thereby form a protein portion,
wherein the protein portion includes at least a portion of a
globular head and at least a portion of at least one secondary
structure that causes the globular head to essentially retain its
tertiary structure, and wherein the protein portion lacks a
membrane fusion domain, a transmembrane domain and a
cytoplasmic domain; transforming a nucleic acid sequence
encoding the portion into a prokaryotic host cell; and cultur-
ing the prokaryotic host cell to thereby make the protein that
stimulates protective immunity in a subject.

[0199] In still another embodiment, the invention is a
method of stimulating protective immunity in a subject, com-
prising the step of administering to the subject a composition
that includes a protein portion of a naturally occurring viral
hemagglutinin, wherein the protein portion includes at least a
portion of a globular head and at least a portion of one sec-
ondary structure that causes the globular head to essentially
retain its tertiary structure and wherein the protein portion
lacks a membrane fusion domain, a transmembrane domain
and a cytoplasmic domain.

[0200] In a further embodiment, the invention is a method
of making a viral hemagglutinin protein that stimulates a
protective immune response in a subject, comprising the steps
of'separating a portion of a protein from a naturally occurring
viral hemagglutinin to thereby make a protein portion,
wherein the protein portion includes at least a portion of a
globular head and at least a portion of at least one secondary
structure that causes the globular head to essentially retain its
tertiary structure, and wherein the protein portion lacks a
membrane fusion domain, a transmembrane domain and a
cytoplasmic domain; transfecting a nucleic acid sequence
encoding the portion in a eukaryotic host cell, wherein the
eukaryotic host cell is not a Pichia pastoris eukaryotic host
cell; and culturing the eukaryotic host cell to thereby make the
protein that stimulates a protective immune response in a
subject.
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[0201] In yet another embodiment, the invention is a
method of making a viral hemagglutinin protein that stimu-
lates a protective immune response in a subject, comprising
the steps of separating a portion of a protein from a naturally
occurring viral hemagglutinin to thereby make a protein por-
tion, wherein the protein portion includes at least a portion of
a globular head and at least a portion of at least one secondary
structure that causes the globular head to essentially retain its
tertiary structure, and wherein the protein portion lacks a
membrane fusion domain, a transmembrane domain and a
cytoplasmic domain; transfecting a nucleic acid sequence
encoding the portion in a eukaryotic host cell, wherein the
eukaryotic host cell is nota Drosophila melanogaster eukary-
otic host cell; and culturing the eukaryotic host cell to thereby
make the protein that stimulates a protective immune
response in a subject.

[0202] In still another embodiment, the invention is a
method of making a viral hemagglutinin protein that stimu-
lates a protective immune response in a subject, comprising
the steps of transforming a prokaryotic host cell with a nucleic
acid sequence encoding at least one viral hemagglutinin that
lacks a transmembrane domain and a cytoplasmic domain;
and culturing the prokaryotic cell to thereby make the protein
that stimulates a protective immune response in a subject.
[0203] An additional embodiment of the invention is a
method of stimulating protective immunity in a subject, com-
prising the step of administering to the subject a composition
that includes a protein made by a method comprising the steps
of transforming a prokaryotic host cell with a nucleic acid
sequence encoding at least one viral hemagglutinin that lacks
a transmembrane domain and a cytoplasmic domain; and
culturing the prokaryotic host cell to thereby make the protein
that stimulates a protective immune response in a subject.
[0204] Inanother embodiment, the invention is a method of
stimulating protective immunity in a subject, comprising the
step of administering to the subject a composition that
includes a protein having at least one viral hemagglutinin that
lacks a transmembrane domain and a cytoplasmic domain,
wherein the protein was expressed in a prokaryotic cell.
[0205] In still another embodiment, the invention is a com-
position comprising at least a portion of at least one pathogen-
associated molecular pattern and a protein portion of a natu-
rally occurring viral hemagglutinin, wherein the protein
portion of the naturally occurring viral hemagglutinin
includes at least a portion of a globular head and at least a
portion of at least one secondary structure that causes the
globular head to essentially retain its tertiary structure, and
wherein the protein portion of the naturally occurring viral
hemagglutinin lacks a membrane fusion domain, a trans-
membrane domain, and a cytoplasmic domain.

[0206] Pathogen-associated molecular patterns (PAMPs),
such as a flagellin or a bacterial lipoprotein, refer to a class of
molecules (e.g., protein, peptide, carbohydrate, lipid,
lipopeptide, nucleic acid) found in microorganisms that,
when bound to a pattern recognition receptor (PRR), can
trigger an innate immune response. The PRR can be a Toll-
like Receptor (TLR).

[0207] TLRs are the best characterized type of Pattern Rec-
ognition Receptor (PRR) expressed on antigen-presenting
cells (APC). APC utilize TLRs to survey the microenviron-
ment and detect signals of pathogenic infection by engaging
the cognate ligands of TLRs, PAMPs. PAMP and TLR inter-
action triggers the innate immune response, the first line of
defense against pathogenic insult, manifested as release of
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cytokines, chemokines and other inflammatory mediators;
recruitment of phagocytic cells; and important cellular
mechanisms which lead to the expression of costimulatory
molecules and efficient processing and presentation of anti-
gens to T-cells. TLRs control both innate and the adaptive
immune responses.

[0208] The binding of PAMPs to TLRs activates innate
immune pathways. Target cells can result in the display of
co-stimulatory molecules on the cell surface, as well as anti-
genic peptide in the context of major histocompatibility com-
plex molecules (see FIG. 40). The compositions, fusion pro-
teins or polypeptides of the invention can include a PAMP
(e.g., aflagellin) that binds to a TLR (e.g., TLRS), promoting
differentiation and maturation of the APC, including produc-
tion and display of co-stimulatory signals (see FIG. 40). The
compositions can be internalized by its interaction with the
TLR and processed through the lysosomal pathway to gener-
ate antigenic peptides, which are displayed on the surface in
the context of the major histocompatibility complex.

[0209] The compositions, fusion proteins and polypeptides
of the invention employ pathogen-associated molecular pat-
terns (TLR agonists) that trigger cellular events resulting in
the expression of costimulatory molecules, secretion of criti-
cal cytokines and chemokines; and efficient processing and
presentation of antigens to T-cells. As discussed above, TLRs
recognize PAMPs including bacterial cell wall components
(e.g., bacterial lipoproteins and lipopolysaccharides), bacte-
rial DNA sequences that contain unmethylated CpG residues
and bacterial flagellin. TLRs act as initiators of the innate
immune response and gatekeepers of the adaptive immune
response (Medzhitov, R., et al., Cold Springs Harb. Symp.
Quant. Biol. 64:429 (1999); Pasare, C., etal., Semin, Immunol
16:23 (2004); Medzhitov, R., et al., Nature 388:394 (1997);
Barton, G. M., et al., Curr. Opin. Immunol 14:380 (2002);
Bendelac, A., etal., J. Exp. Med. 195:F19 (2002)).

[0210] As discussed above, the binding of PAMPs to TLRs
activates immune pathways for use in the compositions,
fusion proteins and polypeptides of the invention, which can
be employed in stimulating the immune system in a subject.
The compositions, fusion proteins and polypeptides of the
invention can trigger an immune response to an antigen (e.g.,
a viral protein, such as an influenza viral) and trigger signal
transduction pathways of the innate and adaptive immune
system of the subject to thereby stimulate the immune system
of'a subject. Stimulation of the immune system of the subject
may prevent infection by an antigen or a virus (e.g., an influ-
enza virus) and thereby treat the subject or prevent the subject
from disease, illness and, possibly, death.

[0211] Inanadditional embodiment, the invention is acom-
position comprising a flagellin component that is at least a
portion of a flagellin, wherein the flagellin component
includes at least one cysteine residue and whereby the flagel-
lin component activates a Toll-like Receptor 5.

[0212] “Flagellin component,” as used herein, means at
least part of or the entirety of a flagellin.

[0213] “Activates,” when referring to a Toll-like Receptor
(TLR), means that the component (e.g., a flagellin component
or a Toll-like Receptor agonist component) stimulates a
response associated with a TLR. For example, bacterial
flagellin activates TLRS and host inflammatory responses
(Smith, K. D., et al, Nature Immunology 4:1247-1253
(2003)). Bacterial lipopeptide activates TLR1; Pam3Cys,
Pam2Cys activate TLR2; dsRNA activates TLR3; LBS (LPS-
binding protein) and LPS (lipopolysaccharide) activate
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TLR4; imidazoquinolines (anti-viral compounds and
ssRNA) activate TLR7; and bacterial DNA (CpG DNA) acti-
vates TLR9. TLR1 and TLR6 require heterodimerization
with TLR2 to recognize ligands (e.g., TLR agonists, TLR
antagonists). TLR1/2 are activated by triacyl lipoprotein (or a
lipopeptide, such as Pam3Cys), whereas TLLR6/2 are acti-
vated by diacyl lipoproteins (e.g., Pam2Cys), although there
may be some cross-recognition. In addition to the natural
ligands, synthetic small molecules including the imidazo-
quinolines, with subclasses that are specific for TLR7 or
TLRS8 can activate both TLR7 and TLRS8. There are also
synthetic analogs of LPS that activate TLR4, such as mono-
phosphoryl lipid A [MPL].

[0214] TLR activation can result in signaling through
MyD88 and NF-kB. There is some evidence that different
TLRs induce different immune outcomes. For example, Hir-
schfeld, et al. Infect Immun 69:1477-1482 (2001)) and Re, et
al. J Biol Chem 276:37692-37699 (2001) demonstrated that
TLR2 and TLR4 activate different gene expression patterns in
dendritic cells. Pulendran, et at J Immunol 167:5067-5076
(2001)) demonstrated that these divergent gene expression
patterns were recapitulated at the protein level in an antigen-
specific response, when lipopolysaccharides that signal
through TLR2 or TLR4 were used to guide the response
(TLR4 favored a Thl-like response with abundant IFNy
secretion, while TLR2 favored a Th2-line response with
abundant 1L-5, IL-10, and IL-13 with lower IFNy levels).
There is redundancy in the outcome of signaling through
different TLRs.

[0215] Activation of TLRs can result in increased effector
cell activity that can be detected, for example, by measuring
IFNy-secreting CD8+ cells (e.g., cytotoxic T-cell activity);
increased antibody responses that can be detected by, for
example, ELISA, virus neutralization, and flow cytometry
(Schnare, M., etal., Nat Immunol 2:947 (2001); Alexopoulou,
L., et al., Nat Med 8:878 (2002); Pasare, C., et al., Science
299:1033 (2003); Napolitani, G., et al., Nat Immunol 6:769
(2005); and Applequist, S. E., et al., J Immunol 175:3882
(2005)).

[0216] The composition comprising a flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 can further include at least a portion of at least one
member selected from the group consisting of a Toll-like
Receptor 1 agonist, a Toll-like Receptor 2 agonist (e.g.,
Pam3Cys, Pam2Cys), a Toll-like Receptor 3 agonist, a Toll-
like Receptor 4 agonist, a Toll-like Receptor 6 agonist, a
Toll-like Receptor 7 agonist, a Toll-like Receptor 8 agonist a
Toll-like Receptor 9 agonist, a Toll-like Receptor 10 agonist,
a Toll-like Receptor 11 agonist and a Toll-like Receptor 12
agonist.

[0217] The a Toll-like Receptor 1 agonist, a Toll-like
Receptor 2 agonist, a Toll-like Receptor 3 agonist, a Toll-like
Receptor 4 agonist, a Toll-like Receptor 6 agonist, a Toll-like
Receptor 7 agonist, a Toll-like Receptor 8 agonist a Toll-like
Receptor 9 agonist a Toll-like Receptor 10 agonist, a Toll-like
Receptor 11 agonist and a Toll-like Receptor 12 agonist
employed in the compositions, such as compositions com-
prising a flagellin component that is at least a portion of a
flagellin, wherein the flagellin component includes at least
one cysteine residue and whereby the flagellin component
activates TLRS, can further include at least one additional
cysteine residue.
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[0218] In one embodiment, at least one cysteine residue
substitutes for at least one amino acid residue in a naturally
occurring flagellin amino acid sequence of the flagellin com-
ponent.

[0219] The cysteine residue that substitutes for at least one
amino acid residue in a naturally occurring flagellin amino
acid sequence of the flagellin component can be remote to at
least one amino acid of the Toll-like Receptor 5 recognition
site of the flagellin component. “Toll-like Receptor 5 recog-
nition site,” means that part of the TLRS ligand (e.g., TLRS
agonist) that interacts with TLRS5 to mediate a cellular
response. “Toll-like Receptor 5 recognition site” is also
referred to as a “Toll-like Receptor 5 activation site” and a
“Toll-like Receptor 5 activation domain.”

[0220] Likewise, “Toll-like Receptor recognition site,”
means that part of the Toll-like Receptor ligand (e.g., a Toll-
like Receptor agonist) that interacts with its respective TLR to
mediate a cellular response. “Toll-like Receptor recognition
site” is also referred to as a “Toll-like Receptor activation
site” and a “Toll-like Receptor activation domain.”

[0221] The cysteine residue that substitutes for at least one
amino acid residue in a naturally occurring flagellin amino
acid sequence of the flagellin component can also be remote
to at least one amino acid of the flagellin component involved
in binding to the toll like receptor 5.

[0222] In another embodiment, the flagellin component
includes at least a portion of a naturally occurring flagellin
amino acid sequence in combination with the cysteine resi-
due.

[0223] The cysteine residue used in combination (also
referred to herein as “added cysteine”) with at least a portion
of'a naturally occurring flagellin amino acid sequence can be
at least one member selected from the group consisting of the
amino-terminal amino acid of the flagellin component or the
Toll-like Receptor agonist component and the carboxy-termi-
nal amino acid of the flagellin component or the Toll-like
Receptor agonist component. The cysteine residue used in
combination with at least a portion of a naturally occurring
flagellin amino acid sequence can be remote to at least one
amino acid of the Toll-like Receptor 5 recognition site of the
flagellin component or remote to at least one amino acid of the
Toll-like Receptor recognition site of the Toll-like Receptor
agonist component.

[0224] The cysteine residue used in combination with at
least a portion of a naturally occurring flagellin amino acid
sequence can be remote to at least one amino acid of the
flagellin component involved in binding to the Toll-like
Receptor 5 or remote to at least one amino acid of a Toll-like
Receptor agonist component involved in binding to the Toll-
like Receptor.

[0225] In another embodiment, the flagellin component
lacks at least a portion of a hinge region of a naturally occur-
ring flagellin amino acid sequence.

[0226] The composition comprising a flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 can further include at least a portion of at least one
antigen (e.g., an influenza antigen, such as an influenza A, B
or C antigen).

[0227] The antigen can be an essentially hydrophobic anti-
gen, such as a maturational cleavage site antigen of HA. The
maturational cleavage site antigen can be at least one member
selected from the group consisting of (SEQ ID NOS: 529,
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531,532,533, 534,599, 600, 601, 602 and NVPEKQTRGIF-
GAIAGFIE (H3) (SEQ ID NO: 794), NIPSIQSRGLFGA-
TIAGFIE (H1) (SEQ ID NO: 795), PAKLLKERGFFGA-
IAGFLE (FLU B) (SEQ ID NO: 796),
RERRRKKRGLFGAIAGFIE (HS5) (SEQ ID NO: 797),
RGLXGAIAGFIE (SEQ ID NO: 818), RGLXGAIAGFIE
(SEQ ID NO: 819).

[0228] “Essentially hydrophobic,” as used herein, means
that the antigen has limited solubility in an aqueous solution
or environment. The hydrophobic nature of peptides or pro-
teins can be determined and compared, for example, by the
Kyte-Doolitle hydrophobicity scale (Kyte, J., etal., Mol. Biol.
157: 105-132 (1982), (1982)), which assigns a numerical
value for each of the 20 amino acids according to relative
hydrophobicity. A positive value indicates a hydrophobic
amino acid. A negative value indicates a hydrophilic amino
acid. The average of these values for an individual peptide or
polypeptide (calculated by adding the individual hydropho-
bicity values for each amino acid of the polypeptide or protein
and dividing the total value by the number of amino acids in
the polypeptide or protein) provides an index of overall
hydrophobicity known as the “grand average of hydropathic-
ity,” also referred to as “GRAVY.” A GRAVY value greater
than zero indicates the protein or peptide is essentially hydro-
phobic. A GRAVY value less than zero indicates the protein
or peptide is essentially hydrophilic. The individual hydro-
phobicity values, for the 20 naturally occurring amino acids
according to the Kyte-Doolittle scale (Kyte, I., et al., Mol.
Biol. 157: 105-132 (1982)), are as follows:

Alanine 1.8
Arginine -4.5
Asparagine -3.5
Aspartic acid -3.5
Cysteine 2.5
Glutamine -3.5
Glutamic acid -3.5
Glycine -0.4
Histidine -3.2
Isoleucine 4.5
Leucine 3.8
Lysine -39
Methionine 1.9
Phenylalanine 2.8
Proline -1.6
Serine -0.8
Threonine -0.7
Tryptophan -0.9
Tyrosine -1.3
Valine 4.2

[0229] The hydrophobicity of antigens, such as protein or
peptide antigens, for use in the compositions and methods of
the invention can be determined by calculating a GRAVY
score based on the hydrophobicity values of the above Kyte-
Doolittle scale. For example, GRAVY scores, which indicate
essentially hydrophobic peptides, were calculated by addi-
tion of the hydrophobicity values (supra) of individual amino
acids for the following maturational cleavage site amino pep-
tides:

Maturational Cleavage Site GRAVY

NVPEKQTRGIFGAIAGFIE (A/H3N2)
(SEQ ID NO: 798)

0.053

May 19, 2011

-continued
Maturational Cleavage Site GRAVY
NVPQIESRGLFGAIAGFIE (A/H2N1) 0.453
(SEQ ID NO: 799)
NIPSIQSRGLFGAIAGFIE (A/HIN1) 0.611
(SEQ ID NO: 800)
RGLFGAIAGFIE (Influenza A conserved region) 1.067
(SEQ ID NO: 801)
PAKLLKERGFFGAIAGFLE (Influenza B) 0.400
(SEQ ID NO: 802)
RGFFGAIAGFLE (Influenza B conserved region) 0.925

(SEQ ID NO: 803)

[0230] Likewise, GRAVY scores, which indicate essen-
tially hydrophilic peptides, were calculated for the following
peptides:

Amino Acid Sequence GRAVY
human influenza M2e (SEQ ID NO: 804) -1.129
SLLTEVETPIRNEWGSRSNDSSDP

Vietnam influenza M2e (SEQ ID NO: 805) -0.907
GSGAG SLLTEVETPTRNEWECRCSDSSDP

Hong Kong influenza M2e (SEQ ID NO: 806) -0.507
GSGAGSLLTEVETLTRNGWGCRCSDSSDP

West Nile Virus E peptide 001 -0.475
(SEQ ID NO: 807)

LTSGHLKCRVKMEKLQLKGT

Dengue 2 E peptide (SEQ ID NO: 808) -0.333
EAEPPFGDSYIIIGVEPGQLKLNWFKK

BCRABL wt peptide (SEQ ID NO: 809) -1.129

SLLTEVETPIRNEWGSRSNDSSDP

[0231] An antigen can be any molecule (e.g., protein, pep-
tide, glycoprotein, glycopeptide, carbohydrate, lipid,
lipopeptide, polysaccharide) that can be recognized by the
components of the immune system regardless of whether it
can trigger activation of the immune system. The antigen can
be a fragment or portion of a naturally occurring antigen or a
synthetic molecule that mimics the naturally occurring anti-
gen or a portion of the naturally occurring antigen.

[0232] The antigen can be a viral antigen. A “viral antigen,”
as used herein, refers to any portion of a virus (e.g., influenza
virus, flavivirus) that generates an immune response in a
subject either when employed in combination with a TLR
agonist (e.g., a flagellin, Pam2Cys, Pam3Cys) or in the
absence of a TLR agonist. The viral antigen can be a portion
or a fragment of a naturally occurring virus or a synthetic
molecule that mimics a naturally occurring virus, such as a
recombinant or synthetic protein (e.g., influenza virus, fla-
vivirus), peptide, lipid, carbohydrate, that generates an
immune response in the subject. The influenza antigen can
include at least one member selected from the group consist-
ing of an influenza A antigen, influenza B antigen and an
influenza C antigen. The influenza antigen can be an influenza
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virus integral membrane protein, such as HA, or a protein
portion of HA, such as HA1-1 and HA1-2.

[0233] The antigen can be at least a portion of an influenza
Matrix 2 (M2) protein, including at least a portion of the
ectodomain of an influenza M2 protein (M2e).

[0234] Matrix protein 2 (M2 or M2 protein) is a proton-
selective integral membrane ion channel protein of the influ-
enza A virus. M2 is abundantly expressed at the plasma mem-
brane of virus-infected cells, but is generally underexpressed
by virions. For example, a portion of an M2 sequence of
influenza A is SEQ ID NO: 507, which is encoded by SEQ ID
NO: 508. The native form of the M2 protein is a homotetramer
(i.e., four identical disulfide-linked M2 protein molecules).
Each of the units are helices stabilized by two disulfide bonds.
M2 is activated by low pH. Each of'the M2 protein molecules
in the homotetramer consists of three domains: a 24 amino
acid outer or N (amino)-terminal domain (e.g., SEQ ID NO:
509; also referred to herein as a ‘“human consensus
sequence”), which is encoded by SEQ ID NO: 510; a 19
hydrophobic amino acid transmembrane region, and a 54
amino acid inner or C (carboxy)-terminal domain. The M2
protein can vary depending upon the influenza viral subtype
(e.g., H1 and H5 subtypes of influenza A) and influenza viral
source (e.g., Puerto Rico, Thailand, New York, Hong Kong),
as shown, for example, in exemplary amino-terminal
sequences of M2 proteins (SEQ ID NOS: 543-555 and 569-
577) and as described in PCT/US2005/046662 (WO2006/
069262).

[0235] The M2 protein has an important role in the life
cycle ofthe influenza A virus. It is important in the uncoating
stage where it permits the entry of protons into the viral
particle, which lowers the pH inside the virus, resulting in
dissociation of the viral matrix protein M1 from the ribo-
nucleoprotein RNP. As a consequence, the virus coat is
removed and the contents of the virus are released from the
endosome into the cytoplasm of the host cell for infection.

[0236] The function of the M2 channel can be inhibited by
antiviral drugs, such as amantadine and rimantadine, which
prevent the virus from infecting the host cell. Such antiviral
drugs usually bind the transmembrane region of the M2 pro-
tein and sterically block the ion channel created by the M2
protein, which prevents protons from entering and uncoating
the virion.

[0237] The M2 protein for use in the compositions and
methods of the invention can that include at least a portion of
SEQ ID NO: 509 encoded by SEQ ID NO: 510 or at least a
portion of SEQ ID NO: 543, encoded by SEQ ID NO: 602.
The M2 protein can further include at least one member
selected from the group consisting of SEQ ID NO: 511, SEQ
IDNO: 515, SEQIDNO: 530; SEQIDNO: 535 (Flu A H5N1
M2e, 2004 Viet Nam Isolate with serine replacing cysteine);
SEQ ID NO: 536 (Flu A H5N1 M2e, 2004 Viet Nam Isolate);
SEQ ID NO: 539 (Flu A HSN1 M2e, Hong Kong 97 Isolate
with serine replacing cysteine); SEQ ID NO: 538 (Flu A
H5N1 M2e, Hong Kong 97 Isolate); SEQ ID NO: 539 (Flu A
H7N2 M2e Chicken/New York 95 Isolate with serine replac-
ing cysteine); SEQ ID NO: 540 (Flu A H7N2 M2e, Chicken/
New York 95 Isolate); SEQ ID NO: 541 (Flu A HON2 M2e,
Hong Kong 99 Isolate with serine replacing cysteine); and
SEQ ID NO: 542 (Flu A, Hong Kong 99 Isolate). Certain
cysteine residues, for example, amino acids 16 and 18 of SEQ
IDNO: 536; amino acids 17 and 19 of SEQ ID NOS: 538, 540
and 542 in the naturally occurring sequence of at least a
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portion of M2 protein are replaced with a serine (see, SEQ ID
NOS: 537, 539, 541 and 543, respectively).

[0238] Thecompositions comprising a flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 that further includes an antigen (e.g., a maturational
cleavage site peptide, protein portion of HA, such as HA1-1,
HA1-2) can be co-administered or admixed with another
flagellin component that is at least a portion of a flagellin,
wherein the flagellin component includes at least one cysteine
residue and whereby the flagellin component activates a Toll-
like Receptor 5 that further includes a difterent, distinct anti-
gen (e.g., M2e) or a fusion protein of a TLR agonist and an
antigen (e.g., STF2.HA1-1, STF2.HA1-2, STF2A.HA1-1,
STF2A.HA1-2, STF2.M2e, STF2.4xM2e, STF2AM2e,
STF2A.4xM2e).

[0239] The antigen included in the compositions and
employed in the methods of the invention can be at least a
portion of a microbial-related antigen, for example, antigens
of pathogens, such as viruses, fungi or bacteria. Antigens can
also be microorganism-related, and other disease-related
antigens, such as antigens associated with allergies and can-
cer. The antigen can also be at least a portion of an antigen of
a bacteria, a virus, a fungi, a yeast, a protozoa, a metazoa, a
tumor, a malignant cell, a plant cell, an animal cell, a hormone
and an amyloid-p peptide. The antigen can be a peptide, a
polypeptide, a lipoprotein, a glycoprotein and a mucoprotein.
[0240] The antigen included in the compositions and
employed in the methods of the invention can be a pathogen-
related antigen. “Pathogen-related antigen,” as used herein,
refers to any molecule (e.g., protein, peptide, carbohydrate,
lipoprotein, polysaccharide) that is associated with a patho-
gen. Exemplary pathogen-related antigens include, for
example, antigens of vaccinia, avipox virus, turkey influenza
virus, bovine leukemia virus, feline leukemia virus, avian
influenza, chicken pneumovirosis virus, canine parvovirus,
equine influenza, FHV, Newcastle Disease Virus (NDV),
Chicken/Pennsylvania/1/83 influenza virus, infectious bron-
chitis virus; Dengue virus, measles virus, Rubella virus, pseu-
dorabies, Epstein-Barr Virus, HIV, SIV, EHV, BHV, HCMV,
Hantaan, C. tetani, mumps, Morbillivirus, Herpes Simplex
Virus type 1, Herpes Simplex Virus type 2, Human cytome-
galovirus, Hepatitis A Virus, Hepatitis B Virus, Hepatitis C
Virus, Hepatitis E Virus, Respiratory Syncytial Virus, Human
Papilloma Virus, Influenza Virus, Sa/monella, Neisseria, Bor-
relia, Chlamydia, Bordetella, Plasmodium (e.g., Plasmodium
falciparum and Plasmodium vivax), Toxoplasma, Cryptococ-
cus, Streptococcus, Staphylococcus, Haemophilus, Dipthe-
ria, Tetanus, Pertussis, Escherichia, Candida, Aspergillus,
Entamoeba, Giardia and Trypanasoma.

[0241] The antigen included in the compositions and
employed in the methods of the invention can include bacte-
rial capsular antigens. Exemplary bacterial capsular antigens
include, for example, at least one member selected from the
group consisting of a Group B Streptococcus, including
Streptococcus agalactiae, capsular polysaccharides type Ia,
Ib, Ta/e, 11, 111, IV, V and VI; Streprococcus prneumoniae
capsular polysaccharides types 1, 2, 3, 4, 5, 6A, 6B, 7F, 9N,
9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 194, 20, 22F, 23F, and
33F or any combination of these (typing according to the
Danish system); Stapylococcus aureus capsular polysaccha-
rides type 5, 8 and 336; Bacillus anthracis vegetative state
capsular poly gamma D glutamic acid; Mycobacteria tuber-
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culosis lipo-arabino mannan capsule; Plasmodium flaci-
parum surface oligosaccharide; Neisseria meningitidis cap-
sular polysaccharides of group A, B, C, X, Y and W135 or any
combination thereof.

[0242] Compositions comprising the flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 can include an antigen that is produced by chemical
modification of the side-chains of the antigen (e.g., capsular
antigens, pathogen-related antigens, influenza antigens, fla-
vivirus antigens) in a manner that generates an active group
that is coupled (also referred to herein as chemical conjuga-
tion) to a compatible reactive group created on the substituted
flagellins of the invention (see infra). Derivatization (modifi-
cation) of the capsular material is carried out so that a small
minority of the side-chains are modified (about 5%) to avoid
destruction of the majority of immunoreactive structures on
the capsular material.

[0243] The antigen included in the compositions and
employed in the methods of the invention can be at least a
portion of at least one member selected from the group con-
sisting of a West Nile viral protein, a Langat viral protein, a
Kunjin viral protein, a Murray Valley encephalitis viral pro-
tein, a Japanese encephalitis viral protein, a Tick-borne
encephalitis viral protein, Dengue 1 viral protein, Dengue 2
viral protein, Dengue 3 viral protein, Dengue 4 viral protein,
hepatitis C viral protein and a Yellow fever viral protein (see,
for example, PCT/US2006/001623 (WO2006/078657)).

[0244] The genus flavivirus is in the virus family Flaviviri-
dae and consists of about 70 viruses. Mosquito or ticks trans-
mit most of these viruses. Several flaviviruses are significant
human pathogens, including the four dengue viruses (Denl,
Den2, Den3 and Dend), yellow fever (YF), Japanese
encephalitis (JE), West Nile (WN, also referred to herein as
“WNV”) and Tick-borne encephalitis (TBE) (Weaver S. C., et
al., Nat Rev Microbiol 10: 789-801 (2004)). The flavivirus
genus is divided into a number of serogroups based on cross-
neutralization tests, including the dengue serogroup that con-
tains four serologically and genetically distinct viruses
termed DEN-1, DEN-2, DEN-3 and DEN-4.

[0245] Flaviviruses are small, enveloped viruses with
icosahedral capsids. The flavivirus genome is a single-
stranded positive-sense RNA (about 11 kb) that is directly
translated by the host cell machinery following infection. The
viral genome is translated as a single polypeptide that under-
goes co- and post-translational cleavage by viral and cellular
enzymes to generate three structural proteins of the flavivirus
(the capsid (C), the membrane (M) and the envelope (E)
proteins); and seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) (Weaver, et al., Annu
Rev Microbiol 1990:44-649 (2004)). The viral capsid is com-
posed of the C-protein, while both the M- and envelope pro-
teins are located on the envelope surface of the virion
(Weaver, S. C.,etal., Nat. Rev. Microbiol. 10:789-801 (2004);
Chambers etal., Annu Rev. Microbiol. 44: 649-688 (1990)). A
major immunogen for flaviviruses is the membrane envelope
protein.

[0246] A flavivirus can enter a host cell when the viral
envelope protein binds to a receptor and responds by confor-
mational rearrangement to the reduced pH of an endosome.
The conformational change induces fusion of viral and host-
cell membranes.
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[0247] Theenvelope of a flavivirus may function as a recep-
tor binding protein and to facilitate fusion of the virus and
host cell membrane. Envelope proteins of flaviviruses have
common structural (domains I, II and III) and functional
features (receptor binding of virus and host cell and fusion
functions) and are class II fusion glycoproteins (Lescar et al.,
Cell 105:137-148 (2001)).

[0248] In the pre-fusion conformation, envelope proteins
form homodimers on the outer surface of the virus particles
(Rey, et al., Nature 375:291-298); Kuhn, et al., Cel/ 108:717-
725 (2002); Mukhopadhyay, et al., Science 302:248 (2003)).
Each envelope protein monomer folds into three structural
domains (domains I, IT and IIT) predominantly composed of
[-strands. Domain I (also referred to herein as “I” or “DI”) is
centrally located in the structure and has an N-glycosylation
site in glycosylated envelope proteins. Domain II (also
referred to herein as “II” or “DII”) of the envelope protein
promotes dimerization and has a fusion loop that inserts into
the target host membrane during the pH-dependent fusion of
the virus (Modis, et al., Nature 427:313-319 (2004); Bres-
sanelli, et al., EMBO J 23:728-738 (2004)). Domain III (also
referred to herein as “III” or “DIII”) is at the carboxy-termi-
nus of the envelope protein. Domain III is also referred to as
“domain B” in earlier antigenic mapping studies. Domain II1
has several epitopes that can elicit virus-neutralizing antibod-
ies (Roehrig, Adv Virus Res 59:141-175 (2003)).

[0249] Domain I of the Tick-borne encephalitis envelope
protein corresponds to amino acids 1-51, 137-189 and 285-
302 of SEQ ID NO: 775; domain II of the Tick-borne
encephalitis envelope protein of SEQ ID NO: 775 corre-
sponds to amino acids 52-136 and 190-284; and domain 111
corresponds to amino acids 303-395 of SEQ ID NO: 775.
(Rey, F. A, etal., Nature 375:291-298 (1995)). SEQ ID NO:
775 is encoded by SEQ ID NO: 776. Domain I of the Dengue
2 flavivirus envelope protein corresponds to amino acids
1-52, 132-193 and 280-296 of SEQ ID NO: 761; domain II
corresponds to amino acids 53-131 and 194-279 of SEQ ID
NO: 761; and domain I1I corresponds to amino acids 297-495
of SEQ ID NO: 761 (Modis, Y., et al., Nature 427:313-319
(2004)). The location of domains I, IT and I1I of other flavivi-
rus (e.g., West Nile virus, Japanese encephalitis, Dengue 1
virus, Dengue 3 virus and Dengue 4 virus) is based on homol-
ogy of the Tick-borne encephalitis envelope protein domains
and the Dengue 2 envelope protein domains. Thus, reference
herein to domains of flavivirus proteins, in particular, flavivi-
ruses other than Tick-borne encephalitis flavivirus envelope
proteins and Dengue 2 flavivirus envelope proteins, are based
on homology to domains in the Tick-borne encephalitis fla-
vivirus envelope protein and the Dengue 2 flavivirus envelope
protein.

[0250] The domain III of the envelope protein of the DEN
flavivirus encodes the majority of the flavivirus type-specific
contiguous critical/dominant neutralizing epitopes (Roe-
hring, I. T., Adv. Virus Res. 59:141 (2003)), including the four
DEN (DEN1, DEN2, DEN3, DEN4) viruses. Flavivirus enve-
lope proteins are highly homologous. Exemplary envelope
protein sequences are SEQ ID NOS: 640, 761, 763, 765, 767
and 772.

[0251] West Nile virus (WNV) is a single-stranded positive
sense RNA envelope virus. It was first isolated and identified
in the West Nile region of Uganda in 1937 from a febrile
female adult (Smithburn, et al., Am J Trop Med Hyg 3:9-18
(1954)).
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[0252] Japanese encephalitis (JE) virus is localized in Asia
and northern Australia (about 50,000 cases with about 10,000
deaths annually).

[0253] The Dengue (DEN) disease is caused by four mos-
quito-borne, serologically related flaviviruses known as
DEN-1 (also referred to herein as “Denl” or Den 17°), DEN-2
(also referred to herein as “Den2” or “Den 2”°), DEN-3 (also
referred to herein as “Den3” or “Den 3”), and DEN-4 (also
referred to herein as “Den4” or Den 4"). The compositions,
fusion proteins and polypeptides of the invention can include
Den 1 SEQ ID NO.: 621; Den 1 PR 94 (Puerto Rico, 1994)
SEQIDNO: 622; Den 3 SEQ ID NO: 624; and Den 4 SEQ 1D
NO: 625. SEQ ID NOS: 621, 622, 623, 624 and 625 are
portions of domain III of Denl, Den2, Den3 and Den4 fla-
viviruses.

[0254] “EI,” “EIl,” and “EIIl,” as used herein, refer to
domains I, IT and II1, respectively, of the West Nile flavivirus
envelope protein. “JEL” “JEIL,” and “JEIIL,” as used herein,
refer to domains I, II and III, respectively, of the Japanese
encephalitis flavivirus envelope protein. “Denl 1,” “Denl 1L,”
and “Den] II1,” as used herein refer to domains I, II and III,
respectively, of the Dengue 1 flavivirus envelope protein.
Likewise, designations for the domains of envelope proteins
of other flaviviruses are referenced by the flavivirus name
followed by the domain number (e.g., (Tick-borne) TBI
(Tick-borne), TBII, TBIII, Den2 I, Den2 II, Den2 III).
[0255] The portion of an envelope protein of a flavivirus
can include at least one member selected from the group
consisting of at least a portion of domain I, at least a portion
of domain II and at least a portion of domain III. When a
domain is designated with a “+,” for example “EIIl+” or
“JEIII+,” the portion of the envelope protein referenced as
“IIT” is one component of the total of that domain plus at least
one of at least a portion of either or both of domains I and II.
For example, “EIll+,” as used herein, means the composi-
tions, fusion proteins and polypeptides of the invention
include domain III and at least a portion of domain 1. “EIITI+”
is also referred to as “EV/III>” “JEIII+” is also referred to as
“JEI/IIL” Similarly, when compositions include domains of
envelope proteins of flavivirus, the domains can be any com-
bination of domains I, II, and III and can be designated based
on the domain. For example, EI/Il includes domain I and IT of
the West Nile flavivirus. The absence of a “+” in reference to
a domain (e.g., EIII, JEIII, Denl III) of an envelope protein
employed in the compositions, fusion proteins and polypep-
tides of the invention means that the composition, fusion
protein and polypeptide includes the referenced domain. For
example, “Denl III” means the compositions, fusion proteins
and compositions include domain 111, not domains I and II, of
the Dengue 1 virus.

[0256] The West Nile viral envelope protein can include at
least a portion of at least one member selected from the group
consisting of SEQ ID NO: 608, which is an EIll+ amino acid
sequence, the italicized amino acids are domain I of the
envelope protein and the remaining sequence is domain II1 of
the envelope protein; SEQ ID NO: 609, West Nile virus,
Stanford, Conn., also referred to as “West Nile S”; SEQ ID
NO: 610, West Nile virus, New York, N.Y., also referred to as
“West Nile NY”; and SEQ ID NO: 611, SEQ ID NO: 608 is
encoded by SEQ ID NO: 612.

[0257] The Langat virus envelope protein for use in the
compositions, fusion proteins and polypeptides of the inven-
tion can include at least a portion of SEQ ID NO: 613. The
Kunjin virus envelope protein can include at least a portion of
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SEQ ID NO: 614. The Murray Valley encephalitis envelope
protein can include at least a portion of SEQ ID NO: 615. The
Japanese encephalitis envelope protein can include at least
one member selected from the group consisting of at least a
portion of SEQ ID NO: 616 and SEQ ID NO: 617. The
Tick-borne encephalitis envelope protein can include at least
a portion of SEQ ID NO: 618. The Yellow fever virus enve-
lope protein can include at least a portion of SEQ ID NO: 619.
The envelope protein of a flavivirus can include at least a
portion of at least one member selected from the group con-
sisting of SEQ ID NO: 620 and SEQ ID NO: 641. SEQ 1D
NOS: and 643 613, 614, 615,616,617, 618, 619, 620 and 641
are portions of domain I1I of the viral envelope protein.

[0258] The antigen can be chemically conjugated to flagel-
lin components and Toll-like Receptor agonist components.
Chemical conjugation (also referred to herein as “chemical
coupling”) can include conjugation by a reactive group, such
as a thiol group (e.g., a cysteine residue) or by derivatization
of a primary (e.g., a amino-terminal) or secondary (e.g.,
lysine) group. Different crosslinkers can be used to chemi-
cally conjugate TLR ligands (e.g., TLR agonists) to proteins
(e.g., antigens, compositions of the invention, HA and M2e
constructs of the invention) or other molecules (e.g., nucleic
acids, polysaccharides). Exemplary cross linking agents are
commerically available, for example, from Pierce (Rockland,
111.). Methods to chemically conjugate the antigen to the
flagellin component are well-known and include the use of
commercially available cross-linkers, such as those described
herein.

[0259] For example, conjugation of peptide or protein anti-
gens to a flagellin component or a Toll-like Receptor agonist
component of the invention can be through at least one cys-
teine residue of the flagellin component or the Toll-like
Receptor component and at least one cysteine residue of a
protein (e.g., an influenza antigen, such as HA, M2e) employ-
ing established techniques. The protein can be derivatized
with a homobifunctional, sulthydryl-specific crosslinker; the
protein is then desalted to remove the unreacted crosslinker;
and then the peptide or protein partner added and conjugated
via at least one cysteine residue cysteine. Exemplary reagents
for use in the conjugation methods can be purchased com-
mercially from Pierce (Rockland, Ill.), for example, BMB
(Catalog No: 22331), BMDB (Catalog No: 22332), BMH
(Catalog No: 22330), BMOE (Catalog No: 22323),
BMJ[PEO]; (Catalog No: 22336), BM|[PEO], (Catalog
No0:22337), DPDPB (Catalog No: 21702), DTME (Catalog
No: 22335), HBVS (Catalog No: 22334).

[0260] Alternatively, cysteine-containing proteins and anti-
gens can also be conjugated to lysine residues on flagellin
components, flagellin, Toll-like Receptor agonist compo-
nents and Toll-like Receptor agonists of the invention. A
protein containing no cysteine residues is derivatized with a
heterobifunctional amine and sulthydryl-specific crosslinker.
After desalting, the cysteine-containing partner is added and
conjugated. Exemplary reagents for use in the conjugation
methods can be purchased from Pierce (Rockland, Ill.), for
example, AMAS (Catalog No: 22295), BMPA (Catalog No.
22296), BMPS (Catalog No: 22298), EMCA (Catalog No:
22306), EMCS (Catalog No: 22308), GMBS (Catalog No:
22309), KMUA (Catalog No: 22211), LC-SMCC (Catalog
No: 22362), LC-SPDP (Catalog No: 21651), MBS (Catalog
No: 22311), SATA (Catalog No: 26102), SATP (Catalog No:
26100), SBAP (Catalog No: 22339), SIA (Catalog No:
22349), SIAB (Catalog No: 22329), SMCC (Catalog No:
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22360), SMPB (Catalog No: 22416), SMPH (Catalog No.
22363), SMPT (Catalog No: 21558), SPDP (Catalog No:
21857), Sulfo-EMCS (Catalog No: 22307), Sulfo-GMBS
(Catalog No: 22324), Sulfo-KMUS (Catalog No: 21111),
Sulfo-LC-SPDP (Catalog No: 21650), Sulfo-MBS (Catalog
No: 22312), Sulfo-SIAB (Catalog No: 22327), Sulfo-SMCC
(Catalog No: 22322), Sulfo-SMPB (Catalog No: 22317),
Sulfo-LC-SMPT (Catalog No.: 21568).

[0261] Additionally, or alternatively, peptide or protein
antigens can also be conjugated to flagellin components or
Toll-like Receptor agonist components of the invention via at
least one lysine residue on both conjugate partners. The two
conjugate partners are combined along with a homo-bifunc-
tional amine-specific crosslinker. The appropriate hetero-
conjugate is then purified away from unwanted aggregates
and homo-conjugates. Exemplary reagents for use in the con-
jugation methods can be purchased from Pierce (Rockland,
111.), for example, BSOCOES (Catalog No: 21600), BS;
(Catalog No: 21580), DFDNB (Catalog No: 21525), DMA
(Catalog No: 20663), DMP (Catalog No: 21666), DMS
(Catalog No: 20700), DSG (Catalog No: 20593), DSP (Cata-
log No: 22585), DSS (Catalog No: 21555), DST (Catalog No:
20589), DTBP (Catalog No: 20665), DTSSP (Catalog No:
21578), EGS (Catalog No: 21565), MSA (Catalog No:
22605), Sulfo-DST (Catalog No: 20591), Sulfo-EGS (Cata-
log No: 21566), THPP (Catalog No: 22607).

[0262] Similarly, peptide or protein antigens can be conju-
gated to flagellin components or Toll-like Receptor agonist
components of the invention via at least one carboxyl group
(e.g., glutamic acid, aspartic acid, or the carboxy-terminus of
the peptide or protein) on one partner and amines on the other
partner. The two conjugation partners are mixed together
along with the appropriate heterobifunctional crosslinking
reagent. The appropriate hetero-conjugate is then purified
away from unwanted aggregates and homo-conjugates.
Exemplary reagents for use in the conjugation methods can be
purchased from Pierce (Rockland, I11.), for example, AEDP
(Catalog No: 22101), EDC (Catalog No: 22980) and TFCS
(Catalog No: 22299).

[0263] In addition, carbohydrate antigens can be conju-
gated to proteins, flagellin components, flagellin, Toll-like
Receptor agonist components and Toll-like Receptor agonists
of'the invention via at least one cysteine residue in the protein
employing well-established techniques. For example, the
protein is initially derivatized with a heterobifunctional
crosslinker containing at least one sulthydryl-specific group
and at least one hydrazide group. The polysaccharide or oli-
gosaccharide is then treated with an oxidizing agent such as
sodium meta-periodate to generate terminal aldehyde groups.
The oxidized carbohydrate is then added to the derivatized
protein and conjugation to the aldehyde occurs via the
hydrazide on the crosslinker. Exemplary reagents for use in
the conjugation methods can be purchased from Pierce
(Rockland, I11.), for example, BMPH (Catalog No: 22297),
EMCH (Catalog No: 22106), KMUH (Catalog No: 22111)
and PDPH (Catalog No: 22301).

[0264] Further lipopeptides can be conjugated to protein
antigens, flagellin components or Toll-like Receptor compo-
nents or Toll-like Receptor agonists of the invention via
amino-acid side chains on the peptide chain. Similar strate-
gies and reagents, as described above for peptide conjugation
to proteins, would be employed.

[0265] TLRs can be activated by nucleic acids. For
example, TLR3 is activated by double-stranded (ds) RNA;
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TLR7 and TLR8 are activated by single-stranded (ss) RNA;
and TLRY is activated by CpG DNA sequences. Several dif-
ferent techniques can be employed to conjugate Toll-like
Receptor agonist components of nucleic acid TLRs to protein
antigens. For example, for un-modified DNA molecule, the 5'
phosphate group can be modified with the water-soluble car-
bodiimide EDC (Pierce; Rockford, Ill., Catalog No: 22980)
followed by imidazole to form a terminal phosphoylimida-
zolide. A terminal amine can then be substituted for this
reactive group by the addition of ethylenediamine. The
amine-modified nucleic acid can then be conjugated to a
cysteine on a protein using a heterobifunctional maleimide
(cysteine-specific) and  NHS-ester  (lysine-specific)
crosslinker, as described above for peptide-protein conjuga-
tion.

[0266] Alternatively, or additionally, a sulthydryl group
can be incorporated at the 5' end by substituting cystamine for
ethylenediamine in the second step. After reduction of the
disulfide bond, the free sulthydryl can be conjugated to cys-
teines on proteins, flagellin components, flagellin, Toll-like
Receptor agonist components and Toll-like Receptor agonists
employing a  homo-bifunctional = maleimide-based
crosslinker, or to lysines using a heterobifunctional
crosslinker, as described above. Alternately, or additionally,
synthetic oligonucleotides can be synthesized with modified
bases on either the 5' or 3' end. These modified bases can
include primary amine or sulthydryl groups which can be
conjugated to proteins using the methods described above.
The 3' end of RNA molecules may be chemically modified to
allow coupling with proteins or other macromolecules. The
diol on the 3'-ribose residue may be oxidized using sodium
meta-periodate to produce an aldehyde group. The aldehyde
may then be conjugated to proteins using a hydrazide-con-
taining crosslinker, such as MPBH (Pierce; Rockland, I11.,
Catalog No: 22305), which covalently modifies the carbonyl
group, and then conjugates to free thiols on proteins via a
maleimide group. Alternatively, the 3' hydroxyl group may be
derivatized directly with an isocyanate-containing
crosslinker, such as PMPI (Pierce; Rockland, Il1., Catalog No:
28100), which also contains a maleimide group for conjuga-
tion to protein sulthydryls.

[0267] Synthetic small-molecule TLR ligands (e.g., Toll-
like Receptor agonists, Toll-like Receptor antagonists) have
been identified. For example, imiquimod, which potently
activates TLR7, and resiquimod, an activator of both TLR7
and TLR8. Analogs of these compounds with varying levels
of potency and specificity have been synthesized. The ability
to conjugate a small molecule TLR agonist to an antigen of
interest can depend on the chemical nature of the TLR ligand.
Some TLR ligands may have active groups that can be
exploited for chemical conjugation. For example, imiquimod,
as well as its analog gardiquimod (InvivoGen; San Diego,
Calif.) and the TLR7-activating adenine analog CL.O87 (Invi-
voGen, San Diego, Calif.), have primary amine groups
(—NH,), which can be targets for derivatization by crosslink-
ers containing imidoesters or NHS esters. In another strategy,
gardiquimod contains an exposed hydroxyl (—OH) group,
which can be derivatized by an isocyanate-containing
crosslinker, such as PMPI (Pierce; Rockland, I11. Catalog No:
28100) for subsequent crosslinking to protein sulthydryl
groups.

[0268] In addition, custom synthesis of derivatives of
small-molecule TLR ligands can be arranged in order to
attach novel functional groups at different positions in the
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molecule to facilitate crosslinking Custom derivatives can
also include groups, such as maleimides, which can then be
used for direct linking to protein antigens.

[0269] Chemical conjugation of an antigen to the flagellin
component can result in increased aqueous solubility of the
antigen (e.g., an essentially hydrophobic antigen, such as a
maturational cleavage site antigen) as a component of the
composition.

[0270] The composition comprising a flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 can include a cysteine residue in the hypervariable
region of the flagellin component.

[0271] At least one cysteine residue substitutes for at least
one amino acid in a naturally occurring flagellin amino acid
sequence flagellin component. The cysteine residue can sub-
stitute for at least one amino acid selected from the group
consisting of amino acid 1,237,238, 239,240, 241 and 495 of
SEQ ID NO: 810; at least one amino acid selected from the
group consisting of amino acid 1, 240, 241,242,243, 244 and
505 of SEQ ID NO: 312; at least one amino acid selected from
the group consisting of amino acid 1, 237, 238, 239, 240, 241
and 504 of SEQ ID NO: 503; at least one amino acid selected
from the group consisting of amino acid 1,211,212, 213 and
393 of SEQID NO: 813; atleast one amino acid selected from
the group consisting of amino acid 1, 151, 152, 153, 154 and
287 of SEQID NO: 818; atleast one amino acid selected from
the group consisting of amino acid 1, 238, 239, 240, 241,242,
243 and 497 of SEQ ID NO: 501; at least one amino acid
selected from the group consisting of amino acid 1, 237, 238,
239, 240, 241 and 495 of SEQ ID NO: 810.

[0272] The flagellin component or Toll-like Receptor ago-
nist component can include at least a portion of a naturally
occurring flagellin amino acid sequence in combination with
the cysteine residue.

[0273] The composition of the invention wherein the cys-
teine residue substitutes for at least one amino acid in a
naturally occurring flagellin amino acid sequence flagellin
component, or wherein the flagellin component includes at
least a portion of a naturally occurring flagellin amino acid
sequence in combination with the cysteine residue, can acti-
vate a Toll-like Receptor 5. For example, a cysteine residue
can be placed within the D1/D2 domain proximate to the
amino-terminus and carboxy-terminus, remote to the TLRS
recognition site (see, for example, FIGS. 75 and 76). Alter-
natively, or additionally, the cysteine residue can be placed at
the distal point of the hypervariable domain (see, for example,
FIGS. 75 and 76) at about amino acid 237, about 238, about
239, about 240 and about 241 of SEQ ID NO: 810. Substitut-
ing polar or charged amino acids is preferable to substituting
hydrophobic amino acids with cysteine residues. Substitution
within the TLRS recognition site is least preferable.

[0274] Flagellin from Salmonella typhimurium STF1
(FliC) is depicted in SEQ ID NO: 810 (Accession No:
P06179). The TLRS recognition site is amino acid about 79 to
about 117 and about 408 to about 439. Cysteine residues can
substitute for or be included in combination with amino acid
about 408 to about 439 of SEQ ID NO: 810; amino acids
about 1 and about 495 of SEQ ID NO: 810; amino acids about
237 to about 241 of SEQ ID NO: 810; and/or amino acids
about 79 to about 117 and about 408 to about 439 of SEQ ID
NO: 810.
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[0275] Salmonella typhimurium flagellin STF2 (F1jB) is
depicted in SEQ ID NO: 312. The TLRS recognition site is
amino acids about 80 to about 118 and about 420 to about 451
of SEQID NO: 312. Cysteine residues can substitute for or be
included in combination with amino acids about 1 and about
505 of SEQ ID NO: 312; amino acids about 240 to about 244
of SEQ ID NO: 312; amino acids about 79 to about 117 and/or
about 419 to about 450 of SEQ ID NO: 312.

[0276] Salmonella muenchen flagellin is depicted in SEQ
ID NO: 503 (Accession No: #P06179). The TLRS recogni-
tion site is amino acids about 79 to about 117 and about 418
to about 449 of SEQ ID NO: 503. Cysteine residues can
substitute for or be included in combination with amino acids
about 1 and about 504 of SEQ ID NO: 503; about 237 to about
241 of SEQ ID NO: 503; about 79 to about 117; and/or about
418 to about 449 of SEQ ID NO: 503.

[0277] Escherichia coliflagellinis depicted in SEQID NO:
501 (Accession No: P04949). The TLRS recognition site is
amino acids about 79 to about 117 and about 410 to about 441
of SEQID NO: 501. Cysteine residues can substitute for or be
included in combination with amino acids about 1 and about
497 of SEQ ID NO: 501; about 238 to about 243 of SEQ ID
NO: 501; about 79 to about 117; and/or about 410 to about
441 of SEQ ID NO: 501.

[0278] Pseudomonas auruginosa flagellin is depicted in
SEQ ID NO: 813. The TLRS5 recognition site is amino acids
about 79 to about 114 and about 308 to about 338 of SEQ ID
NO: 813. Cysteine residues can substitute for or be included
in combination with amino acids about 1 and about 393 of
SEQIDNO: 813; about 211 to about 213 of SEQ ID NO: 813;
about 79 to about 114; and/or about 308 to about 338 of SEQ
ID NO: 813.

[0279] Listeria monocytogenes flagellin is depicted in SEQ
ID NO: 817. The TLRS recognition site is amino acids about
78 to about 116 and about 200 to about 231 of SEQ ID NO:
817. Cysteine residues can substitute for or be included in
combination with amino acids about 1 and about 287 of SEQ
ID NO: 817; about 151 to about 154 of SEQ ID NO: 817;
about 78 to about 116; and/or about 200 to about 231 of SEQ
ID NO: 817.

[0280] Experimentally defined TLRS recognition sites on
STF2 have been described (see, for example, Smith, K. D., et
al., Nature Immunology 4:1247-1253 (2003) at amino acids
about 79 to about 117 and about 420 to about 451. In addition,
Smith, K. D., etal., Nature Immunology 4:1247-1253 (2003),
based on sequence homology, identified TLRS recognition
sites on other flagellins, such as STF1 at amino acids about 79
to about 117, about 408 to about 439; P. aeruginosa at amino
acids about 79 to about 117, about 308 to about 339; L.
preumophila at amino acids about 79 to about 117, about 381
to about 419; E. coli at amino acids about 79 to about 117,
about 477, about 508; S. marcesens at amino acids about 79 to
about 117, about 265-about 296; B. subtilus at amino acids
about 77 to about 117, about 218 to about 249; and L. mono-
cytogenes at amino acids about 77 to about 115, about 200 to
about 231.

[0281] The high-resolution structure STF1 (F1iC) (SEQ ID
NO: 810) has been determined and can be a basis for analysis
of TLRS recognition by a flagellin and the location of cysteine
substitutions/additions. Flagellin resembles a “boomerang,”
with the amino- and carboxy-termini at the end of one arm
(see, for example FIG. 77). The TLRS recognition site is
located roughly on the outer side of the boomerang just below
the bend toward the amino- and carboxy-termini of the flagel-
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lin. The hinge region, which is not required for TLRS recog-
nition, is located above the bend. The region of greatest
sequence homology of flagellins is in the TLRS recognition
site. The next region of sequence homology is in the D1 and
D2 domains, which include the TLRS recognition site and the
amino- and carboxy-termini. The D1 and D2 domains, with or
without a linker, is STF2A [(CICISEQ ID NO: 499), which
can activate TLRS. The region of least sequence homology
between flagellins is the hypervariable region.

[0282] It is believed that the ability of the flagellin compo-
nent or Toll-like Receptor agonist component to activate
TLRS5 can be accomplished by maintaining the conjugation
sites (cysteine residues substituted for at least one amino acid
in a naturally occurring flagellin amino acid sequence flagel-
lin component or at least a portion of a naturally occurring
flagellin amino acid sequence in combination with the cys-
teine residue) remote from the TLRS or TLR recognition site.
For example, for STF1 (SEQ ID NO: 810), for which a high
resolution structural determination is available, this may be
achieved in the D1 domain, D2 domain or in the hinge region.
In the D1/D2 domain the amino- and carboxy-termini can be
remote (also referred to herein as “distal”) from the TLRS
recognition site, and moving away from either the amino or
carboxy terminus may bring the conjugation site closer to the
recognition site and may interfere with TLRS activity. In the
hinge region amino acids about 237 to about 241 of SEQ ID
NO: 810, are approximately at the other tip of the “boomer-
ang” and are about the same distance from the TLRS recog-
nition site as the amino- and carboxy-termini. This site may
also be a location that maintains TLRS recognition.

[0283] Amino acid identity can be taken into consideration
for the location of conjugation sites. Polar and charged amino
acids (e.g., serine, aspartic acid, lysine) are more likely to be
surface exposed and amenable to attachment of an antigen.
Hydrophobic amino acids (e.g., valine, phenalalanine) are
more likely to be buried and participate in structural interac-
tions and should be avoided.

[0284] Compositions that include flagellin components
with cysteine residues or Toll-like Receptor agonist compo-
nents with cysteine residues activate TLRS and can be chemi-
cally conjugated to antigens.

[0285] The compositions and methods of employing the
compositions of the invention can further include a carrier
protein. The carrier protein can be at least one member
selected from the group consisting of a tetanus toxoid, a
Vibrio cholerae toxoid, a diphtheria toxoid, a cross-reactive
mutant of diphtheria toxoid, a £. coli B subunit of a heat labile
enterotoxin, a tobacco mosaic virus coat protein, a rabies
virus envelope protein, a rabies virus envelope glycoprotein,
a thyroglobulin, a heat shock protein 60, a keyhole limpet
hemocyanin and an early secreted antigen tuberculosis-6.
[0286] The composition comprising a flagellin component
that is at least a portion of a flagellin, wherein the flagellin
component includes at least one cysteine residue and
whereby the flagellin component activates a Toll-like Recep-
tor 5 can include at least one lysine of the flagellin component
that has been substituted with at least one member selected
from the group consisting of an arginine residue, a serine
residue and a histidine residue.

[0287] Inanadditional embodiment, the invention is acom-
position comprising a Toll-like Receptor agonist component
that is at least a portion of a Toll-like Receptor agonist,
wherein the Toll-like Receptor agonist component includes at
least one cysteine residue in a position where a cysteine
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residue does not occur in the native Toll-like Receptor ago-
nist, whereby the Toll-like Receptor agonist component acti-
vates a Toll-like Receptor. “Component,” as used herein in
reference to a Toll-like Receptor agonist component, means at
least part of or the entirety of a Toll-like Receptor agonist.
[0288] Inoneembodiment, the cysteine residue in the com-
position comprising a Toll-like Receptor agonist component
that is at least a portion of a Toll-like Receptor agonist,
wherein the Toll-like Receptor agonist component includes at
least one cysteine residue in a position where a cysteine
residue does not occur in the native Toll-like Receptor ago-
nist, whereby the Toll-like Receptor agonist component acti-
vates a Toll-like Receptor, substitutes for at least one amino
acid in a naturally occurring amino acid sequence of a Toll-
like Receptor agonist component. The cysteine can substitute
for at least one amino acid remote to the Toll-like Receptor
recognition site of the Toll-like Receptor agonist component.
[0289] Inanother embodiment, the Toll-like Receptor ago-
nist component includes at least a portion of a naturally occur-
ring Toll-like Receptor agonist amino acid sequence in com-
bination with a cysteine residue. The cysteine residue in
combination with the naturally occurring Toll-like Receptor
agonist can be remote to the Toll-like Receptor recognition
site of the Toll-like Receptor agonist component.

[0290] The composition comprising a Toll-like Receptor
agonist component that is at least a portion of a Toll-like
Receptor agonist, wherein the Toll-like Receptor agonist
component includes at least one cysteine residue in a position
where a cysteine residue does not occur in the native Toll-like
Receptor agonist, whereby the Toll-like Receptor agonist
component activates a Toll-like Receptor can further include
at least a portion of at least one antigen (e.g., an influenza
antigen, such as a influenza integral membrane protein anti-
gen, HA, HA1-1, HA1-2, M2, M2e).

[0291] Instill another embodiment, the invention is a com-
position comprising a flagellin component that is at least a
portion of a flagellin, wherein at least one lysine of the flagel-
lin component has been substituted with at least one arginine,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0292] “Substituted,” as used herein in reference to the
flagellin, flagellin component, Toll-like Receptor agonist or
Toll-like Receptor agonist component, means that at least one
amino acid, such as a lysine of the flagellin component, has
been modified to another amino acid residue, for example, a
conservative substitution (e.g., arginine, serine, histidine) to
thereby form a substituted flagellin component or substituted
Toll-like Receptor agonist component. The substituted flagel-
lin component or substituted Toll-like Receptor agonist com-
ponent can be made by generating recombinant constructs
that encode flagellin with the substitutions, by chemical
means, by the generation of proteins or peptides of at least a
portion of the flagellin by protein synthesis techniques, or any
combination thereof.

[0293] The lysine residue that is substituted with an amino
acid (e.g., arginine, serine, histidine) can be at least one lysine
residue selected from the group consisting of lysine 19, 41,
58, 135, 160, 177, 179, 203, 215, 221, 228, 232, 241, 251,
279, 292, 308, 317, 326, 338, 348, 357, 362, 369, 378, 384,
391 and 410 of SEQ ID NO: 810.

[0294] The flagellin can be a S. typhimurium flagellin that
includes SEQ ID NO: 312. The lysine residue that is substi-
tuted with an amino acid (e.g., arginine, serine, histidine) can
be at least one lysine residue selected from the group consist-



US 2011/0117128 Al

ing of lysine 20, 42, 59, 136, 161, 177, 182, 189, 209, 227,
234,249, 271, 281, 288, 299, 319, 325, 328, 337, 341, 355,
357, 369, 381, 390, 396, 403, 414 and 422 of SEQ ID NO:
312.

[0295] The flagellincanbe an £. co/i fliC that includes SEQ
ID NO: 812. The flagellin can be a S. muenchen that include
the includes SEQ ID NO: 811. The flagellin can be a P,
aeruginosa flagellin that includes SEQ ID NO: 813. The
flagellin can be a Listeria monocytogenes ftlagellin that
includes SEQ ID NO: 817.

[0296] The compositions of the invention can include a
flagellin that has lysines substituted in a region adjacent to the
motif C of the flagellin, the motif N of the flagellin, both the
motif C and the motif N of the flagellin, domain 1 of the
flagellin, domain 2 of the flagellin or any combination
thereof. Motif C and motif N of flagellin and domain 1 and
domain 2 of the flagellin can be involved in activation of
TLRS by the flagellin (Murthy, et al., J. Biol. Chem., 279:
5667-5675 (2004)).

[0297] Chemical conjugation of a protein, peptide, or
polypeptide to another molecule can be by derivatization of a
secondary group, such as a lysine. Certain lysine residues in
flagellin are near or in domain 1, the motif C or motif N,
motifs can be important in binding of the flagellin to TLRS.
For example, lysine residues at amino acids 58, 135, 160 and
410 of SEQ ID NO: 810 may be substituted with at least one
member selected from the group consisting of an arginine
residue, a serine residue and a histidine residue. Derivatiza-
tion of such lysine residues to, for example, chemically con-
jugated antigens to flagellins, may decrease the ability or the
binding affinity ofthe flagellin to TLRS and, thus, diminish an
innate immune response mediated by TLRS. Substitution of
at least one lysine residue in a flagellin that may be near to
regions of the flagellin that are important in mediating inter-
actions with TLRS (e.g., motif C, motif N, domain 1) with
another amino acid (e.g., arginine, serine, histidine) may pre-
serve or enhance flagellin binding to TLRS. In a particular
embodiment, the amino acid substitution is a conservative
amino acid substitution with at least one member selected
from the group consisting of arginine, serine and histidine.
Exemplary commercially available reagents for chemical
conjugation are described herein.

[0298] Certain lysine residues in flagellin are in the domain
(domain 1) and can be important for activation of TLRS. For
example, lysine residues at positions 58, 135, 160 and 410 of
SEQ ID NO: 810 are in domain 1. Derivatization of such
lysine residues to, for example, chemically conjugated anti-
gens, may decrease TLRS bioactivity and, thus, diminish an
innate immune response mediated by TLRS.

[0299] Lysine residues that can be substituted can include
lysine residues implicated in TLRS activation. Lysine resi-
dues in motif N (amino acids 95-108 of SEQ ID NO: 810)
and/or motif C (amino acids 441-449 of SEQ ID NO: 810) can
be suitable for substitution. Substitution of certain lysine
residue in the flagellin (e.g., lysine at amino acid position 19,
41) with, for example, an arginine, serine or histidine, can
maintain binding of the flagellin to TLRS and leave other
lysines available for chemical conjugate to another molecule,
such as an antigen (e.g., protein) or another molecule, such as
another protein, peptide or polypeptide.

[0300] The X-ray crystal structure of the F41 fragment of
flagellin from Salmonella typhimurium shows the domain
structure of flagellin (Samatey, F. A., et al., Nature 410:321
(2001)). The full length flagellin protein contains 4 domains,
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designated as DO, D1, D2 and D3. Three of these domains are
shown in the crystal structure because the structure was made
with a proteolytic fragment of full length flagellin. The amino
acid sequences of Sal/monella typhimurium flagellin for these
regions, numbered relative to SEQ ID NO: 810 are as follows:

[0301] DO contains the regions Al through A55 and 5451
through R494
[0302] D1 contains the regions N56 through Q176 and

T402 through R450

[0303] D2 contains the regions K177 through G189 and
A284 through A401

[0304] D3 contains the region Y190 though V283

[0305] Exemplary lysine residues of SEQ ID NO: 810 suit-
able for substitution with, for example, arginine, histidine, or
serine, can include:

[0306] DO contains 2 lysine residues; K19, K41

[0307] D1 contains 4 lysine residues; K58, K135,K160and
K410 D2 contains 14 lysine residues at positions 177, 179,
292,308, 317, 326,338, 348, 357, 362, 369, 378, 384, 391
[0308] D3 contains 8 lysine residues at positions 203, 215,
221, 228, 232, 241,251, 279

[0309] Exemplary lysine residues suitable for substitution
include lysines at positions 58, 135, 160 and 410 of SEQ ID
NO: 810 (Jacchieri, S. G., et. al., J. Bacteriol. 185:4243
(2003); Donnelly, M. A., et al., J. Biol. Chem. 277:40456
(2002)). The sequences were obtained from the Swiss-Prot
Protein Knowledgebase located online at http://us.expasy.
org/sprot/. Lysine residues that can be modified are indicated
with a *.

[0310] Exemplary lysine residues of SEQ ID NO: 312 suit-
able for substitution can include:

[0311] DO—with two lysines at positions 20, 42;

[0312] D1—with fivelysines at positions 59, 136,161,414,
422;

[0313] D2—with sixteen lysines at positions 177,182, 189,

299, 319, 325, 328, 337, 341, 355, 357, 369, 381, 390, 396,
403 and

[0314] D3—with seven lysines at positions 209, 227, 234,
249, 271, 281, 288.

[0315] In a further embodiment, the invention is a compo-
sition comprising a flagellin component that is at least a
portion of a flagellin, wherein at least one lysine of the flagel-
lin component has been substituted with at least one histidine
residue, whereby the flagellin component activates a Toll-like
Receptor 5.

[0316] In yet another embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein the flagellin component includes at least
one cysteine residue and whereby the flagellin component
activates a Toll-like Receptor 5.

[0317] Inanother embodiment, the invention is a method of
stimulating protective immunity in a subject, comprising the
step of administering to the subject a composition that
includes a flagellin component that is at least a portion of a
flagellin, wherein the flagellin component includes at least
one cysteine residue and whereby the flagellin component
activates a Toll-like Receptor 5.

[0318] In yet another embodiment, the invention is a
method of stimulating protective immunity in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein at least one lysine of the flagellin compo-
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nent has been substituted with at least one arginine, whereby
the flagellin component activates a Toll-like Receptor 5.
[0319] In still another embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one serine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0320] Inanotherembodiment, the invention is a method of
stimulating a protective immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one serine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0321] In an additional embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
that includes a flagellin component that is at least a portion of
a flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one histidine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0322] In a further embodiment, the invention is a method
of stimulating protective immunity in a subject, comprising
the step of administering to the subject a composition that
includes a flagellin component that is at least a portion of a
flagellin, wherein at least one lysine of the flagellin compo-
nent has been substituted with at least one histidine residue,
whereby the flagellin component activates a Toll-like Recep-
tor 5.

[0323] Another embodiment of the invention is a method of
stimulating an immune response in a subject, comprising the
step of administering to the subject a composition that
includes a Toll-like Receptor agonist component that is at
least a portion of a Toll-like Receptor agonist, wherein the
Toll-like Receptor agonist component includes at least one
cysteine residue in a position where a cysteine residue does
not occur in the native Toll-like Receptor agonist, whereby
the Toll-like Receptor agonist component activates a Toll-like
Receptor agonist.

[0324] Another embodiment of the invention is a method of
stimulating a protective immunity in a subject, comprising
the step of administering to the subject a composition that
includes a Toll-like Receptor agonist component that is at
least a portion of a Toll-like Receptor agonist, wherein the
Toll-like Receptor agonist component includes at least one
cysteine residue in a position where a cysteine residue does
not occur in the native Toll-like Receptor agonist, whereby
the Toll-like Receptor agonist component activates a Toll-like
Receptor agonist.

[0325] Inyet another embodiment, the invention is a com-
position comprising an antigen component that includes at
least a portion of a hemagglutinin maturational cleavage site
and an agonist component that includes a Toll-like Receptor
agonist (e.g., at least one member selected from the group
consisting of a Toll-like Receptor 1 agonist, a Toll-like Recep-
tor 3 agonist, a Toll-like Receptor 5 agonist, a Toll-like Recep-
tor 6 agonist, a Toll-like Receptor 7 agonist and a Toll-like
Receptor 9 agonist) wherein the Toll-like Receptor agonist is
not a Toll-like Receptor 2 agonist (e.g., the outer membrane
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protein complex (OMPC), such as OMPC of Neiserria men-
ingitides). The hemagglutinin maturational cleavage site can
include at least one member selected from the group consist-
ing of an influenza A hemagglutinin maturational cleavage
site, an influenza B hemagglutinin maturational cleavage site
and an influenza C hemagglutinin maturational cleavage site.
[0326] Inone embodiment, the antigen component and the
agonist component of the compositions of the invention can
be components of a fusion protein. In another embodiment,
the antigen component is chemically conjugated to the ago-
nist component. The agonist component includes a composi-
tion comprising a flagellin component that is at least a portion
of a flagellin, wherein the flagellin component includes at
least one cysteine residue and whereby the flagellin compo-
nent activates a Toll-like Receptor 5. The antigen component
further includes at least a portion of a matrix 2 protein, which
can further include a second agonist component that includes
at least a portion of a second Toll-like Receptor agonist (e.g.,
at least a portion of at least one member selected from the
group consisting of a Toll-like Receptor 2 agonist, a Toll-like
Receptor 3 agonist, a Toll-like Receptor 4 agonist, a Toll-like
Receptor 5 agonist, a Toll-like Receptor 6 agonist, a Toll-like
Receptor 7 agonist and a Toll-like Receptor 9 agonist). The
matrix-2 protein can be fused to the second agonist compo-
nent or chemically conjugated to a second agonist compo-
nent.

[0327] An “antigen component,” as used herein, refers to a
part or the entirety of an antigen.

[0328] An “agonist component” as used herein, refers to a
part or the entirety of an agonist, such as a Toll-like Receptor
agonist.

[0329] In an additional embodiment, the invention is a
method of stimulating an immune response in a subject, com-
prising the step of administering to the subject a composition
comprising an antigen component that includes at least a
portion of a hemagglutinin maturational cleavage site and an
agonist component that includes a Toll-like Receptor agonist,
wherein the Toll-like Receptor agonist is not a Toll-like
Receptor 2 agonist.

[0330] In a further embodiment, the invention is a method
of stimulating protective immunity in a subject, comprising
the step of administering to the subject a composition com-
prising an antigen component that includes at least a portion
of'a hemagglutinin maturational cleavage site and an agonist
component that includes a Toll-like Receptor agonist,
wherein the Toll-like Receptor agonist is not a Toll-like
Receptor 2 agonist.

[0331] Inyet another embodiment, the invention is a com-
position that includes at least a portion of a HA antigen (e.g.,
the maturational cleavage site) that is fused (e.g., recombi-
nantly) to or chemically conjugated to at least of portion of a
hinge region of a flagellin, a flagellin component or in a
flagellin in which the hinge region has been deleted; and at
least a portion of an M2e protein that is fused (e.g., recombi-
nantly) to or chemically conjugated to a flagellin or a flagellin
component, for example, at the amino- or carboxy-terminus
of the flagellin or the flagellin component (See, for example,
FIG. 77).

[0332] Inan additional embodiment, the invention includes
a protein, peptide polypeptide having at least about 70%, at
least about 75%, at least about 80%, at least about 85%, at
least about 90%, at least about 95%, at least about 98% and at
least about 99% sequence identity to the proteins, polypep-
tides and peptides of the invention.
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[0333] The percent identity of two amino acid sequences
(or two nucleic acid sequences) can be determined by align-
ing the sequences for optimal comparison purposes (e.g.,
gaps can be introduced in the sequence of a first sequence).
The amino acid sequence or nucleic acid sequences at corre-
sponding positions are then compared, and the percent iden-
tity between the two sequences is a function of the number of
identical positions shared by the sequences (i.e., % identity=#
of'identical positions/total # of positionsx100). The length of
the protein or nucleic acid encoding can be aligned for com-
parison purposes is at least 30%, preferably, at least 40%,
more preferably, at least 60%, and even more preferably, at
least 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99% or 100%,
of the length of the reference sequence, for example, the
nucleic acid sequence of a protein portion of HA (e.g., HA1-
1, HA1-2), fusion protein, antigen, or polypeptide.

[0334] The actual comparison of the two sequences can be
accomplished by well-known methods, for example, using a
mathematical algorithm. A preferred, non-limiting example
of'such a mathematical algorithm is described in Karlin et al.
(Proc. Natl. Acad. Sci. USA, 90:5873-5877 (1993), the teach-
ings of which are hereby incorporated by reference in its
entirety). Such an algorithm is incorporated into the
BLASTN and BLASTX programs (version 2.2) as described
in Schaffer et al. (Nucleic Acids Res., 29:2994-3005 (2001),
the teachings of which are hereby incorporated by reference
in its entirety). When utilizing BLAST and Gapped BLAST
programs, the default parameters of the respective programs
(e.g., BLASTN; available at the Internet site for the National
Center for Biotechnology Information) can be used. In one
embodiment, the database searched is a non-redundant (NR)
database, and parameters for sequence comparison can be set
at: no filters; Expect value of 10; Word Size of 3; the Matrix
is BLOSUMG62; and Gap Costs have an Existence of 11 and an
Extension of 1.

[0335] Another mathematical algorithm employed for the
comparison of sequences is the algorithm of Myers and
Miller, CABIOS (1989), the teachings of which are hereby
incorporated by reference in its entirety. Such an algorithm is
incorporated into the ALIGN program (version 2.0), which is
partofthe GCG (Accelrys, San Diego, Calif.) sequence align-
ment software package. When utilizing the ALIGN program
for comparing amino acid sequences, a PAM120 weight resi-
duetable, a gap length penalty of 12, and a gap penalty of 4 is
used. Additional algorithms for sequence analysis are known
in the art and include ADVANCE and ADAM as described in
Torellis and Robotti (Comput. Appl. Biosci., 10: 3-5 (1994),
the teachings of which are hereby incorporated by reference
in its entirety); and FASTA described in Pearson and Lipman
(Proc. Natl. Acad. Sci. USA, 85: 2444-2448 (1988), the teach-
ings of which are hereby incorporated by reference in its
entirety).

[0336] The percent identity between two amino acid
sequences can also be accomplished using the GAP program
in the GCG software package (Accelrys, San Diego, Calif.)
using either a Blossom 63 matrix or a PAM250 matrix, and a
gap weight of 12, 10, 8, 6, or 4 and a length weight of 2, 3, or
4. In yet another embodiment, the percent identity between
two nucleic acid sequences can be accomplished using the
GAP program in the GCG software package (Accelrys, San
Diego, Calif.), using a gap weight of 50 and a length weight of
3.

[0337] The nucleic acid sequence encoding a protein por-
tion of HA, polypeptide or fusion proteins of the invention
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and polypeptides of the invention can include nucleic acid
sequences that hybridize to nucleic acid sequences or
complements of nucleic acid sequences of the invention, for
example, SEQ ID NOS: 53-58, 64, 68,71, 72,73, 76, 78, 80,
84,87,104,107,110,111,112,115,116,117,119, 120, 121,
122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133,
137, 139, 142, 143, 146, 147, 150, 167, 184, 185, 186, 187,
188, 189,190, 191, and 192); and nucleic acid sequences that
encode amino acid sequences and fusion proteins of the
invention (e.g., SEQ ID NOS: 89-92, 95, 151-160, 177, 209,
210 and 211) under selective hybridization conditions (e.g.,
highly stringent hybridization conditions). As used herein,
the terms “hybridizes under low stringency,” “hybridizes
under medium stringency,” “hybridizes under high strin-
gency,” or “hybridizes under very high stringency condi-
tions,” describe conditions for hybridization and washing of
the nucleic acid sequences. Guidance for performing hybrid-
ization reactions, which can include aqueous and nonaqueous
methods, can be found in Aubusel, F. M., et al., Current
Protocols in Molecular Biology, John Wiley & Sons, N.Y.
(2001), the teachings of which are hereby incorporated herein
in its entirety.

[0338] For applications that require high selectivity, rela-
tively high stringency conditions to form hybrids can be
employed. In solutions used for some membrane based
hybridizations, addition of an organic solvent, such as forma-
mide, allows the reaction to occur at a lower temperature.
High stringency conditions are, for example, relatively low
salt and/or high temperature conditions. High stringency are
provided by about 0.02 M to about 0.10 M NaCl at tempera-
tures of about 50° C. to about 70° C. High stringency condi-
tions allow for limited numbers of mismatches between the
two sequences. In order to achieve less stringent conditions,
the salt concentration may be increased and/or the tempera-
ture may be decreased. Medium stringency conditions are
achieved at a salt concentration of about 0.1 to 0.25 M NaCl
and a temperature of about 37° C. to about 55° C., while low
stringency conditions are achieved at a salt concentration of
about 0.15 Mto about 0.9 M NaCl, and a temperature ranging
from about 20° C. to about 55° C. Selection of components
and conditions for hybridization are well known to those
skilled in the art and are reviewed in Ausubel et al. (1997,
Short Protocols in Molecular Biology, John Wiley & Sons,
New York N.Y., Units 2.8-2.11, 3.18-3.19 and 4-64.9).

[0339] A “subject,” as used herein, can be a mammal, such
as a primate or rodent (e.g., rat, mouse). In a particular
embodiment, the subject is a human.

[0340] An “effective amount,” when referring to the
amount of a composition and fusion protein of the invention,
refers to that amount or dose of the composition and fusion
protein, that, when administered to the subject is an amount
sufficient for therapeutic efficacy (e.g., an amount sufficient
to stimulate an immune response in the subject). The compo-
sitions and fusion proteins of the invention can be adminis-
tered in a single dose or in multiple doses.

[0341] The methods of the present invention can be accom-
plished by the administration of the compositions and fusion
proteins of the invention by enteral or parenteral means. Spe-
cifically, the route of administration is by oral ingestion (e.g.,
drink, tablet, capsule form) or intramuscular injection of the
composition and fusion protein. Other routes of administra-
tion as also encompassed by the present invention including
intravenous, intradermal, intraarterial, intraperitoneal, or
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subcutaneous routes, and nasal administration. Suppositories
or transdermal patches can also be employed.

[0342] The compositions and fusion proteins of the inven-
tion can be administered ex vivo to a subject’s autologous
dendritic cells. Following exposure of the dendritic cells to
the composition and fusion protein of the invention, the den-
dritic cells can be administered to the subject.

[0343] The compositions and fusion proteins of the inven-
tion can be administered alone or can be coadministered to the
patient. Coadministration is meant to include simultaneous or
sequential administration of the composition, fusion protein
or polypeptide of the invention individually or in combina-
tion. Where the composition and fusion protein are adminis-
tered individually, the mode of administration can be con-
ducted sufficiently close in time to each other (for example,
administration of the composition close in time to adminis-
tration of the fusion protein) so that the effects on stimulating
an immune response in a subject are maximal. It is also
envisioned that multiple routes of administration (e.g., intra-
muscular, oral, transdermal) can be used to administer the
compositions and fusion proteins of the invention.

[0344] The compositions and fusion proteins of the inven-
tion can be administered alone or as admixtures with conven-
tional excipients, for example, pharmaceutically, or physi-
ologically, acceptable organic, or inorganic carrier substances
suitable for enteral or parenteral application which do not
deleteriously react with the extract. Suitable pharmaceuti-
cally acceptable carriers include water, salt solutions (such as
Ringer’s solution), alcohols, oils, gelatins and carbohydrates
such as lactose, amylose or starch, fatty acid esters,
hydroxymethycellulose, and polyvinyl pyrrolidine. Such
preparations can be sterilized and, if desired, mixed with
auxillary agents such as lubricants, preservatives, stabilizers,
wetting agents, emulsifiers, salts for influencing osmotic
pressure, buffers, coloring, and/or aromatic substances and
the like which do not deleteriously react with the composi-
tions, fusion proteins or polypeptides of the invention. The
preparations can also be combined, when desired, with other
active substances to reduce metabolic degradation. The com-
positions and fusion proteins of the invention can be admin-
istered by is oral administration, such as a drink, intramuscu-
lar or intraperitoneal injection or intranasal delivery. The
compositions and fusion proteins alone, or when combined
with an admixture, can be administered in a single or in more
than one dose over a period of time to confer the desired effect
(e.g., alleviate prevent viral infection, to alleviate symptoms
of virus infection, such as influenza or flaviviral infection).

[0345] When parenteral application is needed or desired,
particularly suitable admixtures for the compositions and
fusion proteins are injectable, sterile solutions, preferably
oily or aqueous solutions, as well as suspensions, emulsions,
orimplants, including suppositories. In particular, carriers for
parenteral administration include aqueous solutions of dex-
trose, saline, pure water, ethanol, glycerol, propylene glycol,
peanut oil, sesame oil, polyoxyethylene-block polymers, and
the like. Ampules are convenient unit dosages. The composi-
tions, fusion proteins or polypeptides can also be incorpo-
rated into liposomes or administered via transdermal pumps
or patches. Pharmaceutical admixtures suitable for use in the
present invention are well-known to those of skill in the art
and are described, for example, in Pharmaceutical Sciences
(17th Ed., Mack Pub. Co., Easton, Pa.) and WO 96/05309 the
teachings of which are hereby incorporated by reference.
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[0346] The compositions and fusion proteins of the inven-
tion can be administered to a subject on a support that presents
the compositions, fusion proteins and polypeptides of the
invention to the immune system of the subject to generate an
immune response in the subject. The presentation of the com-
positions, fusion proteins and polypeptides of the invention
would preferably include exposure of antigenic portions of
the viral protein to generate antibodies. The components
(e.g., PAMP and a viral protein) of the compositions, fusion
proteins and polypeptides of the invention are in close physi-
cal proximity to one another on the support. The composi-
tions and fusion proteins of the invention can be attached to
the support by covalent or noncovalent attachment. Prefer-
ably, the support is biocompatible. “Biocompatible,” as used
herein, means that the support does not generate an immune
response in the subject (e.g., the production of antibodies).
The support can be a biodegradable substrate carrier, such as
apolymer bead or a liposome. The support can further include
alum or other suitable adjuvants. The support can be a virus
(e.g., adenovirus, poxvirus, alphavirus), bacteria (e.g., Sa/-
monella) or a nucleic acid (e.g., plasmid DNA).

[0347] Thedosage and frequency (single or multiple doses)
administered to a subject can vary depending upon a variety
of factors, including prior exposure to an antigen, a viral
protein, the duration of viral infection, prior treatment of the
viral infection, the route of administration of the composition,
fusion protein or polypeptide; size, age, sex, health, body
weight, body mass index, and diet of the subject; nature and
extent of symptoms of viral exposure, viral infection and the
particular viral responsible for the infection (e.g., a flavivirus,
influenza virus), or treatment or infection of an other antigen,
such as an influenza antigen, kind of concurrent treatment,
complications from the viral exposure, viral infection or
exposure or other health-related problems. Other therapeutic
regimens or agents can be used in conjunction with the meth-
ods and compositions, fusion proteins or polypeptides of the
present invention. For example, the administration of the
compositions and fusion proteins can be accompanied by
other viral therapeutics or use of agents to treat the symptoms
of a condition associated with or consequent to exposure to
the antigen, such as flavivirus infection (e.g., high fever,
numbness, DHF, meningoencephalitis) or influenza infec-
tion, for example. Adjustment and manipulation of estab-
lished dosages (e.g., frequency and duration) are well within
the ability of those skilled in the art.

[0348] Influenza viruses are single-stranded RNA viruses
that belong to the viral family Orthomyxoviridae. Influenza
viruses are divided into three types (A, B, C) determined by
the antigenic differences in ribonucleoprotein (RNP) and
matrix (M) antigens of the viruses. Influenza A virus naturally
infects humans and several other mammalian species, includ-
ing swine and horses, and a wide variety of avian species, and
causes epidemics and pandemics in the human population.
Influenza B virus appears to naturally infect only humans and
can cause epidemics in humans. Influenza C virus has been
isolated from humans and swine, but generally does not occur
in epidemics and usually results in mild disease in humans.

[0349] Mature influenza virions are enveloped with a pleo-
morphic structure ranging in diameter from 80 to 120 nm. The
single-stranded RNA genome is closely associated with a
helical nucleoprotein and is present in seven (influenza C) or
eight (influenza A and B) separate segments of ribonucle-
oprotein (RNP), each of which has to be present for success-
ful replication of the virus. The segmented genome is
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enclosed within an outer lipoprotein envelope. Matrix protein
1 (MP1 or also referred to herein as “M1”) lines the inside of
the outer lipoprotein envelope and is bound to the RNP.

[0350] Hemagglutinin (HA) is a surface glycoprotein on a
virus (e.g., an influenza virus) that is responsible for binding
to N-AcetylNeuraminic Acid (NeuNAc; also referred to
herein as “sialic acid”) on host cells and subsequent fusion of
viral and host membranes. HA acquired its name by virtue of
its ability to cause red blood cells to clump, or agglutinate.
Influenza HA is a trimer consisting of the three monomeric
(HAO) subunits. HA performs two critical functions during
the infection process: binding to a cell surface sialyloligosac-
charide receptor and fusion of virus and host cell membrane.
Following binding of the HA trimer to the plasma membrane
of'a host cell, the host cell membrane engulfs the virus in an
endosome and attempts to digest the contents of the endo-
some by acidifying its interior and transferring it to a lyso-
some in the host cell. However, the acidic environment of the
lysosome destabilizes HA, resulting in partial unfolding of
HAO which exposes a protease-sensitive site (the maturaional
cleaveage site) that is cleaved by a host protease to form HA1
and HA?2 subunits which are connected by a single disulfide
bond (Wiley, D. C., et al., Annu. Rev. Biochem. 56:365-394
(1987)). Cleavage occurs at a specific amino acid residue and
generates a hydrophobic amino terminus for the HA2 subunit.
This hydrophobic terminus of HA2 mediates fusion between
the viral envelope and the endosomal membrane of the host
cell and releases the contents of the virion into the cytoplasm
of the cell, a process known as uncoating. Thus, cleavage of
the HA polypeptide is a requirement for infectivity.

[0351] The crystal structure of several viral hemagglutinins
has been determined (see, for example, Wilson, 1. A., et al.,
Nature 289:366-373 (1981); Chen, 1., et al., Cell 95:409-417
(1998); Ha, Y., etal., The EMBO Journal 21: 865-875 (2002);
Russell, R. I., et al., Virology 325:287-296 (2004); and Cox,
N. 1, et al., In: Toply and Wilson’s Microbiology and Micro-
bial Infections, eds. B. W. J. Mathy, et al., Vol. 1 (9 ed.) New
York, N.Y., Oxford Univ. Press, Ch. 32, p. 634 (1998)). X-ray
crystallographic structures show that HA is folded into two
structural components or domains—a globular head and a
fibrous stalk (see, for example, FIG. 1). The globular head
includes HA1, including that part of HA1 that binds to sialic
acid (also referred to as the “receptor binding site or domain”
or “sialic acid binding site or domain™), and antiparallel
[-sheets. The fibrous stalk is more proximal to the viral mem-
brane and consists of all of HA2 and part of HA1, including
the cleavage site between HA1 and HA2.

[0352] There are fifteen known subtypes of Influenza A HA
(H1-H15) that share between about 40 to about 60% sequence
identity (World Health Organization BULL. World Health
Organ., 58:585-591 (1980)). Influenza viruses containing all
15 HA subtypes have been isolated from avian species (H5,
H7, and H9), equine (H3 and H7), seals (H3, H4 and H7),
whales (H1 and H13) and swine (H1, H3, and H9). Subtypes
of influenza A virus are generally named according to the
particular antigenic determinants of HA (H, 15 major types)
and neuraminidase (N, about 9 major types). For example,
subtypes include influenza A (H2N1), A(H3N2), A(HSN1),
A(H7N2), A(HIN2), A(H1/H0), A(H3/HO) and A(H5/HO0). In
the last century, three subtypes of influenza A resulted in
pandemics: H1in 1918 and 1977; H2 in 1957 and H3 in 1968.
In 1997, an H5 avian virus and in 1999, an H9 virus resulted
in outbreaks of respiratory disease in Hong Kong. HA from
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influenza type B viruses have been isolated from humans and
seals and are not divided into subtypes.

[0353] A host infected with influenza can mount an anti-
body response to the globular head of HA that protects that
host from subsequent infection with the same strain of virus
by blocking the interaction between HA and the host cell, i.e.,
neutralizing the infectivity of the virus. Due to the low fidelity
and high rate of influenza RNA replication, the virus is con-
stantly experiencing minor mutations in the HA gene that
preserve the globular head structure and host cell interaction,
but may allow progeny virus to escape immune surveillance.
These point mutations are referred to as “antigenic drift.” In
addition, if a single host is simultaneously infected with two
different strains of influenza A, a new subtype of virus may
emerge as a result of reassortment, or the exchange of the
RNA segments, or genes, between different strains of influ-
enza A viruses. The viruses emerging from reassortment
present the human immune system with a new antigenic
experience that usually results in high morbidity and mortal-
ity. This type of drastic antigenic change is known as “anti-
genic shift.” Since type B influenza viruses circulate almost
exclusively in humans, these viruses cannot undergo reassort-
ment with animal strains and, thus, are changed only by
antigenic drift.

[0354] Immunity to HA can reduce the likelihood of infec-
tion and severity of disease if infection does occur. HA is an
important antigenic target and the efficacy of vaccines
depends on the antigenic match between the vaccine strain
and the circulating strain. Since the hemagglutinin protein
readily undergoes antigenic shift and drift in order to evade
the host’s immune defense, traditional vaccines must be
based on currently circulating influenza strains and annually
updated. Annual updates of influenza vaccines are not only
costly they also require significant amounts of production
time and manufacturing infrastructure. A vaccine composi-
tion based on invariant regions of the virus may provide
broadly cross-reactive protection.

[0355] In contrast to the globular head of HA, changes in
amino acid residues surrounding the maturational cleavage
site of HA are limited due to functional constraints. Amino
acid residues surrounding the HA maturational cleavage site
influence recognition and therefore cleavability of the site by
the host protease. Since the virus does not code for the pro-
tease, changes in the amino acid residues surrounding the
maturational cleavage site are restricted. As a consequence a
peptide of about 20 amino acids spanning the maturational
cleavage site remains genetically stable across influenza
viruses of the same HA subtype (WO 2004/080403; Bianchi,
et al. J Virol 79:7380-7388 (2005)) or as branched peptides
(Horvath, et al Immunol Letters 60:127-136 (1998), Nagy, et
at Scand J Immunol 40:281-291 (1994)).

[0356] A second highly conserved antigen of influenza A is
the ectodomain of the matrix 2 protein (M2e). M2 is a
97-amino acid protein expressed at low levels in mature viri-
ons and much higher levels on infected cells. The M2 protein
forms a homotetramer that functions as an ion channel which
is critical to the replication of the virus, thus, mutations in
M2e are not as well tolerated as mutations in HA. The
24-amino acid ectodomain (M2e) is highly conserved across
multiple influenza A strains. In mammals, M2e is poorly
immunogenic in its native form. Antibodies to M2e can con-
fer passive protection in animal models of influenza A infec-
tion (Treanor, J. J., etal.,J Virol 64:1375 (1990); Liu, W. P, et
al., Immunol Lett 93:131 (2004)), not by neutralizing the virus
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and preventing infectivity, but by killing infected cells and
disrupting the viral life cycle (Zebedee, S. L., et al., J. Virol.
62:2762 (1998); Jegerlehner, A. N, et. al., J Immunol 172:
5598 (2004)), which may be by antibody-dependent NK cell
activity (Jegerlehner, A. N., et al.,, J Immunol 172:5598
(2004)). Composition that include M2e proteins may limit the
severity of influenza A disease while allowing the host
immune response to develop adaptive immunity to the domi-
nant neutralizing influenza antigen, HA.

[0357] Strategies to manage infection and illness conse-
quent to influenza viral infection have not changed signifi-
cantly in the past four decades. Due to the seasonal nature of
influenza disease, the distinct types of influenza virus (A and
B) that threaten the human population, and the genetic insta-
bility of each type, it is necessary to reformulate a multivalent
vaccine each year, based on epidemiological prediction of
strains likely to be circulating in the human population in the
upcoming flu season. The vaccine is produced from stocks of
selected prototype viral strains grown in embryonated
chicken eggs. Thus, the current strategy has several limita-
tions that include: (a) dependence on uncertain prediction of
circulating strains; (b) dependence on the ability to grow the
appropriate strains in chicken eggs; (¢) the egg-based produc-
tion system carries risks of product contamination; (d) the
product produced in eggs cannot be used in individuals with
egg allergies; and (e) a significant risk that the typical multi-
valent vaccine will not confer protection against a pandemic
strain of virus to which the human population has no pre-
existing immunity.

[0358] The dominant protective component of the cur-
rently-available influenza vaccine is the viral hemagglutinin
(HA). A more effective vaccine may include not only strain-
specific HA, but cross-protective antigens, such as M2e and
maturational cleavage site. A vaccine production process that
is more reliable, economical, and scaleable than the current
egg-based method is also preferable. The compositions,
fusion proteins and polypeptides of the invention provide
compositions that include HA, M2e, and maturational cleav-
age site of influenza proteins, which can stimulate an immune
response, specifically, a protective immune response to sev-
eral influenza antigens in subject.

[0359] The teachings of all patents, published applications
and references cited herein are incorporated by reference in
their entirety.

EXEMPLIFICATION
Example 1

Design of Portions of a Naturally Occurring Hemag-
glutinin of Influenza A

Materials and Methods

[0360] Design of the HA 1-1, 1-2 and 1-3 globular head
constructs for A/Puerto Rico/8/34 (HIN1). Influenza strain
A/Puerto Rico/8/34 (PR8) is a well-characterized mouse-
adapted strain of influenza A virus. The published crystal
structure of the mature PR8 HA (SEQ ID NO: 1) (Gamblin et
al. 2005. Science 303:1838-1842; PDB accession number
1RU7) was used in combination with the Molecular Model-
ing Database to determine the boundaries for three PR8
globular head constructs. The complete list of solved crystal
structures for influenza A hemagglutinin molecules can be
found in the Protein Data Bank (PDB) or National Center for
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Biotechnology Information (NCBI) Structure website (http://
www.ncbi.nlm.nih.gov/Structure).

[0361] The three dimensional crystal structure for the PR8
HA was viewed using the Cn3D program within the NCBI
website. The trimeric HA molecule has the shape of a mush-
room. The globular head refers to the portion of the hemag-
glutinin molecule at the top that resembles the mushroom
head, and the coiled-coil stalk refers to the bottom part of the
molecule that resembles the stalk of the mushroom (FIG. 1).
The globular head contains the substrate binding site that
binds to sialic acid on the cell surface, and therefore is impor-
tant for viral entry. In addition, the majority of neutralizing
antibodies epitopes are located near and around this receptor
binding site, making the globular head a good target for
protective vaccines. The globular head contains most of the
HA1 peptide including residues numbered from E51 to K327
in PR8 for example.

[0362] The monomeric structure of PR8 chain A, which
encompasses the globular head, was used to guide the design
of'the PR8 HA1-1, 1-2 and 1-3 constructs (FIG. 1). The HA
constructs were designed with domain boundaries within the
globular head so that when the molecule is expressed in a host
cell, the encoded protein it may spontancously fold or
refolded in vitro to mimic the native conformation. A struc-
tural domain (also referred to herein as “domains™) within a
protein is an element of overall structure that is self-stabiliz-
ing and often folds independently of the rest of the protein
chain. Most domains can be classified into folds. Many
domains are not unique to the proteins produced by one gene
or one gene family but instead appear in a variety of proteins.
Domains often are named and singled out because they play
an important role in the biological function of the protein to
which they belong; for example, the substrate binding domain
of hemagglutinin can participate in binding to the substrate.
Because domains can be self-stabilizing, domains can be
swapped between one protein and another or associated to
other carrier proteins by genetic engineering to make chimera
proteins. A domain may be composed of none, one, or many
structural motifs. In the cases of influenza hemagglutinin
construct design, many structural motifs are preserved. The
boundary selection is guided by known crystal structures. In
the case of PR8, residues from E51 to K327 (SEQ ID NO: 1)
fold into a compact structure that distinguishes from the rest
of'the HA molecules, thus is the region of focus to design HA
constructs.

[0363] Design of the HA 1-1, 1-2 and 1-3 globular head
constructs for A/Viet Nam/1203/2004 (H5N1). The HA struc-
ture used as a reference in the design of the Viet Nam/1203/
2004 (H5N1) globular head constructs is described in Stevens
et al, 2006, Science 312:404-410 (MMDB number 38730;
PDB accession number 2FKO0). As described for the PR8
globular head constructs above, the published crystal struc-
ture of the mature A/Viet Nam/1203/2004 HA (SEQ ID NO:
2) was used in combination with the Molecular Modeling
Database to determine the domain boundaries for three Viet
Nam globular head constructs. The same structural criteria
for preservation of secondary and tertiary structure for the
structural domain were applied to the design of the Viet Nam
constructs. While different hemagglutinin molecules can dif-
fer in the nature or number of residues that comprise the
hemagglutinin molecule; the overall structure is remarkably
similar. Thus, design of the domain boundaries for the Viet
Nam globular head constructs required placement of the
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boundaries at structurally equivalent but numerically differ-
ent positions with in the HA molecule.

[0364] Design of the HA 1-1, 1-2 and 1-3 globular head
constructs for A/Indonesia/5/2005 (HSN1). The crystal struc-
ture for the Indonesia HA has not been solved. In general,
when the crystal structure for a given HA molecule has not
been solved, the available structure with the highest sequence
identity can be used to guide the construct design. In the case
of the design of the Indonesia globular head construct, the
closest structure available is the A/Viet Nam/1203/2004
(Stevens et al. 2006. Science 312:404-410; MMDB number
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38730; PDB Accession number 2FKO0), which is of the same
subtype as A/Indonesia/5/2005.

[0365] To design globular head constructs for this HA, the
primary sequence of the Indonesia HA (SEQ ID NO: 3) was
first aligned with A/Viet Nam/1203/2004 HA (HSVN; SEQ
ID NO: 2) molecule (primary sequence identity: 96.13%).
The primary sequence alignment for A/Viet Nam/1203/2004
HA (H5VN; SEQ ID NO: 2) and A/Indonesian/5/2005
(HSIN; SEQ ID NO: 3) was conducted using CLUSTALW
and is shown below, where (*) asterisk=identity, (:)
colon=conservative substitution; (.) period=weakly conser-
vative substitution; and (space)=divergent substitution.

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

H5IN
H5VN

50
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILE (SEQ ID NO: 3)
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILE (SEQ ID NO: 2)

KKKKKKK L KKK KKKK KK KKK KKK KKK KRk hhhhhhhhhhkhhk ko hh*

100
KTHNGKLCDLDGVKPLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKAN
KKHNGKLCDLDGVKPLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKAN

K KKKKKKKKKKKKKR KK KKK KKK KKK AR hhhhhhhhhhhh ok hhk ko hh*

150
PTNDLCYPGSFNDYEELKHLLSRINHFEKIQIIPKSSWSDHEASSGVSSA
PVNDLCYPGDFNDYEELKHLLSRINHFEKIQI IPKSSWSSHEASLGVSSA

K KKKKKKK KKK KKKK KKK KKK R Kk hhhhhhhhhhk  hhkk Khhkhk

200
CPYLGSPSFFRNVVWLIKKNSTYPTIKKSYNNTNQEDLLVLWGIHHPNDA
CPYQGKSSFFRNVVWLIKKNSTYPTIKRSYNNTNQEDLLVLWGIHHPNDA

Khkk K KKKKKKKKKKKK KK KKK KKk hhhhhhhhhhhhhhkhk ko hhk

250
AEQTRLYQNPTTYISIGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILK
AEQTKLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGQSGRMEFFWTILK

KKKK KKK KKKKKKK kKKK KKK KKk Kk hhhhhhhhhhhhkhkhkhh*

300
PNDAINFESNGNFIAPEYAYKIVKKGDSAIMKSELEYGNCNTKCQTPMGA
PNDAINFESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGA

KKKKKKKKKKKKKKK KK KK KK KKK KRRk hhhhhhhhhhhhhkhhk ko hh*

350
INSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQRESRRKKRGLFG

INSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQRERRRKKRGLFG
P e

400
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNS

ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNS
P

450
IIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLMEN

IIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLMEN
P

500
ERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHKCDNECMES IRN
ERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHKCDNECMESVRN

KKKKKKKKKKKKKKK KK KK KK KKK KKK ARk hhhhhhkhhhkhhhk kK

550
GTYNYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMMA
GTYDYPQYSEEARLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVA

KKK L KKKKKKKKKKK KK KKK KKK K KK hh Khhhhhhhhhhhhhhhhk k&

568
GLSLWMCSNGSLQCRICI

GLSLWMCSNGSLQCR- - -
HRKK KKK KKK KKK K
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[0366] Design of the HA 1-1, 1-2 and 1-3 globular head
constructs for A/New Calcdonia/20/1999 (HIN1). The crys-
tal structure for the New Calcdonia HA has not been solved.
To design the globular head constructs for this HA, the pri-
mary sequence of the New Calcdonia HA (HINC; SEQ ID
NO: 4) was first aligned with two closely related HA mol-
ecules of the same subtype (primary sequence homology
>85%) for which the structures have been resolved, specifi-
cally the HIN1 1918 virus (same as A/South Carolina/1/18)
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(SEQ ID NO: 5) and the A/Puerto Rico/8/34 virus (H1PRS;
SEQ ID NO: 1) (Gamblin, et al., Science 303, 1838-42
(2004). A/South Carolina/1/18: MMDB number 26943, PDB
accession number: 1RUZ and PR8, MMDB number: 26941
and PDB accession number: 1RU7). The primary sequence
alignment was conducted using CLUSTALW and is shown
below, where (*) asterisk=identity, (:) colon=conservative
substitution; (.) period=weakly conservative substitution; and
(space)=divergent substitution.

50
HINC MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLL (SEQ ID NO: 4)
H1PR8 MKANLLVLLSALAAADADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLL (SEQ ID NO: 1)
hkk ckkhkkk ..ok, Khkkhkhkhkhkhkhkkhkkhhkhkhhhhhkhkkhkkhhkhhkhkh kK
100
HINC  EDSHNGKLCLLKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETP
H1PR8 EDSHNGKLCRLKGIAPLQLGKCNIAGWLLGNPECDPLLPVRSWSYIVETP
hkkhkkhhk hhkkkkhhkk .k hkk. . Kkhkkkkk . K. Lk okk kok ok ok ok ok
150
HINC NPENGTCYPGYFADYEELREQLSSVSSFERFEIFPKESSWPNHTVTGVSA
H1PR8 NSENGICYPGDFIDYEELREQLSSVSSFERFEIFPKESSWPNHNTNGVTA
* kkk kkkk k kkkhkhkhhhkhhkhkkhkkhhkhkhhhhkhkkkhkkhk  kk .k
200
HINC  SCSHNGKSSFYRNLLWLTGKNGLYPNLSKSYVNNKEKEVLVLWGVHHPPN
H1PR8 ACSHEGKSSFYRNLLWLTEKEGSYPKLKNSYVNKKGKEVLVLWGIHHPPN
ckk Kk kkkkhhkhkkhkkk kK k.k kk .k hkkkk .k khkkkkkhk . hkhkhhk
250
HINC  IGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLL
H1PR8 SKEQQNIYQNENAYVSVVTSNYNRRFTPEIAERPKVRDQAGRMNYYWTLL
sk sk kkkkkhkk k. k Kkhkhkhkk . khkkkkkh kk . hkkkkkk
300
HINC EPGDTIIFEANGNLIAPWYAFALSRGFGSGIITSNAPMDECDAKCQTPQG
H1PR8 KPGDTIIFEANGNLIAPMYAFALSRGFGSGIITSNASMHECNTKCQTPLG
ckkkkkhkkkhhhkkhkkkk khkkhkhkhkkkkkhhkhkhhkhkh Kk Kkk. . kkkhkk K
350
HINC  AINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIA
H1PR8 AINSSLPYQNIHPVTIGECPKYVRSAKLRMVTGLRNTPSIQSRGLFGAIA
hkkhkkk . hk . hkkkkhhhhhhhhhhhhhhhhhhdd *hkkhkhhhhhhhk
400
HINC  GFIEGGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGI TNKVNSVIE
H1PR8 GFIEGGWTGMIDGWYGYHHQNEQGSGYAADQKSTQNAINGI TNKVNTVIE
hkkhkkkhhhk . hkkhkhhhhhhhhhhhhhhhhhhhhhhhhhkhhhd . kxk
450
HINC  KMNTQFTAVGKEFNKLERRMENLNKKVDDGFLDIWTYNAELLVLLENERT
H1PR8 KMNIQFTAVGKEFNKLEKRMENLNKKVDDGFLDIWTYNAELLVLLENERT
hkk kkhkkhkhkhkkkkk . khhhhkhkkhkkhhkhhhhhhhkkhkkhhhhhhkk
500
HINC  LDFHDSNVKNLYEKVKSQLKNNAKEIGNGC------=-----=-=-----
H1PR8 LDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCDNECMESVRNGTY
Khkkkkkhk kA Ak Kk kdkdkhkdkhhhkhkkhk K
550
HINC = - o mmmmmm o m o m oo oo o e
H1PR8 DYPKYSEESKLNREKVDGVKLESMGIYQILAIYSTVASSLVLLVSLGAIS
565
HINC  —-mmmmmmmmm oo
H1PR8 FWMCSNGSLQCRICIT
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[0367] Design of the HA 1-1, 1-2 and 1-3 globular head
constructs for A/Wisconsin/67/2005 (H3N2). The crystal
structure for the Wisconsin HA has not been solved. To design
the globular head constructs for this HA, the primary
sequence of the Wisconsin HA (H3W is; SEQ ID NO: 6) was
first aligned with a closely related reference HA molecule of
the same subtype (primary sequence identity: 81.16%) for
which the structure had been resolved, specifically influenza
A/X31 subtype H3N2 (H3x31; SEQ ID NO: 7) (PDB acces-
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sion number: 1VIU). The Wisconsin HA sequence was
aligned with the X31 HA using CLUSTAL W and is shown
below, where (*) asterisk=identity, (:) colon=conservative
substitution; (.) period=weakly conservative substitution; and
(space)=divergent substitution. Each amino acid in X31 was
found to have a corresponding match in A/Wisconsin/67/
2005 sequence. The domain boundaries the X31 structure
were then used to identify the domain boundaries in the
A/Wisconsin/67/2005.

50

H3Wis QKLPGNDNSTATLCLGHHAVPNGTIVKTITNDQIEVTNATELVQSSSTGG (SEQ ID NO: &)
H3X31 OQDLPGNDNSTATLCLGHHAVPNGTLVKTITDDQIEVTNATELVQSSSTGK (SEQ ID NO: 7)

K KKKKKKKKKKKKK KK KK KK KKK hhhhk  hhhhhhhhhhhhhkhkhk

100

H3Wis ICDSPHQILDGENCTLIDALLGDPQCDGFQNKKWDLFVERSKAYSNCYPY
H3X31 ICNNPHRILDGIDCTLIDALLGDPHCDVFQNETWDLFVERSKAFSNCYPY

KK KK KKEK KKK KKKKKKKK KK KKK KKRRKKKKRK K AR AR

150

H3Wis DVPDYASLRSLVASSGTLEFNDESFNWTGVTQONGTSSACKRRSNNSFEFSR
H3X31 DVPDYASLRSLVASSGTLEFITEGFTWTGVIQNGGSNACKRGPGSGFFSR

FRKKKKKKKKKKRRRKKKKK kK Kkkk kkk K KKk kkkK

200

H3Wis LNWLTHLKFKYPALNVTMPNNEKFDKLYIWGVHHPGTDNDQIFLHAQASG
H3X31 LNWLTKSGSTYPVLNVTMPNNDNFDKLYIWGIHHPSTNQEQTSLYVQASG

FRKKK LRK KR KKKRKK KRR KKKRK KKK K. ok K, kKKK

250

H3Wis RITVSTKRSQQTVIPNIGSRPRIRNIPSRISIYWTIVKPGDILLINSTGN
H3X31 RVTVSTRRSQQTIIPNIGSRPWVRGLSSRISIYWTIVKPGDVLVINSNGN

Ko kKKK KKK KK kK kkhhhk k. hkkkhkkkkhkhhhhk ok kKK kK

300

H3Wis LIAPRGYFKIRSGKSSIMRSDAPIGKCNSECITPNGSIPNDKPFQONVNRI
H3X31 LIAPRGYFKMRTGKSSIMRSDAPIDTCISECITPNGSIPNDKPFQNVNKI
P e R 22 T A R TR T R e

329

H3Wis TYGACPRYVKQONTLKLATGMRNVPEKQTR

H3X31 TYGACPKYVKQNTLKLATGMRNVPEKQT -
T Y

Results

[0368] Depiction of domain boundaries for PR8 HA con-
structs. The selected boundary domains are highlighted in the
sequence below (SEQ ID NO: 1) as follows: HA1-1 bound-
aries are single-underlined (S53-R324 of SEQ ID NO: 1);
HA1-2 boundaries are double-underlined (K62-5284 of SEQ
ID NO: 1); HA1-3 boundaries are bold-underlined (N101-
G276 of SEQ ID NO: 1). Detailed descriptions of each sub-
unit design and boundary domains are given below.

(SEQ ID NO: 1)

MKANLLVLLSALAAADADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCR 60

LKGIAPLQLGKCNIAGWLLGNPECDPLLPVRSWSYIVETENSENGICYPGDFIDYEELRE 120

QLSSVSSFERFEIFPKESSWPNHNTNGVTAACSHEGKSSFYRNLLWLTEKEGSYPKLKNS 180

YVNKKGKEVLVLWGIHHPPNSKEQONLYQNENAYVSVVTSNYNRRFTPEIAERPKVRDQA 240

GRMNYYWTLLKPGDTIIFEANGNLIAPMYAFALSRCGFGSGIITSNASMHECNTKCQTPLG 300

AINSSLPYQNIHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTGM 360
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-continued
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IDGWYGYHHONEQGSGYAADQKSTOQNAINGITNKVNTVIEKMNIQFTAVGKEFNKLEKRM 420

ENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGC 480

FEFYHKCDNECMESVRNGTYDYPKYSEESKLNREKVDGVKLESMGIYQILAIYSTVASSL 540

VLLVSLGAISFWMCSNGSLQCRICI

[0369] PR/8 HAI1-1 construct (SEQ ID NO: 8). For this
construct, four (4) conserved disulfide bonds were preserved
by making the amino-terminal truncation before the Cysteine
at position 59 of SEQ ID NO: 1 and the carboxyl-terminal
truncation after the Cysteine at position 319 of SEQ ID NO:
1. The preserved disulfide bonds are listed as the following:
C59-C291;C72-C84;C107-C152 and C295-C319 of SEQID
NO: 1. Using the crystal structure cited above and the
Molecular Modeling Database (MMDB) to identify tertiary
and secondary structure, the amino terminal truncation was
placed at the Serine at position 53 of SEQ ID NO: 1, which is
immediately adjacent to the coil turn formed by residues
50-52 of SEQ ID NO: 1 (LED). The truncation completely
eliminated the preceding f-strand formed by residues 44-49
of SEQ ID NO: 1 [THSVNL (SEQ ID NO: 214)]. The strand
spanning residues 53-58 of SEQ ID NO: 1 [SHNGKL (SEQ
ID NO: 215)] and the entire 3-strand associated with residues
59-62 of SEQ ID NO: 1 [CRLK (SEQ ID NO: 216)] were
preserved. Although in the structure residues 53-58 of SEQ
ID NO: 1 [SHNGKL (SEQ ID NO: 215)] are defined as a
random coil, these residues mimic a §-strand and thus serve to
further stabilize the -pleated sheets defined by residues 307-
3100fSEQIDNO: 1 [PYQN, SEQ ID NO: 217] and residues
320-323 of SEQ ID NO: 1 [PKYV, SEQ ID NO: 218]. The
carboxyl-terminal truncation was made in the random coil
sequence spanning residues 324-327 of SEQ ID NO: 1
[RSAK, SEQ ID NO: 219] at the Arginine at position 324 of
SEQ ID NO: 1 such that the carboxyl-terminal tail which
interacts with HA2 was completely eliminated.

[0370] PR/8 HA1-2 construct (SEQ ID NO: 9). For this
construct two (2) conserved disulfide bonds (C72-C84 and
C107-C152 of SEQ ID NO: 1) were preserved by making the
amino-terminal truncation before the Cysteine at position 72
of SEQ ID NO: 1 and the carboxyl-terminal truncation after
the Cysteine at position 152 of SEQ ID NO: 1. Using the
crystal structure cited above and the MMD database to iden-
tify tertiary and secondary structure, the amino-terminal and
the carboxyl-terminal truncations were placed in the loops
[KGI, residues 62-64 of SEQ ID NO: 1 and NASMHE (SEQ
ID NO: 220), residues 285-290, of SEQ ID NO: 1] that
connect two distinct sets of p-pleated sheets. Truncation of
the molecule within these loops preserves the surrounding
secondary structure which in turn preserves the tertiary struc-
ture of the globular head.

[0371] The amino-terminal truncation was made at the
Lysine at position 62 of SEQ ID NO: 1, such that the -strand
comprising APLQLG (SEQ ID NO: 221) at residues 65-70 of
SEQ ID NO: 1 of the membrane-distal set of -strands
remained wholly intact, while the preceding [3-strand [CRLK,
SEQ ID NO: 216, residues 59-62 of SEQ ID NO: 1] that is
more membrane-proximal was largely eliminated. The car-
boxyl-terminal truncation was made at the Serine at position
284 of SEQ ID NO: 1 such that the B-strand [GIITS, SEQ ID
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NO: 222, residues 280-284 of SEQ ID NO: 1] of the distal set
of f-strands remains wholly or largely intact and the subse-
quent B-strand [CNTK, SEQ ID NO: 223, residues 291-294
of SEQ ID NO: 1] of the proximal set of -stands is wholly or
largely eliminated. Preservation of the distal set of §-strands
was the main determinant in selecting the domain boundaries
for the HA1-2 construct. The distal -pleated sheet, which is
comprised of p-strands of APLQLG (SEQ ID NO: 221) [resi-
dues 65-70 of SEQ ID NO: 1], SYIVET (SEQ ID NO: 224)
[residues 94-99 of SEQ ID NO: 1], and GIITS (SEQ ID NO:
222) [residues 280-284 of SEQ ID NO: 1], serves as the
stabilizing secondary structural element that ensures a com-
pact domain structure.

[0372] PR/8 HA1-3 construct (SEQ ID NO: 10). For this
construct one (1) conserved disulfide bond (C107-C152 of
SEQ ID NO: 1) was preserved by making the amino-terminal
truncation before the Cysteine at position 107 of SEQ ID NO:
1 and the carboxyl terminal truncation after the Cysteine at
position 152 of SEQ ID NO: 1. Using the crystal structure
cited above and the MMDB database to identify tertiary and
secondary structure the amino-terminal truncation was made
at the Asparagine at position 101 of SEQ ID NO: 1 such that
the preceding a-helix [NIAGWLLG, SEQ ID NO: 225, resi-
dues 73-80 of SEQID NO: 1] and p-strand [SYIVET, SEQID
NO: 224, residues 94-99 of SEQ ID NO: 1] were completely
eliminated while the subsequent $-stand [PGDFI, SEQ ID
NO: 226, residues 109-113 of SEQ ID NO: 1] was preserved
along with the strand NSENGICY, SEQ ID NO: 227 [residues
101-108 of SEQ ID NO: 1] that includes the conserved Cys-
teine at position 107 of SEQ ID NO: 1.

[0373] The carboxyl-terminal truncation was made near the
end ofthe p-strand [AFALSRGF, SEQ ID NO: 228, residues
270-277 of SEQ ID NO: 1]. The last amino acid of this strand,
position 277 of SEQ ID NO: 1, is a Phenylalanine, which was
eliminated so as not to expose this hydrophobic residue. The
carboxyl-terminal truncation was made at the Glycine at posi-
tion 276 of SEQ ID NO: 1 which is in between two secondary
structures. Truncation at this position keeps the preceding
[-strand [AFALSRG, SEQ ID NO: 229, residues 270-276 of
SEQ ID NO: 1] largely intact and completely eliminates the
subsequent [-strand [GIITS, SEQ ID NO: 222, residues 280-
284 of SEQ ID NO: 1].

[0374] Depiction of domain boundaries for VNO4 HA con-
struct. The selected boundary domains are highlighted in the
sequence below (SEQ ID NO: 2) as follows: HA1-1 bound-
aries are single-underlined (E50-K323 of SEQ ID NO: 2);
HA1-2 boundaries are double-underlined (G62-E284 of SEQ
ID NO: 2); HA1-3 boundaries are bold-underlined (N103-
G276 of SEQ ID NO: 2). Detailed descriptions of each sub-
unit design and boundary domains are given below.
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(SEQ ID NO: 2)
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDILEKKHNGKLCDL 60

DGVKPLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKANPVNDLCY PGDFNDYEELKHL 120

LSRINHFEKIQIIPKSSWSSHEASLGVSSACPYQGKSSFFRNVVWLIKKNSTYPTIKRSY 180

NNTNQEDLLVLWGIHHPNDAAEQTKLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGQSG 240

RMEFFWTILKPNDAINFESNGNFIAPEYAYKIVEKGDSTIMKSELEYGNCNTKCQTPMGA 300

INSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQRERRRKKRGLFGAIAGFIEGGW 360

QGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLE 420

RRIENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELG 480

NGCFEFYHKCDNECMESVRNGTYDYPQYSEEARLKREEISGVKLESIGIYQILSIYSTVA 540

SSLALAIMVAGLSLWMCSNGSLQCR

[0375] VNO04 HA1-1 construct (SEQ ID NO: 11). For this
construct four (4) conserved disulfide bonds were preserved
by making the amino terminal truncation before the Cysteine
at position 58 of SEQ ID NO: 2 and the carboxyl-terminal
truncation after the Cysteine at position 318 of SEQ ID NO:
2. The preserved disulfide bonds are listed as the following:
C58-C290; C71-C83;C106-C151 and C294-C318 of SEQID
NO: 2. Using the crystal structure cited above and the
Molecular Modeling Database (MMDB) to identify tertiary
and secondary structure, the amino terminal truncation was
placed at the Glutamic Acid found at position 50 of SEQ ID
NO: 2 such that the preceding -strand [THAQDI, SEQ ID
NO: 230, residues 43-48 of SEQ ID NO: 2] is totally elimi-
nated and the subsequent strand [EKKHNG, SEQ ID NO:
231, residues 50-55 of SEQ ID NO: 2] and the p-strand
[KLCDLD, SEQ ID NO: 232] formed by residues 56-61 of
SEQ ID NO: 2 were left wholly intact. Structurally the ran-
dom peptide comprising residues 50-55 of SEQ ID NO: 2
[EKKHNG, SEQ ID NO: 231] mimics a -strand that com-
pletes the membrane-distal f-pleated sheet to keep the
domain structure intact. The carboxyl-terminal truncation
was made in the loop region near residues 323-326 of SEQ ID
NO: 2 [KSNR, SEQ ID NO: 233] that follow the Cysteine at
position 318 of SEQ ID NO: 2. Truncation within this loop
preserves secondary structure in that the preceding [3-strand
formed by residues 319-322 of SEQ ID NO: 2 [PKYV, SEQ
ID NO: 234] remains wholly intact and the subsequent
p-strand [LVLATG, SEQ ID NO: 235, residues 327-332 of
SEQ ID NO: 2] is completely eliminated.

[0376] VNO04 HA1-2 construct (SEQ ID NO: 12). For this
construct two (2) conserved disulfide bonds (C71-C83 and
C106-C151 of SEQ ID NO: 2) were preserved by making the
amino-terminal truncation before the Cysteine at position 71
of SEQ ID NO: 2 and the carboxyl-terminal truncation after
the Cysteine at position 151 of SEQ ID NO: 2. Using the
crystal structure cited above and the Molecular Modeling
Database (MMDB) to identify tertiary and secondary struc-
ture, the amino terminal truncation was placed at the glycine
at position 62 of SEQ ID NO: 2 such that the subsequent
[p-strand comprising residues 64-68 of SEQ ID NO: 2 [KP-
LIL, SEQ ID NO: 236] remains wholly intact, while the
preceding p-strand [KLCDLD, SEQ ID NO: 232, residues
56-61 of SEQ ID NO: 2] is completely eliminated.
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[0377] To preserve secondary structure, the carboxyl-ter-
minal truncation was made in the loop region at the Glutamic
Acid at position 284 of SEQ ID NO: 2 such that the preceding
p-strand [TIMKS, SEQ ID NO: 237, residues 279-283 of
SEQ ID NO: 2] remained wholly or largely intact and the
subsequent f-strand [YGNCN, SEQ ID NO: 238, residues
287-291 of SEQ ID NO: 2] was completely eliminated.

[0378] VNO04 HA1-3 construct (SEQ ID NO: 13). For this
construct one (1) conserved disulfide bond (C106-C151 of
SEQ ID NO: 2) was preserved by making the amino-terminal
truncation before the Cysteine at position 106 of SEQ ID NO:
2 and the carboxyl terminal truncation after the Cysteine at
position 151 of SEQ ID NO: 2.

[0379] Using the crystal structure cited above and the
Molecular Modeling Database (MMDB) to identify tertiary
and secondary structure, the amino terminal truncation was
placed at the Asparagine at position 103 of SEQ ID NO: 2
such that the preceding f-strand [SYIVEK, SEQ ID NO: 239,
residues 93-98 of SEQ ID NO: 2] was completely eliminated
while the subsequent [-strand sequence [PGDFN, SEQ ID
NO: 240, residues 108-112 of SEQ ID NO: 2] remained
wholly or largely intact. To preserve secondary structure, the
carboxyl-terminal truncation was made in the random coil
region at the Glycine at position 276 of SEQ ID NO: 2 such
that the preceding p-strand formed by residues 102-105 of
SEQID NO: 2 [KGDS, SEQ ID NO: 241] remains wholly or
partially intact, the preceding -strand [EYAYKIVK, SEQ ID
NO: 242, residues 267-274 of SEQ ID NO: 2] is wholly
preserved and the subsequent f-strand [TIMKS, SEQ ID NO:
237, residues 279-283 of SEQ ID NO: 2] is completely elimi-
nated.

[0380] Depiction of domain boundaries for INDOS HA
constructs. The A/Indonesia/5/2005 construct description is
based on sequence alignment in reference to A/Viet Nam/
1203/2004 structure. The selected boundary domains are
highlighted in the sequence below (SEQ ID NO: 3) as fol-
lows: HA1-1 boundaries are single-underlined (E50-K323,
of SEQ ID NO: 3); HA1-2 boundaries are double-underlined
(G62-E284 of SEQ ID NO: 3); HA1-3 boundaries are bold-
underlined (N103-G276 of SEQ ID NO: 3). Detailed descrip-
tions of each subunit design and boundary domains are given
below.
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(SEQ ID NO: 3)
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDILEKTHNGKLCDL 60

DGVKPLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKANPTNDLCYPGSFNDYEELKHL 120

LSRINHFEKIQIIPKSSWSDHEASSGVSSACPYLGSPSFFRNVVWLIKKNSTYPTIKKSY 180

NNTNQEDLLVLWGIHHPNDAAEQTRLYQNPTTYISIGTSTLNQRLVPKIATRSKVNGQSG 240

RMEFFWTILKPNDAINFESNGNFIAPEYAYKIVEKGDSAIMKSELEYGNCNTKCQTPMGA 300

INSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQRESRRKKRGLFGAIAGFIEGGW 360

QGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLE 420

RRIENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELG 480

NGCFEFYHKCDNECMESIRNGTYNYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVA 540

SSLALAIMMAGLSLWMCSNGSLQCRICI

[0381] INDOS HA1-1 construct (SEQ ID NO: 14). For this
construct four (4) conserved disulfide bonds were preserved
by making the amino-terminal truncation before the Cysteine
at position 58 of SEQ ID NO: 3 and the carboxyl-terminal
truncation after the Cysteine at position 318 of SEQ ID NO:
3. The preserved disulfide bonds are listed as the following:
C58-C291;C71-C83;C106-C151 and C294-C318 of SEQID
NO: 3. Using the crystal structure cited above and the
Molecular Modeling Database (MMDB) to identify tertiary
and secondary structure, the amino terminal truncation was
placed at the Glutamic Acid found at position 50 of SEQ ID
NO: 3 such that the preceding -strand [THAQDI, SEQ ID
NO: 243, residues 43-48 of SEQ ID NO: 3] was totally
eliminated and the subsequent strand [EKTHNG, SEQ ID
NO: 244, residues 50-55 of SEQ ID NO: 3] and p-strand
[KLCDLD, SEQ ID NO: 245] formed by residues 56-61 of
SEQ ID NO: 3 was left wholly intact. Structurally the random
peptide comprising residues 50-55 of SEQ ID NO: 3
[EKTHNG, SEQ ID NO: 244] mimics a -strand that com-
pletes the membrane-distal f-pleated sheet to keep the
domain structure intact. The carboxyl-terminal truncation
was made in the loop region near residues 323-326 of SEQ ID
NO: 3 [KSNR, SEQ ID NO: 246] that follow the Cysteine at
position 318 of SEQ ID NO: 3. Truncation within this loop
preserves secondary structure in that the preceding [3-strand
formed by residues 319-322 of SEQ ID NO: 3 [PKYV, SEQ
ID NO: 247] remains wholly intact and the subsequent
p-strand [LVLATG, SEQ ID NO: 248, residues 327-332 of
SEQ ID NO: 3] is completely eliminated.

[0382] INDOS HA1-2 construct (SEQ ID NO: 15). For this
construct two (2) conserved disulfide bonds (C71-C83 and
C106-C151 of SEQ ID NO: 3 were preserved by making the
amino-terminal truncation before the Cysteine at position 71
of SEQ ID NO: 3 and the carboxyl-terminal truncation after
the Cysteine at position 151 of SEQ ID NO: 3. Using the
crystal structure cited above and the Molecular Modeling
Database (MMDB) to identify tertiary and secondary struc-
ture, the amino terminal truncation was placed at the Glycine
at position 62 of SEQ ID NO: 3 such that the subsequent
[-strand comprising residues 64-68 of SEQ ID NO: 3 [KP-
LIL, SEQ ID NO: 249] remained wholly intact, while the
preceding p-strand [KLCDLD, SEQ ID NO: 245, residues
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56-61 of SEQ ID NO: 3] was completely eliminated. To
preserve secondary structure, the carboxyl terminal trunca-
tion was made in the loop region at the Glutamic Acid at
position 284 of SEQ ID NO: 3 in the sequence [ELE, residues
284-286 of SEQ ID NO: 3] such that the preceding [3-strand
[AIMKS, SEQ ID NO: 250, residues 279-283 of SEQ ID NO:
3] remained wholly or largely intact and the subsequent
p-strand [YGNCN, SEQ ID NO: 251, residues 287-291 of
SEQ ID NO: 3] was completely eliminated.

[0383] INDOS5 HA1-3 construct (SEQ ID NO: 16). For this
construct one (1) conserved disulfide bond (C106-C151 of
SEQ ID NO: 3 was preserved by making the amino-terminal
truncation before the Cysteine at position 106 of SEQ ID NO:
3 and the carboxyl-terminal truncation after the Cysteine at
position 151 of SEQ ID NO: 3. Using the crystal structure
cited above and the Molecular Modeling Database (MMDB)
to identify tertiary and secondary structure, the amino termi-
nal truncation was placed at the asparagine at position 103 of
SEQ ID NO: 3 such that the preceding p-strand [SYIVEK,
SEQ ID NO: 252, residues 93-98 of SEQ ID NO: 3] was
completely eliminated while the p-strand sequence [PGSFN,
SEQ ID NO: 253, residues 108-112 of SEQ ID NO: 3]
remained wholly or largely intact. To preserve secondary
structure, the carboxyl-terminal truncation was made in the
random coil region at the Glycine found at position 276 of
SEQID NO: 3 such that the preceding §-strand [EYAYKIVK,
SEQ ID NO: 254, residues 267-274 of SEQ ID NO: 3] was
wholly preserved and the subsequent f-strand [AIMKS, SEQ
ID NO: 250, residues 279-283 of SEQ ID NO: 3] was com-
pletely eliminated.

[0384] Depiction of domain boundaries for New Calcdonia
HA constructs. A/New Calcdonia/20/199 construct descrip-
tion is based on sequence alignment in reference of A/Puerto
Rico/8/34 structure. The selected boundary domains are high-
lighted in the sequence below (SEQ ID NO: 4) as follows:
HA1-1 boundaries are single-underlined (S53-R324 of SEQ
ID NO: 4); HA1-2 boundaries are double-underlined (K62-
5284 of SEQ ID NO: 4); HA1-3 boundaries are bold-under-
lined (N101-G276 of SEQ ID NO: 4). Detailed descriptions
of each subunit design and boundary domains are given
below.
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(SEQ ID NO: 4)
MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCL 60

LKGIAPLQOLGNCSVAGWILGNPECELLISKESWSYIVETPNPENGTCYPGYFADYEELRE 120

QLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSKS 180

YVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQE 240

GRINYYWTLLEPGDTIIFEANGNLIAPWYAFALSRCFGSGIITSNAPMDECDAKCQTPQG 300

AINSSLPFONVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTGM 360

VDGWYGYHHONEQGSGYAADQKS TOQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRM 420

ENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGC 480

FEFYHKCNNECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASSL 540

VLLVSLGAISFWMCSNGSLQCRICI

[0385] New Calcdonia HA1-1 construct design (SEQ ID
NO: 17). For this construct, four (4) conserved disulfide
bonds were preserved by making the amino terminal trunca-
tion before the Cysteine at position 59 of SEQ ID NO: 4 and
the carboxyl-terminal truncation after the Cysteine at position
319 of SEQ ID NO: 4. The preserved disulfide bonds are
listed as the following: C59-C291; C72-C84;C107-C152 and
(C295-C319 of SEQ ID NO: 4. Using the reference crystal
structures and the MMDB to check secondary structures the
amino terminal truncation was made at the Serine at position
53 of SEQ ID NO: 4 such that the preceding f-strand [THS-
VNLLED, SEQ ID NO: 255, residues 44-52 of SEQ ID NO:
4] was totally eliminated and the subsequent f-strands
SHNGKL, SEQ ID NO: 256 [residues 53-58 of SEQ ID NO:
4] and APLQLG, SEQ ID NO: 257 [residues 65-70, of SEQ
1D NO: 4] were left wholly intact. The amino-terminal trun-
cation in the random coil sequence [SHNGKL, SEQ ID NO:
256, residues 53-58 of SEQ ID NO: 4] left the secondary
structure largely intact because it mimics a p-strand that
leaves the §-pleated sheet intact. The carboxyl-terminal trun-
cation was made at the Arginine at position 324 of SEQ ID
NO: 4 in the random coil sequence [RSAK, SEQ ID NO: 258,
residues 324-327 of SEQ ID NO: 4] following the Cysteine at
position 319 of SEQ ID NO: 4. The truncation in this random
coil preserves secondary structure by leaving the preceding
p-strand [PKYV, SEQ ID NO: 259, residues 320-323 of SEQ
IDNO: 4] wholly intact while the subsequent [3-strand [ LRM-
VTG, SEQ ID NO: 260, residues 328-333 of SEQ ID NO: 4]
is completely eliminated.

[0386] New Calcdonia HA1-2 construct design (SEQ ID
NO: 18). For this construct two (2) conserved disulfide bonds
(C72-C84 and C107-C152 of SEQ ID NO: 4) were preserved
by making the amino-terminal truncation before the Cysteine
at position 72 of SEQ ID NO: 4 and the carboxyl-terminal
truncation after the Cysteine at position 152 of SEQ ID NO:
4. Using the reference crystal structures and the MMDB to
check secondary structures the amino-terminal truncation
was made at the Lysine at position 62 of SEQ ID NO: 4 such
that the random coil sequence comprising [SHNGKIL-
CLLKGI, SEQIDNO: 261, residues 53-64 of SEQ ID NO: 4]
was partially or largely removed, the preceding p-strand
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[THSVNLLED, SEQID NO: 255, residues 44-52 of SEQ ID
NO: 4] was completely eliminated and the subsequent
p-strand [APLQLG, SEQ ID NO: 257, residues 65-70 of SEQ
ID NO: 4] remained wholly intact. The carboxyl-terminal
truncation was made at the Serine at position 284 of SEQ ID
NO: 4 such that the preceding [3-strand [ SGIITS, SEQID NO:
262, residues 279-284 of SEQ ID NO: 4] remained wholly
intact and the subsequent random coil [NAPMDECDA, SEQ
1D NO: 263, residues 285-293 of SEQ ID NO: 4] was wholly
or largely eliminated.

[0387] New Calcdonia HA1-3 construct design (SEQ ID
NO: 19). For this construct one (1) conserved disulfide bond
(C107-C152 of SEQ ID NO: 4 was preserved by making the
amino-terminal truncation before the Cysteine at position 107
of SEQ ID NO: 4 and the carboxyl terminal truncation after
C152 of SEQ ID NO: 4. Using the reference crystal structures
and the MMDB to check secondary structures the amino-
terminal truncation was made at the Asparagine at position
101 of SEQ ID NO: 4 such that the receding p-strand
[SYIVET, SEQ ID NO: 264, residues 94-99 of SEQ ID NO:
4] was completely eliminated and the subsequent [3-strand
[PGYFA, SEQID NO: 265, residues 109-113 of SEQ ID NO:
4] remained wholly intact. To preserve the secondary struc-
ture the carboxyl-terminal truncation was made at the Gly-
cine at position 276 of SEQ ID NO: 4 such that the [3-strand
sequence [ YAFALSRGF, SEQ ID NO: 266, residues 269-277
of SEQ ID NO: 4] remained largely intact, while the subse-
quent -strand sequence [ SGIITS, SEQID NO: 262, residues
279-284 of SEQ ID NO: 4] was eliminated.

[0388] Depiction of domain boundaries for A/Wisconsin/
67/2005 HA constructs. A/Wisconsin/67/2005 construct
description is based on sequence alignment in reference of
A/X31 structure. The selected boundary domains are high-
lighted in the sequence below (SEQ ID NO: 6) as follows:
HA1-1 boundaries are single-underlined (Q44-K310 of SEQ
ID NO: 6); HA1-2 boundaries are double-underlined (S54-
D271 of SEQ ID NO: 6); HA1-3 boundaries are bold-under-
lined (S95-G263 of SEQ ID NO: 6). Detailed descriptions of
each subunit design and boundary domains are given below.
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(SEQ ID NO: 6)
QKLPGNDNSTATLCLGHHAVPNGTIVKTITNDQIEVTNATELVQSSSTGGICDSPHQILD 60

GENCTLIDALLGDPQCDGFQNKKWDLFVERSKAYSNCYPYDVPDYASLRSLVASSGTLEF 120

NDESFNWTGVTQNGTSSACKRRSNNSFFSRLNWLTHLKFKYPALNVTMPNNEKFDKLYIW 180

GVHHPGTDNDQIFLHAQASGRITVSTKRSQQTVIPNIGSRPRIRNIPSRISIYWTIVKPG 240

DILLINSTGNLIAPRGYEKRIRSGKSSIMRSDAPIGKCNSECITPNGSIPNDKPFQNVNRI 300

TYGACPRYVKQONTLKLATGMRNVPEKQTR

[0389] A/Wisconsin/67/2005 HAI1-1 construct design
(SEQ ID NO: 20). For this construct, four (4) conserved
disulfide bonds were preserved by making the amino terminal
truncation before the Cysteine at position 52 of SEQ ID NO:
6 and the carboxyl-terminal truncation after the Cysteine at
position 305 of SEQ ID NO: 6. The preserved disulfide bonds
are listed as the following: C52-C277; C64-C76; C97-C139
and C281-C305 of SEQID NO: 6. Using the reference crystal
structures and the MMDB to check secondary structures the
amino terminal truncation was made at the Glutamine at
position 44 of SEQ ID NO: 6, right after the tight turn formed
by residues 42 and 43 of SEQ ID NO: 6 [LV], such that the
preceding p-strand [TNATE, SEQ ID NO: 267, residues
37-41 of SEQ ID NO: 6] was totally eliminated while the
entire short $-strand formed by residues QSS [44-46 of SEQ
ID NO: 6] was preserved. The carboxyl-terminal truncation
was made in the random coil sequence [PRY VK, SEQ ID NO:
268, residues 306-310 of SEQ ID NO: 6] following the Cys-
teine at position 305 of SEQ ID NO: 6 such that the carboxyl-
terminal tail which interacts with HA2 was completely elimi-
nated. Although the carboxyl-terminal sequence [PRYVK,
SEQ ID NO:268, residues 306-310 of SEQ ID NO: 6)] is
defined as a random coil, structurally it serves as an additional
[-strand that further stabilizes the f-pleated sheets defined by
residues 44-46 of SEQ ID NO: 6 [QSS] and residues 293-297
of SEQ ID NO: 6 [PFQNV, SEQ ID NO: 269]. This set of
[-pleated encompasses the amino-terminus and carboxy-ter-
minus within one stable secondary structure element to
ensure a compact domain structure.

[0390] A/Wisconsin/67/2005 HAI1-2 construct design
(SEQ ID NO: 21). For this construct two (2) conserved dis-
ulfide bonds (C64-C76 and C97-C139 of SEQ ID NO: 6)
were preserved by making the amino-terminal truncation
before the Cysteine at position 64 of SEQ ID NO: 6 and the
carboxyl-terminal truncation after the Cysteine at position
139 of SEQ ID NO: 6. Using the reference crystal structures
and the MMDB to check secondary structures the amino-
terminal truncation was made in the loops that connect two
distinct sets of p-pleated sheets. The amino-terminal trunca-
tion was made at the Serine at position 54 of SEQ ID NO: 6,
such that the B-strand comprising residues 57-62 of SEQ ID
NO: 6 [QILDGE, SEQ ID NO: 270] of the membrane-distal
set of B-strands remained wholly intact, while the membrane-
proximal f-strand [GGICD, SEQ ID NO: 271, residues 49-53
of SEQ ID NO: 6] was completely eliminated. The carboxyl-
terminal truncation was made at the Aspartic Acid at position
271 of SEQ ID NO: 6. Truncation at this position preserved
secondary structure such that the membrane-distal -strand
[SSIMRS, SEQ ID NO: 272, residues 265-270 of SEQ ID
NO: 6] remained intact while the membrane-proximal
p-strand [APIGK, SEQ ID NO: 273, residues 272-276 of
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SEQ ID NO: 6] was eliminated. The membrane-distal
p-pleated sheets comprising f-strands QILDGE (SEQ ID
NO: 270), [residues 57-62 of SEQ ID NO: 6] LFVER (SEQ
ID NO: 274) [residues 86-90 of SEQ ID NO: 6], and
SSIMRS, (SEQ ID. NO: 272), [residues 265-270 of SEQ ID
NO: 6] serve as the stabilizing secondary structure element
that ensures a compact domain structure.

[0391] A/Wisconsin/67/2005 HAI1-3 construct design
(SEQ ID NO: 22). For this construct one (1) conserved dis-
ulfide bond (C97-C139 of SEQ ID NO: 6) was preserved by
making the amino-terminal truncation before the Cysteine at
position 97 of SEQ ID NO: 6 and the carboxy-terminal trun-
cation after the Cysteine at position 139 of SEQ ID NO: 6.
Using the reference crystal structure and the MMDB to check
secondary structures the amino-terminal truncation was made
at the Serine at position 95 of SEQ ID NO: 6 such that the
preceding a-helix [TLIDALLG, SEQ ID NO: 275, residues
65-72 of SEQ ID NO: 6] was completely eliminated while the
Serine at position 95 of SEQ ID NO: 6 and Asparagine at
position 96 of SEQ ID NO: 6 were preserved along with the
conserved Cysteine at position 97 of SEQ ID NO: 6. The
carboxyl-terminal truncation was made in the random coil
sequence at about the Glycine at position 263 of SEQ ID NO:
6 such that the random coil sequence containing residues
261-263 of SEQ ID NO: 6 [RSG] was kept wholly or partially
intact, while the preceding [3-strand [RGYFKI, SEQ ID NO:
276, residues 255-260 of SEQ ID NO: 6] was wholly pre-
served and the subsequent f-strand [SSIMRS, SEQ ID NO:
272, residues 265-270 of SEQ ID NO: 6] was completely
eliminated.

Discussion

[0392] Parts of the globular head domain of the influenza
virus hemagglutinin (HA) protein may generate neutralizing
antibodies (Brand and Skehel, 1972; Eckert, 1973; Jackson et
al., 1979; Russ et al., 1981) and the discrete, globular struc-
ture of this domain was thought to constitute a protein frag-
ment which could be expressed in bacteria and refolded, or
expressed and secreted from a eukaryotic host, thereby avoid-
ing the expression and purification problems which have been
encountered producing the full-length HA protein.

[0393] The largest HA construct (also referred to herein as
“HA fragment”) fused to STF2, HA1-1 (SEQ ID NO: §, 11,
14,17, 20), encompasses most of or likely the entire globular
region of the naturally occurring (wild type) HA1 head
domain. A naturally occurring fragment of HA1 very similar
to the HA1-1 construct is released from the virus on limited
proteolysis (Bizeband et al., 1995). Thus, structural analysis
and experimental data suggest that the HAI1-1 construct
should fold efficiently, whether produced in bacteria or
eukaryotes, and maintain a stable native-like structure. Simi-
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larly, it is expected that the entire HAOs, the external portion
of HA molecule outside the viral membrane (SEQ ID NO: 23)
consisting of HA1 and HA?2 but excluding the signal peptide
(17 aa), internal peptide within the viral membrane (12 aa)
and transmembrane domain (24 aa) should attain its native
conformation when expressed in a eukaryotic host or can be
refolded into a native state in vitro when expressed in bacte-
ria. The two smaller HA fragments (HA1-2 (SEQ ID NO: 9,
12,15, 18, 21) and HA1-3 (SEQ ID NO: 10, 13, 16, 19, 22))
truncate the region of the head domain distal to the receptor
binding site in a manner which may either destabilize the
resulting protein fragment (HA1-3) or expose the side chains
of'a few large hydrophobic residues (HA1-2). For this reason,
experimental mutations were introduced into the HA1-2 and
HA1-3 constructs, denoted as HA1-2mut (SEQ ID NO: 24,
26, 28, 30, 32) and HA1-3mut (SEQ ID NO: 25, 27, 29, 31,
33). The substitutions made in the HA1-3mut (SEQ ID NO:
25, 27, 29, 31, 33) construct introduce oppositely charged
residues on the opposite strands which are left exposed by the
HA1-3 truncations. “HA mut,” as used herein, means an
amino acid in the native or naturally occurring HA has been
substituted with an amino acid that does not occur in the
native or naturally occurring HA. Substituted residues may
form a salt bridge and stabilize a structure which may other-
wise fold poorly, or not at all. For example, in PR8, G105 was
replaced by glutamate and Y115 was substituted with lysine
(SEQ ID NO: 25). Negatively charged glutamate interacted
with positively charged lysine residue so that N-terminal
peptide 1-8 of SEQ ID NO: 25 [NSENEICY, SEQ ID NO:
277] was stabilized by charge-charge interaction with Lysine
15 located at the N-terminus of the short helix 15-22 of SEQ
ID NO: 25 [KEELREQL, SEQ ID NO: 278] in the center of
the molecule. For the HA1-2 construct, the truncations can
lead to the exposure of hydrophobic side chains which would
not be expected to impair expression of the protein. However,
the exposed residues may lead to aggregation of expressed
protein or instability of expressed protein. To avoid aggrega-
tion and enhance the stability of the expressed molecule the
few large hypdrophobic residues that become exposed were
substituted with more neutral amino acids to generate HA1-
2mut (SEQ 1D NO: 24, 26, 28, 30, 32). These substitutions
may result in a protein which is more amenable to a robust
manufacturing process and/or long term stability.

Example 2

Design of Portions of a Naturally Occurring Hemag-
glutinin of Influenza B

Materials and Methods

[0394] Design of the HA1-1, 1-2 and 1-3 globular head
constructs for B/Lee/40. Structural considerations in the
design of an influenza B HA vaccine are similar to those for
influenza A, i.e., the domain boundary of the globular head of
HA must be identified so that the flagellin-HA fusion protein
can fold correctly or be refolded correctly to expose appro-
priate antigenic epitopes. Unlike influenza A, well-defined
X-ray crystallographic structures are not available for influ-
enza B HA, thus it is more difficult to unambiguously define
the domain boundary of globular head. Therefore the influ-
enza B HA model must be predicted based on bioinformatic
and structural models (Tung et al. 2004. J. Gen. Virl. 85,
3249-3259). These investigators used a “knowledge-based”
approach which depends on a high degree of sequence homol-
ogy between the known structure from the protein data bank
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and the target unknown structure. In general, this approach
benefits most from at least 35% sequence identity between
the known and target proteins.

[0395] In the case of influenza B, the closest models come
from A/Swine/Hong Kong/9/98 (SEQ ID NO: 34) (24% iden-
tity, PDB accession code 1JSD) and A/Aichi/2/68 (SEQ ID
NO: 35) (21% identity, PDB accession code 1HGF).
Although the sequence identities between the target model
B/Lee/40 HA (SEQ ID NO: 36) and known template models
are substantially below the desired minimum of 35%, the
close similarity of the functions and tertiary folds of influenza
A HA proteins in spite of their sequence divergence (H1, H3,
HS5 and H9 share only 18% sequence identity) suggest a
possibly successful prediction of influenza B HA structure
using the influenza A HA model. Moreover, influenza C HEF
(Hemagglutinin-Esterase-Fusion) protein folds similarly to
influenza A HA structure despite even lower sequence iden-
tity than any of the A/B comparison.

[0396] Since the crystal structure of influenza C HEF is
known (PDB accession number 1FL.C, MMDB accession
number 12663), Tung et al included the knowledge of the
structure similarity between C HEF and the known influenza
A HA proteins to predict influenza B HA structure. Tung et al
first aligned the HEF sequence from C/Johannesburg/1/66
(SEQ ID NO: 37) with one sequence from each of the 15 HA
subtypes of influenza A virus (http://flulanl.gov) using
CLUSTALW (Thompson et al. 1994. Nucleic Acids Res 22,
4673-4680) and compiled a profile based on structure-in-
formed alignment.

[0397] The conserved secondary structural features were
captured and assigned, as well as the variations among the
types and subtypes by year and host species. They then further
aligned the augmented A/C profile to an alignment of influ-
enza B HA sequences, including B/Lee/40. The homology
modeling techniques of Tung (1999) was used to construct
B/Lee/40 model.

[0398] Briefly, they first matched the main-chain structures
of the target to those of the template in the aligned regions.
Insertions in the target relative to the template were treated as
loops with known end-structure. Stretching the predicted
structure accommodated insertions in the template relative to
the target. The mainchain structures of the loops were mod-
eled by using an efficient Monte Carlo loop-sampling method
(Tung, 1997; Ryu et al., 1998). Once the main-chain structure
was modeled, the side-chain atoms were attached. As the head
of'the HA molecule is compact, limited space is available to
place the side-chain atoms. Hence, in the analysis, side-chain
torsional angles were initialized to equal or be close to those
in the template structure. This consideration is particularly
useful in avoiding clashes between side chains in the modeled
structure. Finally, the all-atom models were subjected to a
short run of energy minimization (1000 cycles) by using
AMBER (Weiner et al., 1986) to relieve unfavourable steric
interactions and to optimize the stereochemistry. The quality
of the target model was checked by PROCHECK (Wilson et
al. 1998. J. Mol. Biol. 276,417-436) and the functionality was
checked by substrate docking to test whether the model sub-
strate binding site can accommodate the natural receptor ana-
logue sialyllactose as we have seen in the crystal structure of
the HA of A/Aichi/2/68 (Weis et al. 1988. Nature 333, 426-
431). The simulated B/Lee/40 model appears reasonable in a
Ramachandran Plot (Wilson et al. 1998. J. Mol. Biol. 276,
417-436) and shows no steric crash when docking the sialyl-
2-3-lactose molecule into the substrate binding site of the
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B/Lee/40 model, indicating a correct stereochemistry. There-
fore the B/Lee/40 model was used to guide the design of
influenza B HA subunit vaccines.

Results and Discussion

[0399] Depiction of Domain Boundaries for B/LL.ee/40 HA
constructs. The selected boundary domains are highlighted in
the sequence below as follows: HA1-1 boundaries are single-
underlined (T48-K340 of SEQ ID: 36), and HA1-2 bound-
aries are double-underlined (K60-G299 of SEQ ID: 36).
Detailed descriptions of each subunit design and boundary
domains are given below.

(SEQ.
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dues and either end of the construct. Thus, the 3-dimensional
structure prediction matches very well with primary sequence
alignment.

[0401] The second method used was the secondary struc-
ture prediction. The domain boundary is usually located in the
loop or turn region without invading much of the secondary
structure elements such as the a-helix and the [3-sheet, espe-
cially the center of the a-helix bundle or the p-sheet. This
criterion was used to double check if the boundary selection
made form simulated 3-D structure is in agreement with
independent secondary structure prediction. The program
PHD (http://ca.expasy.org/tools—Proteomics and sequence

ID NO: 36)

MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLK 60

GTQTRGKLCPNCFNCTDLDVALGRPKCMGNTPSAKVSILHEVKPATSGCFPIMHDRTKIR 120

QLPNLLRGYENIRLSTSNVINTETAPGGPYKVGTSGSCPNVANGNGFFNTMAWVIPKDNN 180

KTAINPVTVEVPYICSEGEDQITVWGFHSDDKTQMERLYGDSNPQKFTSSANGVTTHYVS 240

QIGGFPNQTEDEGLKQSGRIVVDYMVQKPGKTGTIVYQRGILLPQKVWCASGRSKVIKGS 300

LPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVKTPLKLANGTKYRPPAKLLKE 360

RGFFGAIAGFLEGGWEGMIAGWHGY TSHGAHGVAVAADLKSTQEAINKITKNLNYLSELE 420

VKNLQRLSGAMNELHDEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALE 480

RKLKKMLGPSAVEIGNGCFETKHKCNQTCLDRIAAGTFNAGDFSLPTFDSLNITAASLND 540

DGLDNHTILLYYSTAASSLAVTLMIAIFIVYMVSRDNVSCSICL

[0400] The coordinates of the simulated B/Lee/40 model
are available in Protein Data Bank with the accession code
1TX1. The pdb file was converted to the MMDB (Molecular
Modeling Data Base) format by using VAST (Vector Align-
ment Search Tool) search (http:/www.ncbi.nlm.nih.gov/
StructureNAST/vastsearch.html). The model of 1TX1 struc-
ture then was viewed by Cn3D and the structure was saved in
MMDB format. Based on the same principal used to design
influenza A HA1-1 and HA1-2 constructs, the domain bound-
aries of B/Lee/40 HA-1 and HA 1-2 were pinpointed by
examining the model structure. B/Lee/40 HA1-1 (SEQ ID
NO: 38) includes the epitope-concentrated globular top, the
membrane distal p-sheet and an additional p-sandwich
located underneath the membrane distal $-sheet. The amino
terminus of HA1-1 starts from residue 48 and ends at residue
340 (TTTPTK (SEQIDNO: 279) .. .-.. .CPIWVK (SEQID
NO: 280)) of SEQ ID NO: 36). The B/Lee/40 HA1-2 (SEQID
NO: 39) was designed by removing the f-sandwich from
HA1-1. HA1-2 starts from residue 60 and ends at residue 299
(KGTQTR (SEQIDNO: 281)...-... SKVIKG (SEQID NO:
282)) of SEQ ID NO: 36. In order to confirm the boundary
selection, other independent methods were also employed.
The first method used was the primary sequence alignment.
The sequence of A/Aichi/2/68 (SEQ ID NO: 35) was aligned
with B/Lee/40 (SEQ ID NO: 36) sequence. The boundaries of
A/Aichi/2/68 HA1-1 (SEQ ID NO: 40) (residues 60-326

QSSSTG (SEQID NO: 283).. .-... CPKYVK (SEQID NO:
284)) and HA1-2 (SEQ ID NO: 41) (residues 72-287;
HRILDG (SEQID NO: 285) .. .-.. . SIMRSD (SEQ ID NO:

286)) were aligned closely to those of B/Lee/40, supporting
the boundary selections using simulated model. One residue
adjustment was made to avoid exposing hydrophobic resi-
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analysis  tools—Secondary and tertiary  structure
tools—PredictProtein) was used to perform the secondary
structure prediction. Other than two of the HA1-2 carboxy-
terminal residues overlapping with a short a-helix (5 amino
acids), all other boundary residues fall in the loop regions,
indicating a reasonable boundary selection. PHD results is
listed as the following, where AA is the amino acid sequence;
OBS_sec is the observed secondary structure: H=helix,
E=extended sheet, blank=other (loop); PROF_sec: PROF
predicted secondary structure: FE=extended (sheet),
blank=other (loop), PROF=PROF: Profile network predic-
tion HeiDelberg; Rel_sec: reliability index for PROFsec pre-
diction (0O=low to 9=high)

[0402] Forthe brief presentation strong predictions marked
by SUB see: subset of the PROFsec prediction, for all resi-
dues with an expected average accuracy >82% NOTE: for this
subset the following symbols are used: L: is loop (for which
above “ ’ is used).: means that no prediction is made for this
residue, as the reliability is: Rel<5; O_ 3_acc: observed rela-
tive solvent accessibility (ace) in 3 states: b=0-9%, i=9-36%,
e=36-100%; P_3_acc: PROF predicted relative solvent
accessibility (acc) in 3 states: b=0-9%, i=9-36%, e=36-100%;
Re_acc: reliability index for PROFace prediction (0=low to
9=high).

[0403] Forthe brief presentation strong predictions marked
by “*’; SUB_acc: subset of the PROFacc prediction, for all
residues with an expected average correlation >0.69 (tables in

header).
[0404] NOTE: for this subset the Wowing symbols are
used:
[0405] I: is intermediate (for which above © * is used)
[0406] .: means that no prediction is made for this resi-

due, as the reliability is:
[0407] Rel<4.
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e, 2 B 4., .5
AR MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTT
OBS_sec

PROE_SecPPPPFPPPPP EEEEEEEE EEEEEE EEEEEEEEEE
Rel sec 90456542111257762677454037753444441276147765653203
SUB_sec L..EEE...... LLLL.EEE.E.. .LLL........ LL..EEEEEE. . ..

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc ee bbbbbbbbbeeb bbbbbbb eeee b bb eeebeb b bbe
Rel _acc 33169997521111032778921201222233322135234021321012

SUB_acc ...bbbbbb........ bbbb................ e..b...... ...
6. , 7. , 8....,....9. , .10

AR PTKSHFANLKGTQTRGKLCPNCFNCTDLDVALGRPKCMGNTPSAKVSILH

OBS_sec

PROF_sec EEEE EEEEEE EEEE

Rel sec 67752200245344675222033211232342043234337875203787

SUB_sec LLLL...... L...LLL. ... o LLLL. . .EEE

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc eee bbe eeeceecee eb bbbbbbbbb b b ee eeeeb bbb
Rel acc 23201011020002300210201031223343310100210221541265
SUB_ACC .ttt ettt i e b... .o eb..bb

L1101 1201, .13.1. .14 .1. .15.1
AR EVKPATSGCFPIMHDRTKIRQLPNLLRGYENIRLSTSNVINTETAPGGPY
OBS_sec
PROE_secEE HHHHHHHHHH EEEEE EE
Rel sec 50566441224778858887664221002304663021003444556531
SUB_sec E.LLL...... LLLLHHHHHHH. ... ...... EE.......... LLLL. .

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

P_3_acc b eee bbbbb e b ebbebbee eeb eeceecee

Rel acc 12210110221001337264350314531332301200011120132011

SUB_acC .......ovnnnnnn. ebib...be..... ... .. .. . L.
.16.1. L17.1. .18.1. .19.1. .20.1

AR KVGTSGSCPNVANGNGFFNTMAWVIPKDNNKTAINPVTVEVPYICSEGED

OBS_sec

PROF_sec HHHHHHHHHHH EEEEEE

Rel sec 24431001255662036787888752378864236641012244157874

SUB_sec ......... LLLL...HHHHHHHHH. .LLLL.. .LL......... LLLL.

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

P_3_acc Dbbbbbbee ee bbbbbbb bbeeecee ee ebeb b b eee

Rel acc 11111012110301026314921522122321112112322203203212

SUB_acC oot b..bb..b... ...
.21.1. .22.1. .23.1. .24 .1. .25.1

AR QITVWGFHSDDKTQMERLYGDSNPQKFTSSANGVTTHYVSQIGGFPNQTE

OBS_sec

PROF_sec EEEEEEEE HHHHHH EEEEE EEEEEEEE

Rel sec 47897532588742544320368853775200122343201275331035

SUB_sec .EEEEE..LLLL..H...... LLLL.EEE............. LL..... L

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc bbbbbbbbb eecee b eeceeceb b b e e e ebee b e
Rel acc 19696993033223122210203213224011122211311001202001

SUB_acc .bbbbbb..................... b
.26.1. .27.1. .28.1. .29.1. .30.1

AR DEGLKQSGRIVVDYMVQKPGKTGTIVYQRGILLPQKVWCASGRSKVIKGS

OBS_sec

PROF_sec EEEEEEEEE EEEEEE EEE EEEEE EEEE

Rel sec 56754320377888983577247886434023022235520330245401

SUB_sec LLLL..... EEEEEEE.LLL..EEEE........... EE....... E...

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc eee bbbbbbb bbbb ee b b bbbbbb bb b eeb bbe e
Rel acc 17211105270744553301222473010244520230221020211103

SUB_acc .e..... b.b.bibbb....... ib.. ... bbb........... ... ...
.31.1. .32.1. .33.1. .34.1. .35.1

AR LPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVKTPLKLANGTK

OBS_sec

PROF_sec HHH HHHHH HHHHH

Rel sec 32233333000113432246764334340342334133220003551573
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-continued
SUB S€C ... LLLc o ooeeee e e HH.LL
0_2 acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

P_3_acc e e e bb ee b bbbebbe be bb bbbbb
Rel acc 10010011112110110111101210102102111021712452461321
SUB_acc

.36.1. .37.1. .38.1. .39.1. .40.1
AR YRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLK
OBS_sec
PROF_sec EEEEHHHH EEEEE H
Rel sec 56853211324203110113404531100120021023564325530623

SUB_sec .EE..L..

0_3_acc bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc b eee be bbbbbbbbbbbbbb bbbbbbbbbbbbbb bbbbbbb e
Rel _acc 00011411202355999999623520456353043010011315264032
SUB_acc ..... e...... bbbbbbbbb. .b..bbb.b..b......... b.bb. ..

.41.1. .42.1. .43.1. .44 .1. .45.1
AR STQEAINKITKNLNYLSELEVKNLQRLSGAMNELHDEILELDEKVDDLRA
OBS_sec
PROE_SeCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH HHH
Rel sec 47888989873212477733101234446677898888878756210111

SUB_sec .HHHHHHHHH..... HHH.......... HHHHHHHHHHHHHHHH. . . . ..

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
bbbebbeebbe b bbee beebeeb ebbeebbe beeb eebee

28049825725342322312063124534063444467553254223101
.b.ebb.eb.e.b........ e...eb.e.b.ebbeibee. .ee. ... ..

O_3_acc
P_3_acc
Rel_acc
SUB_acc

.46.1. .47.1. .48 .1. .49.1. .50.1
AR DTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFE
OBS_sec
PROF_sec HHHHHHHHHHHHHH HHHHHHHHHHHHHHHHHHHH EEE
03645477777753464114550578879888887664424540663252

.H.H.HHHHHHH. .L. . ..LL.HHHHHHHHHHHHHH. .. .H. .LL. .E.

Rel_sec
SUB_sec

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
bbbb bb bbbbb eebb e e b eb e b e b e bee eebbbb
04450592968651122001021323439443944173428232012340
.bbb.bb.bbbbb............. i.bie.bie.b.e.b....... b.

O_3_acc
P_3_acc
Rel_acc
SUB_acc

.51.1. .52.1. .53.1. .54.1.
TKHKCNQTCLDRIAAGTFNAGDFSLPTFDSLNITAASLNDDGLDNHTILL

.55.1
AR
OBS_sec
PROF_sec EEEE HHHHHHHH HHHH EEEEEEEEE EEEEE
22003402344311355466523223103101002476217776303665
............... LL.LLL...............EE..LLLL...EEE

Rel_sec
SUB_sec

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
P_3_acc b beb e bbbbb bbbb ee eebbe beb bbeb eeeeeeb bbb
Rel acc 42120312620271012211330320211224131235303222133868
SUB_acc b....... b...b.o... . e..... b......... bbb

O_3_acc

.56.1. .57.1. .58.1.

. (SEQ ID NO:
YYSTAASSLAVTLMIAIFIVYMVSRDNVSCSICL

36)
AR

OBS_sec
PROF_sec EEEHHHHHHHHHHHHHHHHHHH EEEEEEE
4310021478888888776321006740346860

.EEE.

Rel_sec
SUB_sec

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
bbbbbbbbbbbbbbbbbbbbbbbee eb b bbb
6362366679999996998517101010152400
b.b. .bbbbbbbbbbbbbbb.b....... b.b..

O_3_acc
P_3_acc
Rel_acc
SUB_acc

[0408] The third tool that used is the hydrophobicity analy-

(SEQ ID NO:

36)

(http://ca.expasy.org/tools—Primary
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sis. In general, the structural core of a protein tends to be a
hydrophobic cluster flanked by stretch of hydrophilic resi-
dues. Therefore the predicted boundaries should not locate in
the center of hydrophobic core, rather should reside in the
flanking hydrophilic regions. Hydrophobicity of B/Lee/40
HA sequence (SEQ ID NO: 36) was plotted using ProtScale

analysis—ProtScale). The hydrophobicity analysis of B/Lee/
40 sequence confirmed that the selected boundaries were in
the hydrophilic regions of the protein (FIG. 2). The hydro-
phobicity strength used in the plot is listed in the following
table:
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[0409] Sequence Length: 584

42

Using the scale Hphob./Kyte & Doolittle, the individual values for the 20 amino acids are:

Ala: 1.800 Arg: -4.500 Asn: -3.500 Asp: -3.500 Cys: 2.500 Gln: -3.500
Glu: -3.500 Gly: -0.400 His: -3.200 Ile: 4.500 Leu: 3.800 Lys: -3.900
Met: 1.900 Phe: 2.800 Pro: -1.600 Ser: -0.800 Thr: -0.700 Trp: -0.900
Tyr: -1.300 Val: 4.200 Asx: -3.500 Glx: -3.500 Xaa: -0.490
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[0410] In order to identify the HA 1-1 and HA1-2 domain
boundaries of other influenza B molecules, such as B/Malay-
$ia/2506/2004 (SEQ ID NO: 42), B/Ohio/1/2005 (SEQ 1D
NO: 43), B/Victoria/2/87 lineage (SEQ ID NO: 785) and
B/Shanghai/361/2002 (SEQ ID NO: 44), and B/Yamagata/
16/88 lineage (SEQ ID NO: 213), each HA sequence was
aligned with B/Lee/40 HA sequence (SEQ ID NO: 36). The
results indicated that influenza B HA proteins are much more
conserved compared to influenza A HA proteins, especially in
the domain boundary sequences. Thus, the boundaries iden-
tified in B/Lee/40 were used to direct boundary selections of
other influenza B strains. The resulting domain boundaries

[0411] B/Malaysia/2506/2004: HA1-1 44-337 (SEQ ID
NO: 45) (TTTPTK (SEQ ID NO: 287)-CPIWVK (SEQ ID
NO: 288)) HA1-2 56-296 (SEQ ID NO: 46) (KGTETR (SEQ
ID NO: 289)-SKVIKG (SEQ ID NO: 290))

[0412] B/Ohio/1/2005: HA1-1 33-326 (SEQ ID NO: 47)
(TTTPTK (SEQID NO: 291)-CPIWVK (SEQ ID NO: 292))
HAI1-2 45-285 (SEQ ID NO: 48) (KGTKTR (SEQ ID NO:
293)-SKVIKG (SEQ ID NO: 294))

[0413] B/Shanghai/361/2002: HAI-1 33-325 (SEQ ID
NO: 49) (TTTPIK (SEQ ID NO: 295)-CPIWVK (SEQ ID
NO: 296)) HA1-2 45-284 (SEQ ID NO: 50) (KGTRTR (SEQ

for each strain are summarized below.
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ID NO: 297)-SKVIKG (SEQ ID NO: 298))
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[0414] B/Lee/40 HA1-1 construct design (SEQ ID NO:
38). For this construct, five (5) anticipated conserved disul-
fide bonds were preserved by making the amino terminal
truncation before the Cysteine at position 69 and the car-
boxyl-terminal truncation after the Cysteine at position 335
of SEQ ID NO: 36. The likely disulfide pairings are as the
following: C69 and C72,C75 and C87,C109 and C158,C195
and C289, C309 and C335 of SEQ ID NO: 36. Using the
simulated structures and the MMDB to check secondary
structures the amino terminal truncation was made at the
Theonine at position 48, right after the §-strand kink intro-
duced by Proline 46 followed by Leucine 47 of SEQ ID NO:
36, such that the preceding -strand [TGVI, SEQID NO: 299,
residues 42-45 of SEQ ID NO: 36] was totally eliminated
while the entire short f-strand formed by residues TTTP
(SEQ ID NO: 300) [residues 48-51 of SEQ ID NO: 36] was
preserved. The carboxyl-terminal truncation was made at the
end of p-strand PIWV (SEQ ID NO: 301) [residues 336-340
of SEQ ID NO: 36] following the Cysteine at position 335
such that the carboxyl-terminal tail which interacts with HA2
was completely eliminated. Six [3-strands including the C-ter-
minal $-strand form a stable §-sandwich defined by [3-strands
PIWV (SEQ ID NO: 301) [residue 336-340 of SEQ ID NO:
36], PYYTG (SEQ ID NO: 302) [residues 322 to 326 of SEQ
ID NO: 36] and TTTP (SEQ ID NO: 300) [residues 48-51 of
SEQ ID NO: 36] (lower p-pleated sheet), and the $-strands
DCLHE (SEQ ID NO: 303) [residues 308-312 of SEQ ID
NO: 38], YGGLN (SEQ ID NO: 304) [residue 314-318 of
SEQ ID NO: 36] and KAIGN (SEQ ID NO: 305) [residues
330-334 of SEQ ID NO: 36] (top p-pleated sheet). This set of
p-pleated sheet includes both the amino-terminus and car-
boxyl-terminus within one stable secondary structure ele-
ment. Such truncations were made to believe resulting a com-
pact domain structure.

[0415] B/Lee/40 HA1-2 construct design (SEQ ID NO:
39). For this construct four (4) anticipated conserved disulfide
bonds were preserved by making the amino-terminal trunca-
tion before the Cysteine at position 69 and the carboxyl-
terminal truncation after the Cysteine at position 289 of SEQ
ID NO: 36. Using the simulated structure and the MMDB to
check secondary structures the amino-terminal truncation
was made in the loops that connect two distinct sets of
p-pleated sheets. The amino-terminal truncation was made at
the Lysine at position 60, such that the -strand comprising
residues 62-66 of SEQ ID NO: 36 [TQTRG, SEQ ID NO:
306] of the membrane-distal set of p-strands remained wholly
intact, while the membrane-proximal $-strand [TTTP, SEQ
1D NO: 300, residues 48-51 of SEQ ID NO: 36] that forms
part of HA1-1 was completely eliminated. The carboxyl-
terminal truncation was made at the Serine 300 of SEQ ID
NO: 36. Truncation at this position preserved secondary
structure such that the membrane-distal p-strand [KVIKG,
SEQ ID NO: 307, residues 295-299 of SEQ ID NO: 36]
remained intact while the membrane-proximal p-strand
[DCLHE, SEQ ID NO: 308, residues 308-312 of SEQID NO:
36] was eliminated. The membrane-distal p-pleated sheets
comprising f-strands TQTRG (SEQ ID NO: 306) [residues
62-66 of SEQ ID NO: 36], SILHEV (SEQ ID NO: 309)
[residues 97-102 of SEQ ID NO: 36], and KVIKG (SEQ ID
NO: 307) [residues 295-299 of SEQ ID NO: 36] serve as the
stabilizing secondary structure element that is believed to
conclude a compact domain structure.
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[0416] B/Malaysia/2506/2004,  B/Ohio/1/2005  and
B/Shanghai/361/2002 follow the same reference structure as
described above.

Example 3

Cloning and Expression of Recombinant Flagellin-
Hemagglutinin Fusion Proteins in E. Coli

Materials and Methods

[0417] Cloning of HA influenza A subunits. Subunits of the
HA globular head from several strains of influenza A were
cloned and expressed alone or as fusions with flagellin. We
also expressed in fusion with the HA globular head domain,
two proteins widely used as carrier proteins in conjugated
vaccines. CRM-197 is a mutated diphtheria toxin (DTx) from
Corynebacterium diphtheriae and LTB, is E. coli heat labile
toxin B subunit.

[0418] These constructs were generated in one of four dif-
ferent methodologies:

[0419] Method #1: In this protocol, a fusion gene compris-
ing flagellin (STF2) (SEQ ID NO: 212) and the HA subunit
was codon-optimized for E. coli expression and obtained
from a commercial vendor (DNA2.0 Inc., Menlo Park, Calif.)
by chemical synthesis. The gene was excised with Ndel and
Blpl enzymes, the insert fragment was gel purified and ligated
to pET24a (Novagen, San Diego, Calif.) which had been
digested with Ndel and Blpl and treated with bacterial alka-
line phosphatase (BAP).

[0420] Method #2: For facile cloning of genes in fusion
with flagellin, a cassette plasmid containing a unique BlpI site
at the 3' end of the flagellin (STF2) gene (SEQ ID NO: 212)
was generated. This was done by introducing a silent muta-
tion at nucleotides 5'-GTGCTGAGCCTGTTACGT-3' (SEQ
ID NO: 310) [nt 1501 to 1518 of SEQ ID NO: 212] of STF2
creating the unique Blpl site in the plasmid cassette, pET24/
STF2.blp (SEQ ID NO: 51). Synthetic genes for each target
antigen were codon-optimized for . coli expression and
obtained from a commercial vendor (DNA2.0 Inc., Menlo
Park, Calif.). The synthetic genes were excised with Blpl
enzyme and ligated by compatible ends to pET24/STF2.blp
which had been treated with Blpl and BAP.

[0421] Method #3: Using forward and reverse primers
(Keck Foundation BRLK, Yale University, New Haven,
Conn.; Midland Certified Reagent Company, Midland, Tex.)
as indicated for each construct, PCR amplification was per-
formed using the DNA templates shown in each table. The
PCR product was subjected to Blpl digestion, gel-purified
and ligated to pET24/STF2.blp (SEQ ID NO: 51) vector
previously prepared by Blpl digestion and BAP treatment.
[0422] Method #4: A plasmid cassette, pET24/STF2.SG
(SEQ ID NO: 52), was generated by introducing a flexible
heptamer linker, Ser-Gly-Ser-Gly-Ser-Gly-Ser (S-G-S-G-S-
G-S (SEQ ID NO: 311)) at the 3'end of the STF2 gene. A
unique BamHI site was created in the linker to facilitate
cloning of HA subunit fragments in fusion with flagellin.
Synthetic genes codon-optimized for expression in E. coli
were obtained from a commercial vendor (DNA2.0 Inc.,
Menlo Park, Calif.), excised from the parental plasmids with
BamHI and Blpl restriction endonucleases, and ligated by
compatible ends to the pET24/STF2 cassette that had previ-
ously been digested with BamHI and BAP-treated.

[0423] In each case, the constructed plasmids were used to
transform competent . coli TOP10 cells and putative recom-
binants were identified by PCR screening and restriction
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mapping analysis. The integrity of the constructs was verified
by DNA sequencing and they were used to transform the
expression host, BLR3 (DE3) (Novagen, San Diego, Calif’;
Cat #69053). Transformants were selected on plates contain-
ing kanamycin (50 pg/ml.), tetracycline (5 ng/ml.) and glu-
cose (0.5%). Colonies were picked and inoculated into 2 ml of
LB medium supplemented with 25 pg/ml kanamycin, 12.5
pg/ml tetracycline and 0.5% glucose and grown overnight.
Aliquots of these cultures were used to inoculate fresh cul-
tures in the same medium formulation, which were cultured
until they reached an OD,y,=0.6, at which time protein
expression was induced by the addition of 1 mM IPTG and
culturing for 3 hours at 37° C. The cells were harvested and
analyzed for protein expression.

[0424] SDS-PAGE and Western blot: Protein expression
and identity were determined by gel electrophoresis and
immunoblot analysis. Cells were harvested by centrifugation
and lysed in Laemmli buffer. An aliquot of 10 pul of each lysate
was diluted in SDS-PAGE sample buffer with or without 100
mM DTT as a reductant. The samples were boiled for 5
minutes and loaded onto a 10% SDS polyacrylamide gel and
electrophoresed (SDS-PAGE). The gel was stained with Coo-
massie R-250 (Bio-Rad; Hercules, Calif.) to visualize protein
bands. For western blot, 0.5 pl/lane cell lysate was electro-
phoresed and electrotransfered to a PVDF membrane and
blocked with 5% (w/v) dry milk.

[0425] The membrane was then probed with either anti-
flagellin antibody (Inotek; Beverly, Mass.) or influenza A
PR/8/38 convalescent immune mouse serum. PR/8/34
immune serum was generated in BALB/c mice (Jackson
Laboratory, Bar Harbor, Me.) that received an experimentally
determined sublethal challenge dose of 8x10" egg infectious
dosages (EID) of PR/8/34 influenza virus. Animals were then
allowed to convalesce for >21 days post-infection at which
time immune serum was isolated and clarified. After probing
with alkaline phosophatase-conjugated secondary antibodies
(Pierce; Rockland, I11.), protein bands were visualized with an
alkaline phosphatase chromogenic substrate (Promega,
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Madison, Wis.). Bacterial clones which yielded protein bands
of the correct molecular weight and reactive with the appro-
priate antibodies were selected for production of protein for
use in biological assays.

[0426] The constructs derived from the HA of A/Puerto
Rico/8/34 strain (PR8) (SEQ ID NO: 1) and listed in Table 1
were made by the synthetic gene route as described in Method
#1 and Method #4. Similarly, the constructs derived from the
A/Viet Nam/1203/2004 strain (SEQ ID NO: 2) are shown in
Table 2, the constructs derived from the HA of A/Indonesia/
2005 strain (IND) (SEQ ID NO: 3) are described in Table 3,
and those from A/New Calcdonia/12/99 strain (NC) (SEQ ID
NO: 4) are described in Tables 4. “IND” as used herein, refers
to “Indonesia.”” Where appropriate, the DNA primers and
DNA templates used in the PCR amplification reaction are
listed in the same table.

TABLE 1

PR8 HA constructs for expression in E coli

SEQ ID NO: Construct Method
53 STF2.HA1-1 #4
54 STF2.HA1-1.his #4
55 STF2.HA1-2 #1
56 STF2.HA1-2mut #1
57 STF2.HA1-3 #1
58 STF2.HA1-3mut #1
39 HAIL-1 #1
60 HAI1-1his #1
61 HA1-2.his #1
62 CRM.HAIL-2 #1
63 LTB.HAIL-2 #1

TABLE 2

VN HA constructs for expression in E coli

FOR Primer REV Primer DNA Template

SEQ ID NO: Construct Method SEQIDNO: SEQIDNO: SEQIDNO:

64 STF2.HA1-1 #3 65 66 67

68 STF2.HA1-2 #3 69 70 67

71 STF2.HA1-2mut #2 N/A N/A 72

TABLE 3
IND HA constructs for expression in E coli
FOR Primer REV Primer DNA Template

SEQ ID NO: Construct Method SEQIDNO: SEQIDNO: SEQIDNO:

73 STF2.HA1-1 #3 74 66 75

76 STF2.HA1-2 #3 69 77 75

78 STF2.HA1-2mut #2 N/A N/A 79
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TABLE 4

45
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NC HA constructs for expression in £ coli

FOR Primer REV Primer DNA Template
SEQ ID NO: Construct Method SEQIDNO: SEQIDNO: SEQID NO:
80 STF2.HAl-1 #3 81 82 83
84 STF2.HA1-2 #3 85 86 83
87 STF2.HAl1-2mut #2 N/A N/A 88
Results cloned and expressed as fusions with flagellin. These con-
[0427] Protein carriers have widespread application in structs were generated by a two-step PCR.

human vaccines. The cross-reactive material (CRM,,) of
diphtheria toxin is considered to be advantageous as a carrier
molecule in the formulation of several conjugate vaccines.
Exemplary carriers include E. coli heat labile enterotoxin
(LT)and its B subunit (LTB), Tetanus toxoid (TT) and cholera
toxin (CT). Using CRM, 5, and LTB as representatives of this
group of carrier proteins, we have generated constructs in
which the globular head of HA of (A/Puerto Rico/8/34 strain
(PR8) (SEQIDNO: 1)is fused to the 3' end of either CRM197
gene or L'TB gene as described in Method #1 generating the
constructs CRM.HA1-2 (SEQ ID NO: 62) and LTB.HA1-2
(SEQ ID NO: 63). The constructs were verified by DNA
sequencing and used to transform the expression host, BLR3
(DE3) (Novagen, San Diego, Calif.; Cat #69053).

[0428] Transformants were selected on plates containing
kanamycin (50 pg/mlL), tetracycline (5 ug/ml.) and glucose
(0.5%). Several colonies were picked for an overnight culture
which were was used to inoculate a fresh LB medium supple-
mented with 25 pg/ml kanamycin, 12.5 pg/ml tetracycline
and 0.5% glucose. At an OD600=0.6 protein expression was
induced with 1 mM IPTG for 3 h at 37° C. The cells were
harvested and an aliquot of the lysate was analyzed on 10%
SDS-PAGE by Coomassie blue staining and by immunoblot
using PR/8/34 convalescent sera. In the case of CRM.HA1-2
construct several clones were picked and analyzed for expres-
sion by SDS-PAGE.

[0429] As assayed by Coomassie blue staining of the SDS-
PAGE gel, all the clones displayed a band that migrated with
an apparent MW 84 KDa and that corresponds to the pre-
dicted MW. The absence of this band in the control culture
(without IPTG) indicates that it is specifically induced by
IPTG. This observation was further confirmed when the cell
extracts of two clones #5 and #6 was fractionated in the
presence or absence of a reducing agent (5 mM DTT). While
the recombinant protein whose disulphide bonds have been
disrupted by treatment with DTT is not recognized by the
cognate antibodies, the native recombinant protein is. Simi-
larly, a clone expressing construct LTB.HA1-2 displays a
band corresponding to the predicted molecular weight 039.8
KDa, protein when induced with IPTG. The identity of LTB-
HA1-2 fusion protein is confirmed by western blot analysis
using mouse convalescent serum. This band is diminished in
intensity when a reductant (f-mercaptoethanol) was present.
This latter observation suggests that insufficient amount of
reductant was most likely employed in the experiment. Taken
together the data presented herein support the notion that the
globular head of HA can be successfully fused to carrier
proteins to generate conformational sensitive proteins.

Cloning of Recombinant Flagellin-Hemagglutinin
Fusion Proteins in £. Coli

[0430] Cloning of HA Influenza B subunits. Subunits of the
HA globular head from several strains of influenza B were

[0431] The HA subunit was codon-optimized for E. coli
expression and obtained from a commercial vendor (DNA2.0
Inc., Menlo Park, Calif.) by chemical synthesis. The HA1-1
or HA1-2 was PCR amplified using the synthesized DNA as
templates. The flagellin (STF2) sequence (SEQ ID NO: 212)
was derived from the plasmid pET24a-STF2.HA1-2. The
STF2 DNA fragment was PCR amplified, and the C-terminal
of'the PCR product has a 28-30 bp overlap with the N-termi-
nal sequence of the fusion HA subunit.

[0432] The STF2 and HA subunits were fused together by
a 2"Y PCR. Using respective forward and reverse primers
(Integrated DNA Technologies, Inc, Coralville, lowa 52241)
listed below, fusion protein DNA was amplified from the
DNA templates also shown below. The PCR product was
subsequently subjected to Xbal digestion, gel-purification
and ligation to pET24a-STF2.HA1-2 that was previously
digested with Xbal and SnaBI.

[0433] The constructs are listed below, where appropriate,
the DNA primers and DNA templates used in the PCR ampli-
fication reaction are also listed.

FluB STF2.HA constructs for expression in E coli

SEQ DNA

D FOR Primer REV Primer  Template
NO: Construct SEQ ID NO: SEQIDNO: SEQID NO:
184 STF2.HAIL-1 (MAL) 193,195 194,196 55,183
186 STF2.HA1-2 (MAL) 193,198 197,199 55,185
188 STF2.HAI1-2 (SH) 193, 201 200,202 55,187
190 STF2.HAI1-2 (Lee) 193, 204 203, 205 55,189
192 STF2.HA1-2 (Ohio) 193, 207 206, 208 55,191

[0434] In each case, the constructed plasmids were used to
transform competent E. coli DH5a. cells and putative recom-
binants were identified by restriction mapping. The integrity
of the constructs was verified by DNA sequencing and was
used to transform the expression host, BLR3 (DE3)
(Novagen, San Diego, Calif.; Cat #69053). Transformants
were selected on LB (Veggie peptone, EMD Bioscience, La
Jolla, Calif.; Cat#71280; veggie yeast extract, EMD Bio-
science, Cat# 71279;) plates containing kanamycin (35
pg/mL). Colonies were picked and inoculated into 2 m1 of LB
(Veggie) medium supplemented with 35 pg/ml kanamycin
and grown overnight. Aliquots of these cultures were used to
inoculate fresh cultures in the same medium formulation,
which were cultured until OD¢,=0.6 was reached. The pro-
tein expression was induced by the addition of 1 mM IPTG.
The cells were harvested after 2 hours culturing at 37° C. and
analyzed for protein expression.
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[0435] SDS-PAGE and Western blot: Protein expression
and identity were determined by gel electrophoresis and
immunoblot analysis. Cells were harvested by centrifugation
and lysed in Tris/NaCl (50 mM Tris, 200 mM NaCl, pH 8.0)
buffer. Two aliquots of each lysate was diluted in SDS-PAGE
sample buffer and boiled for 5 minutes. One aliquot sample
was reduced by DTT (200 mM final concentration, EMD
Bioscience, La Jolla, Calif. 92039; Cat#233155). The
samples (1.5 pl/lane cell lysate) were loaded onto a 4-12%
SDS polyacrylamide gel and electrophoresed (SDS-PAGE).
The gel was stained with Coomassie R-250 (Bio-Rad; Her-
cules, Calif.) to visualize protein bands.

[0436] For Western blot, the duplicated gel was electro-
phoresed and electrotransfered to a PVDF membrane and
blocked with 5% (w/v) dry milk. The membrane was then
probed with either anti-flagellin antibody (6H11, Inotek,
Beverly, Mass.; Lot#1030B5) or ferret antiserum raised
against B/Malaysia (2506/2004, CDC#2005741987). After
probing with Horseradish Peroxidase (HRP)-conjugated sec-
ondary antibodies (1:10,000) (Goat anti-Mouse is from Jack-
son ImmunoResearch Laboratories; West Grove, Pa. Goat
anti-Ferret is from Bethyl Laboratories; Montgomery, Tex.),
protein bands were visualized after with addition of TMB, an
HRP chromogenic substrate (Pierce; Rockland, IIl.;
Cat#34018). The approximate molecular weight of STF2.
HA1-1(MAL) is 84 kDa; and the approximate molecular
weight of STF2.HA1-2 (MAL and SH) is ~78 kDa. Two
micrograms of STF2.4xM2e fusion protein was loaded as a
positive control for the anti-flagellin antibody and a negative
control for the anti-HA sera. Virus lysate (B/Malaysia/2506/
04, CDC# 2005756250) was included in the experiment as a
positive control for the anti-HA sera and a negative control for
the anti-flagellin antibody. Commassie blue staining of the
gel showed low induction of STF2.HA1-1(MAL) protein; but
much stronger bands for STF2.HA1-2(MAL) and STF2.
HAT1-2(SH) proteins. Western blot analysis using anti-flagel-
lin monoclonal antibodies (1:4000) exhibited a strong posi-
tive band around 84 kDa for lanes loaded with STF2.HA1-1
(MAL), and around 75 kDa in lanes loaded with STF2.HA1-
2(MAL) or STF2.HA1-2(SH). The induction pattern of each
fusion protein on the Western is very similar to the result for
the commassie blue stained gel. The level of the non-reduced
and the reduced protein recognized by the anti-flagellin was
comparable. The positive control for anti-flagellin (STF2.4x
M2e) showed s single strong band, and the negative control
exhibited no signal.

[0437] Western blot analysis using anti-HA polyclonal
anti-sera (1:1000) exhibited a similar pattern as the blot with
anti-flagellin, except that the reduced STF2.HA1-2 protein
had a diminished signal compared to that of the non-reduced
sample, indicating that a substantial portion of the anti-HA
polyclonal antibodies in the antiserum recognize conforma-
tional epitopes formed by correct disulfide-bond formation
while a small proportion of the antibodies in the anti-sera
recognize linear epitopes that are not reliant on disulfide
bound formation. Similar were observed using a capture
ELISA assay. [tis worth noting that anti-serum against B/Ma-
laysia/2506/2004 (Victoria lineage) also recognizes
B/Shanghai/361/2002, which belongs to Yamagata lineage.
This result indicates that these two lineages not only share
substantial primary sequence similarity, but also share ter-
tiary structure.
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[0438] The Western blot and ELISA results confirm the
expression of functional Influenza B HA1-1 and HA1-2
fusion proteins in £. coli.

Example 4

Purification and Biochemical Characterization of
Recombinant Flagellin-Hemagglutinin Fusion Pro-
teins

Materials and Methods

[0439] Bacterial growth and cell lysis: HA constructs were
expressed in the E. coli host strain BLR (DE3). E. coli cells
carrying a plasmed encoding STF2.HA1-1.his(PR8) (SEQ
ID NO: 54) were cultured and harvested as described above.
Individual strains were retrieved from glycerol stocks and
grown in shake flasks to a final volume of 12 L. Cells were
grown in LB medium containing 50 pg/ml kanamycin/12.5
ng/ml tetracycline/0.5% dextrose to OD,,=0.6 and induced
with 1 mM IPTG for3 h at 37° C. The cells were harvested by
centrifugation (7000 rpmx7 minutes in a Sorvall RC5C cen-
trifuge) and resuspended in 1xPBS, 1% glycerol, 1 ng/ml
DNAsel, 1 mM PMSF, protease inhibitor cocktail and 1
mg/ml lysozyme. The cells were then lysed by two passes
through a microfluidizer at 15,000 psi. The lysate was centri-
fuged at 45,000 g for one hour in a Beckman Optima L
ultracentrifuge (Beckman Coulter; Fullerton, Calif.) to sepa-
rate the soluble and insoluble fractions

[0440] Purification and refolding of STF2.HA1-1.his(PRS)
(SEQ ID NO: 89) protein from E. coli. Following lysis and
centrifugation, the insoluble (pellet) fraction was resus-
pended in 100 ml 1xTBS, pH 8.0+1 mM p-mercaptoethanol
and solid urea was added to a final concentration of 6.2 M.
After resuspension with a Dounce glass-ball homogenizer the
mixture was centrifuged as described above. The resulting
supernatant was loaded onto a chelating sepharose column
(GE/Amersham Biosciences; Piscataway, N.J.) charged with
NiSO, and equilibrated in Buffer A [20 mM Tris, pH 8.0/8 M
urea/0.5 M NaCl].

[0441] After washing with 1 L buffer B [Buffer A+1%
(w/v) TX-100] the column was eluted in a S-column volume
linear gradient from 100% Buffer A to 100% Butfer C [Buffer
A+0.5 M imidazole]. Peak fractions were pooled, concen-
trated 3.5 fold on an Amicon 15 spin concentrator (Millipore;
Billerica, Mass.) and dialyzed against 3x2 L of 8 M urea/20
mM Tris, pH 8.0/2 mM EDTA. Following dialysis, STF2.
HA1-1.his(PR8) (SEQ ID NO: 89) was refolded by rapid
dilution to a final concentration of 0.1 mg/ml protein in
Refolding Bufter [0.1 M Tris, pH 8.0/0.1 M NaCl/1% (w/v)
glycerol/S mM reduced glutathione/l1 mM oxidized glu-
tathione] and incubated overnight at room temperature.
[0442] The refolded protein was then captured on a 5 ml
chelating sepharose HiTrap column (GE/Amersham Bio-
sciences; Piscataway, N.J.) charged with NiSO, and equili-
brated in Buffer D [20 mM Tris, pH 8.0/0.5 M NaCl/1 mM
reduced glutathione/0.2 mM oxidized glutathione] and eluted
in 100% Buffer E [Buffer D+0.5 M imidazole]. Peak eluate
fractions were pooled, concentrated using an Amicon 15 spin
concentrator (Millipore; Billerica, Mass.) and fractionated on
a Superdex 200 size-exclusion column (GE/Amersham; Pis-
cataway, N.J.) equilibrated in 1xTBS, pH 8.0+0.5% (w/v) Na
deoxycholate. 5200 peak fractions were pooled, dialyzed
against 3x2 L of 1xTBS, pH 8.0 (without deoxycholate),
vialed and stored at —80° C.
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[0443] Purification of STF2.HA1-2(PR8) (SEQ ID NO:
90) and STF2.HA1-2mut(PR8) (SEQ ID NO: 91): E. coli
cells carrying a plasmid encoding STF2.HA1-2.his (PRS8)
(SEQ ID NO: 55) were cultured and harvested as described
above. Following lysis and centrifugation, the insoluble (pel-
let) fraction containing STF2.HA1-2(PR8) was reuspended
and homogenized in 50 mM Tris, pH 8.0+0.5% (w/v) Triton
X-100 using a Dounce homogenizer. The homogenate was
then centrifuged (19,000 rpmx10 min). The resulting pellet
fraction was then re-homogenized in 50 mM Tris, pH 8.0+0.
5% (w/v) Triton X-100+1.0 M NaCl and centrifuged. The
inclusion body fraction (pellet) was then dissolved in buffer A
[50 mM Na Acetate, pH 4.0+8.0 M urea] and centrifuged
(19,000 rpmx10 min.) to remove insoluble debris.

[0444] The resulting supernatant was fractionated on a
Source S column (GE/Amersham Biosciences; Piscataway,
N.J.) equilibrated in Buffer A and eluted in a 5 column-
volume linear gradient with Buffer B (50 mM Na Acetate, pH
4.0, 1.0 M NaCl). The protein was then refolded by rapid
dilution into Buffer C (100 mM Tris-HCI, pH 8.0). The
refolded protein was then fractionated on a Q sepharose HP
column (GE/Amersham Biosciences; Piscataway, N.J.)
equilibrated in Buffer C and eluted in a 0% to 60% linear
gradient with buffer D (Bufter C+1 M NaCl). The Q HP eluate
was then fractionated on a Superdex 200 size exclusion chro-
matography (SEC) column (GE/Amersham Biosciences; Pis-
cataway, N.J.) equilibrated with 1x Tris-buffered saline, pH
8.0, to separate monomeric from aggregated protein. Mono-
meric fractions were then pooled, aliquoted and stored at
-80° C.

[0445] Purification of STF2.HA1-3(PR8) (SEQ ID NO:
92): E. coli cells carrying a plasmed encoding STF2.HA1-3
(PR8) (SEQ ID NO: 57) were cultured and harvested as
described above. Following lysis and centrifugation the
soluble (supernatant) fraction containing STF2.HA1-3(PR8)
was adjusted to 6.2 M urea, 100 mM DTT and incubated at
room temperature overnight to completely reduce and dena-
ture the protein. The protein was then diluted five-fold in
Buffer A (50 mM citric acid, pH 3.5, 8 M urea, 1 mM [-mer-
captoethanol, 1 mM EDTA) and loaded onto an SP sepharose
FF column (GE/Amersham Biosciences; Piscataway, N.J.)
equilibrated with Buffer A. To remove endotoxin, the column
was washed with 10 column volumes of Buffer B (Buffer
A+1% (w/v) Triton X-100) followed by 10 column volumes
Buffer C (50 mM citric acid, pH 3.5, 1 mM p-mercaptoetha-
nol, 1 mM EDTA, 70% (v/v) isopropanol).

[0446] The bound protein was then eluted in a five column-
volume linear gradient of Buffer A:Buffer D (Buffer A+1M
NaCl). The eluted protein was then dialyzed to Buffer E (20
mM Tris, pH 8.5, 8 M urea, 1 mM p-mercaptoethanol, 1 mM
EDTA) and passed through a Source Q column (GE/Amer-
sham Biosciences; Piscataway, N.J.). The STF2.HA1-3(PR8)
(SEQ ID NO: 92) protein was collected in the flow-thru
fraction. The protein was concentrated using Amicon spin-
concentrators (Millipore; Billerica, Mass.) and dialyzed to
Buffer F (20 mM Tris, pH 8.0, 8 M urea, 1 mM EDTA) to
remove reductant. The denatured polypeptide was then
refolded by rapid dilution to a final concentration of 0.1
mg/ml in Refolding Buffer (0.1 M Tris, pH 8.0, 0.1 M NaCl,
1% (w/v) glycerol, 5 mM reduced glutathione, 1 mM oxi-
dized glutathione) and incubated overnight at room tempera-
ture. The refolded protein was then fractionated on a Super-
dex 200 size exclusion column equilibrated in 1x Tris-
buffered saline (TBS), pH 8.0, plus 0.25% (w/v) sodium
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deoxycholate to separate monomeric STF2.HA1-3(PRS)
from aggregated protein. Monomeric peak fractions were
pooled, dialyzed to 1xTBS, pH 8.0, to remove deoxycholate,
aliquoted and stored at -80° C.

[0447] Purification of HA1-2H is(PR8) (SEQ ID NO: 93):
E. coli cells carrying a plasmed encoding STF2.HA1-2 his
(PR8) (SEQ ID NO: 61) were cultured and harvested as
described above. Following cell lysis the insoluble fraction
was homogenized and washed once with Buffer A (50 mM
Tris, pH 8.0), followed by sequential washing with Buffer
A+0.5% (w/v) Triton X-100 and Buffer A+0.5% (w/v) Triton
X-100+1M NaCl. The insoluble material was then washed
twice more with Buffer A alone. The washed inclusion bodies
were then dissolved in Buffer B (1xPBS, pH 7.4, 8 M urea)
and applied to a Ni-NTA (Sigma-Aldrich; St. Louis, Mo.)
column charged with NiSO,, and eluted in a linear gradient of
Buffer C (50 mM Tris, pH 8.0, 8 M urea, 0.3 M NaCl, 0.5 M
imidazole). In order to reduce endotoxin, the eluted protein
was dialyzed overnight against 1xPBS, pH 7.4, 8 M urea, and
reapplied to the Ni-NTA column.

[0448] The column was then washed with Buffer D (10 mM
Tris, pH 8.8, 8 M urea, 60% (v/v) isopropanol) and eluted as
described above. Ni-NTA purified protein was then refolded
by 1:10 (v/v) dilution into Refolding Buffer (50 mM Tris, pH
8.8). The refolded HA1-2 His(PR8) (SEQ ID NO: 93) protein
was then concentrated using an Amicon ultrafiltration unit
(Millipore; Billerica, Mass.) and applied to a Superdex 200
size exclusion column (GE/Amersham; Piscataway, N.J.)
equilibrated in 1xTBS, pH 8.0. Monomeric peak fractions
were pooled, aliqoted and stored at -80° C.

[0449] SDS-PAGE and western blot analysis: Protein iden-
tity of all HA constructs was determined, and purity esti-
mated, by SDS-PAGE. An aliquot of 5 ug of each sample was
diluted in SDS-PAGE sample buffer with or without 100 mM
DTT as a reductant. The samples were boiled for 5 minutes
and loaded onto a 10% SDS polyacrylamide gel (LifeGels;
French’s Forrest, New South Wales, AUS) and electrophore-
sed. The gel was stained with Coomassie R-250 (Bio-Rad;
Hercules, Calif.) to visualize protein bands. For western blot,
0.5 pg/lane total protein was electrophoresed as described
above and the gels were then electro-transfered to a PVDF
membrane and blocked with 5% (w/v) dry milk before prob-
ing with anti-flagellin antibody (Inotek; Beverly, Mass.) or
influenza A PR/8/34 Convalescent immune serum (described
below under Protein Antigenicity ELISA). After probing with
alkaline phosophatase-conjugated secondary antibodies
(Pierce; Rockland, I11.), protein bands were visualized with an
alkaline phosphatase chromogenic substrate (Promega;
Madison, Wis.).

[0450] Protein assay: Total protein concentration for all
proteins was determined using the Micro BCA (bicinchoninic
acid) Assay (Pierce; Rockford Il1.) in the microplate format,
using bovine serum albumin as a standard, according to the
manufacturer’s instructions.

[0451] Endotoxin assay: Endotoxin levels for all proteins
were determined using the QCL-1000 Quantitative Chro-
mogenic LAL test kit (Cambrex; E. Rutherford, N.J.), follow-
ing the manufacturer’s instructions for the microplate
method.

[0452] TLRS bioactivity assay: HEK293 cells constitu-
tively express TLRS, and secrete several soluble factors,
including IL.-8, in response to TLRS signaling. Cells were
seeded in 96-well microplates (50,000 cells/well), and the
following test proteins were added and incubated overnight:
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STF2.HA1-1H is(PR8) (SEQ ID NO: 89); STF2.HAI-2
(PR8) (SEQ ID NO: 90); STF2.HA1-2(PR8)mut (SEQ 1D
NO: 91); STF2.HA1-3(PR8) SEQ ID NO: 92); HA1-2H
is(PR8) (SEQ ID NO: 93); STF2.HA1-2 (Mal) (SEQ ID NO:
211) supernatant; STF2. HA1-2 (Mal) (SEQ ID NO: 211)
refolded; STF2.HA1-2 (SH) (SEQ ID NO: 211) supernatant;
STF2.HA1-2 (SH) (SEQID NO: 211) refolded; STF2.HA1-1
(Mal) (SEQ ID NO: 209) supernatant; and STF2.HA1-1
(Mal) (SEQ ID NO: 209). The next day, the conditioned
medium was harvested, transferred to a clean 96-well micro-
plate, and frozen at —-20° C. After thawing, the conditioned
medium was assayed for the presence of IL.-8 in a sandwich
ELISA using an anti-human IL-8 matched antibody pair
(Pierce, Rockland, 111.; #M801E and #M802B) following the
manufacturer’s instructions. Optical density was measured
using a microplate spectrophotometer (FARCyte, GE/Amer-
sham; Piscataway, N.J.).

[0453] Protein antigenicity ELISA: To determine whether
the recombinant fusion proteins displayed correctly folded
epitopes of HA, the antigenicity of individual HA-fusion
proteins was evaluated by ELISA. 96-well ELISA plates were
coated overnight at 4° C. with serial dilutions in PBS (100
ul/well) of each target protein starting at 5 ug/ml. Plates were
blocked with 200 pl/well of Assay Diluent Butfer (ADB; BD
Pharmingen) for one hour at room temperature, then washed
three times in PBS-T. A fixed dose of primary antibody was
then added to each well.

[0454] To assay HA reactivity, 100 pul/well of a 1:10,000
dilution of non-immune or PR/8/34 convalescent immune
serum in ADB was added. PR/8/34 immune serum was gen-
erated in BALB/c mice (Jackson Laboratory, Bar Harbor,
Me.) that received an experimentally determined sublethal
challenge dose of 8x10" egg infectious dosages (EID) of
PR/8/34 influenza virus. Animals were then allowed to con-
valesce for >21 days post-infection at which time immune
serum was isolated and clarified. For ELIS A of flagellin or the
6x histidine tag, monoclonal antibody against 6x His (Invit-
rogen; Carlsbad, Calif.), or flagellin (Inotek; Beverly, Mass.)
was added at 1 pg/ml in ADB (100 pl/well) and the plates
were incubated for 1 hr at room temperature or overnight at 4°
C. The plates were then washed three times with PBS-T.
HRP-labeled goat anti-mouse IgG antibodies (Jackson
Immunochemical; West Grove, Pa.) diluted in ADB were
added (100 pl/well) and the plates were incubated at room
temperature for 1 hour. The plates were washed three times
with PBS-T. After adding TMB Ultra substrate (Pierce; Rock-
ford, 111.) and monitoring color development, A 5, was mea-
sured on a microplate spectrophotometer (FARCyte,
GE/Amersham; Piscataway, N.J.).

Results and Discussion

[0455] Protein yield and purity: Results for the purification
of recombinant HA and STF2.HA fusion proteins produced
in E. coli are shown in Table 6. All four proteins were pro-
duced in high yield, with estimated purity exceeding 90% and
endotoxin well below the standard acceptable level of 0.1
EU/ug. The three STF2 fusion proteins also had very high in
vitro TLRS bioactivity while the HA1-2His, (SEQ ID NO:
93) protein, as expected, had no TLRS activity.
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TABLE 6
SEQ purity

ID  yield est. endotoxin TLRS5 activity
protein NO: (mg) (%) (EU/ug) (ECsg, ng/ml)
STF2.HA1-1His(PR8) 89 64  >90 0.04 0.2
STF2.HA1-2(PR8) 90 6.0 >98 0.02 0.15
STF2.HA1-2(PR®)mut 91 12 >95 0.01 1.2
STF2.HA1-3(PR8) 92 2.1 =90 0.016 1.2
HA1-2His(PR8) 93 10 >95 0.03 nd

[0456] Antigenicity of Influenza A HA proteins produced
in E. coli.: All four recombinant proteins were analyzed by
western blotting with antibody against STF2 (flagellin) (In-
otek; Beverly, Mass.) and immune antisera collected from
PR/8/34 convalescent mice. The three STF2 fusion proteins
appeared to react comparably with anti-flagellin antibody.
STF2.HA1-1H is(PR8) (SEQ ID NO: 89), STF2.HAI-2
(PRB) (SEQ ID NO: 90) and HA1-2H is(PR8) (SEQ ID NO:
93) also reacted with anti-PR/8/34 convalescent serum. This
reactivity was only seen in non-reduced protein samples; the
addition of DTT to the sample buffer greatly diminished the
signal. This finding suggests that the majority of the anti-HA
antibodies in the convalescent serum are conformationally
dependent and that proper disulfide bonding in HA is neces-
sary for reactivity by western blot. In contrast to these results,
STF2.HA1-3(PR8) (SEQ ID NO: 92) did not react efficiently
with the convalescent serum and what little signal was pro-
duced was not affected by reductant. This finding suggested
that the STF2.HA1-3 protein may not be capable of folding
properly and/or presenting native HA epitopes.

Capture ELISA for Influenza B Globular Head Proteins

[0457] The antigenicity of individual HA-fusion proteins
was evaluated using capture ELISA. An anti-flagellin mono-
clonal antibody was used on the solid phase to capture these
proteins. Ferret anti-sera raised on natural B/Malaysia/2506/
2004 infection was used to detect the captured HA-fusion
proteins. The results of this assay will determine whether the
recombinant fusion proteins displayed correctly-folded
epitopes of HA. Due to the considerable sequence homology
between the different Influenza B HA globular head mol-
ecules, 84.6%, these antisera would be expected to react with
both the Malaysian and the Shanghai globular head con-
structs.

Preparation of Samples

[0458] E. coli cells expressing the STF2.HA1-2(Malaysia
(SEQ ID NO: 210)), STF2.HA1-2 (Shanghai (SEQ ID NO:
211)), and STF2.HA1-1 (Malaysia (SEQ ID NO: 209))
recombinant proteins were pelleted by centrifugation and
resuspended in Tris buffer (50 mM Tris, 200 mM NaCl, pH 8).
Cells were lysed by sonication. The cell lysate was centri-
fuged to separate the soluble proteins from the insoluble
proteins. The insoluble protein pellet was resuspended in Tris
buffer with 6M urea and the proteins were subjected to rapid
refolding by quickly diluting the solution 1:10 fold in Tris
buffer. The protein concentrations of both the soluble proteins
and the pelleted samples containing refolded proteins were
estimated by UV, (Spectrophotometer DU 800). Superna-
tants containing STF2.HA1-1(Mal) (SEQ ID NO: 209);
STF2.HA1-2(Mal) (SEQ ID NO: 210), STF2.HA1-2(SH,
Shanghai) (SEQ ID NO: 211) protein and solubilized pellets
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containing refolded STF2.HA1-1(Mal), STF2.HA1-2(Mal),
STF2.HA1-2(SH) were evaluated by ELISA for reactivity
with ferret antisera raised on natural infection against B/Ma-
laysia/2506/2004. E. coli supernatant samples and solubi-
lized, refolded samples containing STF2.4xM2e (SEQ ID
NO: 94) protein were used as negative controls.

ELISA Method

[0459] The ELISA plate (Maxisorp, Nunc, Denmark) was
coated with the flagellin-specific monoclonal antibody 6H11
(Inotek, Beverly, Mass.) at 0.5 ug/mL and incubated over-
night at 2-5° C. The antibody coating solution was aspirated
and the wells were blocked with 300 ul/well Super Block+
Tween-20 for 2 hours at 25° C. The plate was washed once
with 1xPBS and blot-dried. Three-fold serial dilutions of the
different protein solutions were performed in a dilution plate
starting with a concentration of 5 ug/mL. 100 ulL was trans-
ferred from the dilution plate to the ELISA plate.

[0460] The plate was incubated for 1 hr at 25° C. Unbound
protein was removed by washing the plate 3 times with PBS+
0.05% Tween-20. Ferret antiserum raised against B/Malay-
$1a/2506/2004 (CDC, AL, Georgia) was diluted to 1:100 and
100 uL. was added to each well. The plate was then incubated
for 1 hr at 25° C. After this incubation step, the plates were
washed 6 times with PBS containing 0.05% Tween-20. Goat
anti-ferret IgG conjugated to horseradish peroxidase (HRP,
Bethyl Labs Inc., IL) was diluted 1:10,000 and 100 ul. was
added to each well. The plate was incubated for 30 min. After
this incubation step, the plate was washed 6 times with PBS+
0.05% Tween-20. 100 uL. of TMB Ultra containing the HRP
substrate 3,3',5,5'-tetramethylbenzidine (Pierce, Rockford,
111.) was added to each well. After the addition of this sub-
strate, the color development was monitored and the reaction
was stopped with the addition of 100 ul/well 1M H,SO,.
A5, was measured on a microplate reader (SpectraMax 190,
Molecular devices, Sunnyvale, Calif.).

Antigenicity of Influenza B HA Proteins Produced in E. coli
[0461] The ELISA data (FIG. 3) indicated that the antisera
recognized epitopes that were sensitive to reductant. Treat-
ment of proteins with reducing agents, which alter the con-
formation of the proteins by the disruption of disulphide
bonds and, diminished reactivity of the antisera with the
proteins. The reactivity of STF2.HA1-2(Mal) total lysate
non-reduced, STF2.HA1-2(SH) total lysate non-reduced and
STF2.HA1-1(Mal) total lysate non-reduced when maintained
in the properly folded configuration was very good and indi-
cates that the conformation of the individual HA-fusion pro-
teins was comparable to that of the globular head in the native
HA protein. While the antiserum contains conformationally
sensitive antibodies and the reactivity depends on correct
disulfide bonding, it also contains antibodies that are non-
sensitive to disulfide bonding as demonstrated by the residual
activity which was observed in both reduced and non-reduced
conditions.

TLRS5Bioactivity of STF2.HA (Influenza B) Proteins

[0462] The recombinant fusion proteins showed potency
which matched the results from the Capture ELISA indicat-
ing that refolded samples may be more active than the lysate
in its native form (FIGS. 4 and 5). The samples in the native
untreated form showed activity which were 2-fold less than
the refolded samples. These proteins were misfolded in the
native form and therefore require a refolding step to reinstall
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the TLR-5 bioactivity. This activity was consistent with HA
activity in the Capture ELISA.

Example 5

Immunogenicity of Recombinant Flagellin-Hemag-
glutinin Fusion Proteins Representing Viral Strain
A/Puerto Rico/8/34 in E. Coli

Materials and Methods

[0463] Animal studies: Female BALB/c mice (Jackson
Laboratory, Bar Harbor, Me.)) were used at the age of 6-8
weeks. Mice were divided into groups of 10 and received
inguinal subcutaneous (s.c) immunizations on days 0 and 14
as follows:

1) PBS (phosphate buffered saline).

2)3 pg of STF2.4xM2e (SEQ ID NO: 94) in saline buffer (10
mM Histidine, 10 mM Tris, 75 mM NaCl, 5% (vol/vol)
sucrose, 0.02% (w/v) Polysorbate-80, 0.1 mM EDTA, 0.5%
(v/v) ethanol, pH 7.2)

3)30 pg of STF2.HA1-2(PR8) (SEQ ID NO: 90) in PBS
4)3.0 pg of STF2.HA1-2(PR8) (SEQ ID NO: 90) in PBS
5)0.3 pg of STF2.HA1-2(PR8) (SEQ ID NO: 90) in PBS
6) 0.03 pg of STF2.HA1-2(PR8) (SEQ ID NO: 90) in PBS

[0464] An additional group of five mice received an experi-
mentally determined sublethal challenge with 8x10' egg
infectious dosages (EID) PR/8/34 and were allowed to con-
valesce for >21 days. These animals were then used as
immune convalescent positive controls during the challenge
studies (see below). Mice were bled on days 10 (primary) and
21 (boost), and sera were clarified by clotting and centrifu-
gation and stored at —-20° C.

[0465] Serum antibody determination: HA-specific IgG
levels were determined by ELISA. 96-well ELISA plates
(Costar (Cat #9018) Corning, N.Y.) were coated overnight at
4° C. with 100 ul/well HAOsHis protein (produced in Droso-
phila) (SEQ ID NO: 176) in PBS (5 ug/ml). Plates were
blocked with 200 pl/well of Assay Diluent Butfer (ADB; BD
Pharmingen, (Cat#: 555213) (San Diego, Calif.) for one hour
at room temperature. The plates were washed three times in
PBS+0.05% (v/v) Tween 20 (PBS-T). Dilutions of the sera in
ADB were added (100 pl/well) and the plates were incubated
overnight at 4° C. The plates were washed three times with
PBS-T. HRP-labeled goat anti-mouse IgG antibodies (Jack-
son Immunochemical, West Grove, Pa. (Cat#: 115-035-146))
diluted in ADB were added (100 ul/well) and the plates were
incubated at room temperature for 1 hour. The plates were
washed three times with PBS-T. After adding TMB Ultra
substrate (Pierce (Cat 34028), Rockford, 111.)) and monitoring
color development, A,5, was measured on a Tecan Farcyte
(Durham, N.C.) microplate spectrophotometer.

[0466] MDCK whole cell ELISA: MDCK cells (ATCC
(Cat#t CCL-34) Manassas, Va.) were grown in 96-well culture
plates (BD (Cat 353075), Corning, N.Y.) in DMEM complete
medium containing 10% FCS at 37° C. for one to two days or
until cells were near confluence. Wells were then incubated
with 1x10° EID of PR/8/34 virus (50 ul) in DMEM medium
without FCS or medium alone (for uninfected controls).
[0467] Following a 60 minute incubation at 37° C., 200 ul
of complete medium was added to each well and plates were
incubated overnight at 37° C. The next day plates were
washed with PBS and fixed with 10% formalin at room tem-
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perature for 10 minutes. Wells were washed three times with
PBS/0.1% BSA and blocked with 200 pl/well ADB (BD
Pharmingen, Cat# 555213), San Diego, Calif.) for one hour at
RT or overnight at 4° C. Serial dilutions of test sera were
added to the wells and incubated for one to two hours at room
temperature. Wells were washed and incubated with HRP-
conjugated goat anti-mouse IgG (Jackson Immunochemical,
Cat 115-035-146 (West Grove, Pa.) for 30 minutes at room
temperature, followed by TMB Ultra substrate (Pierce (Cat#
34028), Rockford, I11.) for two minutes at room temperature.
The reaction was stopped with the addition of 25 pl of IN
H,SO, and the OD,5, was read using a microplate spectro-
photometer (FARCyte, Amersham, Durham, N.C.).

Results and Discussion

[0468] Induction of HA-specific IgG response following
immunization with STF2.HA1-2(PR8) (SEQ ID NO: 90):
The immunogenicity of STF2.HA1-2 was examined by
immunizing BALB/c mice (10/group) subcutaneously on day
0 and 14 with a dose range of STF2.HA1-2 (30, 3.0, 0.3, or
0.03 pg). Control groups of mice were immunized with PBS
(negative control), 3 pg of STF2.4xM2e (SEQ ID NO: 94)
(negative control for HA immunogenicity, positive control
for lethal challenge efficacy study), or a sub-lethal challenge
with 8x10* EID of the influenza isolate PR/8/34 to generate
immune convalescent animals. HA-specific IgG responses
were examined 7 days post boost (Day 21) by ELISA. The
results demonstrate that immunization with 30, 3 or 0.3 pg of
STF2.HA1-2(PR8) induced consistent and significant
HAOsHis-specific (SEQ ID NO: 176) IgG responses in a
dose-dependent manner (FIG. 6).

[0469] Sera from BALB/c mice immunized with STF2.
HA1-2 (SEQ ID NO: 90) react with MDCK cells infected
with influenza virus: The direct ELISA results above demon-
strated that the immune sera from STF2.HA1-2-immunized
animals recognize recombinant Drosophila expressed
HAOsHis (SEQ ID NO: 176) corresponding to the PR/8/34
HA sequence. In order to demonstrate that the anti-HA anti-
bodies recognize native viral HA, the same sera were exam-
ined for the ability to react with MDCK cells infected with
PR/8/34. The results shown in FIG. 7 demonstrate that sera
from mice immunized with 30, 3.0, or 0.30 pg of STF2.
HA1-2 bound specifically to PR/8/34-infected MDCK cells,
indicating that the anti-HA antibodies elicited by immuniza-
tion with STF2.HA1-2 recognize HA 1in its native conforma-
tion.

[0470] Collectively these results demonstrate that mice
immunized with STF2.HA1-2(PR8) (SEQ ID NO: 90) in
PBS, without conventional adjuvant or carrier, mounted vig-
orous anti-HA responses that recognized recombinant HA
expressed in Drosophila and native viral HA expressed on the
surface of PR/8/34 infected MDCK cells in vitro.

Example 6

Efficacy of Recombinant Flagellin-Hemagglutinin
Fusion Proteins Representing Viral Strain A/Puerto
Rico/8/34

Materials and Methods

[0471] Influenza virus challenge of mice. To assess effi-
cacy, mice immunized as described in Example 5 were chal-
lenged on day 28 by intranasal administration of an LDy,
(dose lethal to 90% of mice) (8x10° EID) of influenza A
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isolate PR/8/34. Animals were monitored daily for 21 days
following the challenge for survival, weight loss and clinical
presentation. The % weight loss was calculated based on the
mean of ((Daily weight (g)/Initial weight (g) day 28)x100) of
each individual animal per group. Clinical scores were
assigned as follows: 4 pts=healthy, 3 pts=reduced grooming,
2 pts=reduced physical activity and 1 pt=moribund. (Experi-
mental results for clinical scores and weight loss reflect the
results based on surviving animals on the day evaluated).
[0472] Virus titration and determination of TCIDs,.
[0473] Cell preparation: MDCK cells (ATCC (Cat# CCL-
34), Manassas, Va.) were cultured in 100x20 mm culture
plates (BD (Cat# 353003) Corning, N.Y.) to 90-95% conflu-
ency and the monolayer was dislodged by incubation with
trypsin-EDTA at 37° C./5% CO, for 20 minutes. The trypsin
was inactivated by the addition of DMEM cell culture
medium supplemented with 10% FBS, and the cell mono-
layer was scraped with a sterile spatula to complete detach-
ment of cells. The cell suspension was harvested and washed
twice with DMEM+10% FBS. Cells were resuspended in
DMEM+10% FBS and counted. The cell concentration was
adjusted to 4x10° cells/ml and 100 pil was added to each well
of'a 96-well tissue culture plate (BD (Cat# 353075), Corning
N.Y.). Plates were incubated at 37° C./5% CO, until conflu-
ence reached 90-95%.

[0474] Viraltitration: Influenza virus (strain A/Puerto Rico/
8/34 [PR/8]) was diluted to 1x10® EID in phenol red-free
DMEM+0.1% BSA (fractionV (Rockland (Cat#BSA-50)
Gilbertsville, Pa.), and serial 5-fold dilutions were prepared
in 96-well plates using the same medium. Monolayers of
MDCK cells in 96-well plates, prepared as described in
herein, were washed by aspirating the culture medium,
replacing with 200 pl/well of 1xPBS, and aspirating the PBS.
Serial 5-fold dilutions of influenza virus prepared above were
added to the washed monolayers in a volume of 100 pl/well.
One row of wells was treated with medium only as a control.
The cells were incubated for 2 hours at 37° C./5% CO, to
allow viral attachment and entry. Wells were washed by aspi-
ration, rinsing with 200 pl/well PBS, and aspiration of the
PBS. All wells received 100 pl/well phenol red-free DMEM +
0.1% BSA and the plates are incubated for 48 hours at 37°
C./5% CO,.

[0475] Determination of cell viability: Following incuba-
tion with virus as described above, the medium was aspirated
from the wells and replaced with fresh medium containing 40
pg/ml neutral red (Simga Aldrich (Cat# N2889) St. Louis,
Mo.). To determine maximum lysis, 2 pl lysis solution (9%
Triton X-100 in water, weight/vol) was added to triplicate
wells that were incubated with medium only. Following a one
hour incubation, the cells were fixed by the addition of 100
ul/well 1% formaldehyde/1% CaCl, for 5 minutes at room
temperature; this fix step was performed twice in succession.
The fix solution was aspirated and the neutral red was
released by the addition of 100 pl/well of extraction medium
(50% ethanol/1% acetic acid).

[0476] The plate was incubated at room temperature for 20
minutes, with shaking for the final 2 minutes. The amount of
dye released was determined by measuring absorbance at a
wavelength of 540 nm using a microplate spectrophotometer.
Cell death (and hence, viral infectivity) was measured as a
decrease in the amount of dye released as compared to media
control. At the end of the incubation, the neutral red assay was
performed as described herein. The percentage lysis of each
serum dilution was calculated as:
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% reduction=100x((sample—virus)/(med-virus))

[0477] where sample, max, and med refer to the absorbance
values in wells representing experimental samples, virus
only, and medium only, respectively. The neutralizing titer of
each sample was defined as the dilution of serum which
resulted in a 50% reduction in viral infectivity.

[0478] Influenza A/PR/8/34 Neutralization Assay This
assay was adapted with modifications from WHO Manual on
Animal Influenza Diagnosis and Surveillance, p. 86-88
(WHO/CDS/CSR/NCS2002.5). The Neutral Red Assay is
adapted from a public protocol of the Cell Lab at Gettysburg

College  (http://www3.gettysburg.edu/~sorense/Cellab04/
neutralred.htm)
[0479] Specifically, MDCK (ATCC, Cat#(CCL_34),

Manassas, Va.) cells were plated in 96-well tissue culture
plates (BD (Cat 353075), Corning, N.Y.) as described above.
Test reagents (experimental and control sera) were heat-inac-
tivated by incubating for 30 minutes in a water bath heated to
56° C. Sera were serially titrated in 96-well plates, in 3-fold
dilutions in phenol red-free DMEM+0.1% BSA. An equal
volume of PR/8/34 virus diluted to 5x10%ml EID in the same
medium was added to each serum dilution to achieve a final
viral concentration of 2.5x10° EID/ml (The pre-determined
TCID,, for our current stock of virus). Wells containing
medium only and virus only were included as negative and
positive controls, respectively. The plates were incubated for
30 minutes at 37° C./5% CO,.

[0480] Cell monolayers prepared as described above (Cell
preparation) were washed once with 200 pl/well 1xPBS, then
100 pl/well of serum:virus mixtures and control reagents
prepared as described above were added and incubated for 2
hours at 37° C./5% CO,. Following incubation, cell mono-
layers were washed once with PBS, and 100 pl/well phenol
red-free DMEM+0.1% BSA was added to each well and
incubated at 37° C./5% CO, for 48 hours. At the end of the
incubation, the neutral red assay was performed as described
above (Determination of cell viability). The percentage lysis
of'each serum dilution was calculated as described above. The
neutralizing titer of each sample was defined as the dilution of
serum which results in a 50% reduction in viral infectivity

Results and Discussion

[0481] Immunization with STF2.HA1-2(PR8) (SEQ ID
NO: 90) provides protection from a lethal challenge with
influenza A: The results from Example 5 demonstrated that
immunization of mice with STF2.HA1-2(PR8) (SEQ ID NO:
90) generated an antibody response that recognized native
HA. In order to evaluate efficacy, the same mice were chal-
lenged on day 28 with an LDy, (8x10°EID) of PR/8/34 virus
administered intra-nasally. Mice were monitored daily for 19
days following the challenge for survival, weight loss and
clinical presentation. As shown in FIGS. 8A, 8B, and 8C,
PBS-immunized mice showed signs of infection (weight loss
and lower clinical scores) as early as three days post-chal-
lenge and all mice died by day 21 post-challenge. In contrast,
mice immunized with 30, 3.0 or 0.3 pg of STF2.HA1-2(PR8)
(SEQ ID NO: 90) demonstrated markedly enhanced protec-
tion. These animals demonstrated little to no weight loss,
significantly higher clinical scores and 100% survival that
was similar to immune convalescent control animals over the
21 day period. These results demonstrate that E. coli-ex-
pressed STF2.HA1-2(PR8) (SEQ ID NO: 90) induces HA-
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specific immune responses that successfully protect BALB/c
mice from a lethal challenge with virulent influenza A virus in
vivo.

[0482] Inorderto evaluate the effectiveness of the antibody
response in vitro a cell-based virus neutralization assay was
developed to test the ability of immune sera to neutralize viral
infectivity. In this study the viral inhibitory activity of serum
from animals immunized with STF2.HA1-2(PR8) (SEQ ID
NO: 90) and STF2.HA1-1(PR8) (SEQ ID NO: 151) was
examined. Serial dilutions of non-immune and immune sera
were pre-incubated with PR/8 and incubated with MDCK
cells. Wells were washed to remove free virus and plates were
incubated prior to staining with neutral red to detect live cells.
The results indicate that immune sera from animals immu-
nized with STF2.HA1-2(PR8) (SEQ ID NO: 90) demon-
strated a tissue culture inhibition 50% dose (TCID) of >1:40
(FIG.9).

Example 7

Immunogenicity of Recombinant Flagellin-Hemag-
glutinin Fusion Proteins Representing Viral Strain
A/Viet Nam/1203/2004

Materials and Methods

[0483] Animal studies: Female BALB/c mice (Jackson
Laboratory, Bar Harbor, Me.) were used at the age of 6-8
weeks. Mice were divided into groups of 10 and received
inguinal s.c immunizations on days 0 and 14 as follows:

[0484] 1) PBS (phosphate buffered saline).

[0485] 2)3.0pgof STF2.HA1-2(PR8) (SEQIDNO: 90)in
F(Eliﬂ 3)3.0 pg of STF2.HA1-2(VN) (SEQ ID NO: 95) in
F(Eliﬂ 4)0.3 pg of STF2.HA1-2(VN) (SEQ ID NO: 95) in
F(EliS] Mice were bled on day 21 and sera were clarified by

clotting and centrifugation and stored at -20° C.

[0489] Serum antibody determination: HA and STF2-spe-
cific IgG levels were determined by ELISA. 96-well ELISA
plates (Costar (Cat#9018), Corning, N.Y.) were coated over-
night at 4° C. with 100 pl/well of HA protein purified from
Viet Nam/1203/2004 (BEI Resources (Cat #NR-660),
Manassas, Va.)) or recombinant flagellin (STF2) (SEQ ID
NO: 96) in PBS (5 png/ml). Plates were blocked with 200
ul/well of Assay Diluent Buffer (ADB; BD Pharmingen
(Cat#555213) San Diego, Calif.) for one hour at room tem-
perature. The plates were washed three times in PBS buffer
containing 0.05% (v/v) Tween 20 (PBS-T). Dilutions of the
sera in ADB were added (100 pl/well) and the plates were
incubated overnight at 4° C. The plates were washed three
times with PBS-T. HRP-labeled goat anti-mouse 1gG anti-
bodies (Jackson Immunochemical (Cat#115-035-146), West
Grove, Pa.) diluted in ADB were added (100 pl/well) and the
plates were incubated at room temperature for 1 hour. The
plates were washed three times with PBS-T. After adding
TMB Ultra substrate (Pierce (Cat#34028), Rockford, Ill.))
and monitoring color development, A5, was measured on a
Tecan Farcyte (Durham, N.C.) microplate spectrophotom-
eter.

Results and Discussion

[0490] Theimmunogenicity of STF2.HA1-2(VN) (SEQID
NO: 95) was examined in BALB/c mice. Animals were
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immunized s.c. on days 0 and 14 with 3 pg STF2.HA1-2
(PR8) (SEQ ID NO: 90), or 3 or 0.3 pg of STF2.HA1-2(VN)
(SEQ ID NO: 95). On day 21 animals were bled and serum
IgG responses to purified HA from A/Viet Nam/1203/2004
(obtained from BEI Resousrces Cat# NR-660) and recombi-
nant flagellin (STF2; (SEQ ID NO: 96)) were examined by
ELISA (FIGS. 10A and 10B). The results demonstrate that
serum from mice immunized with STF2.HA1-2(VN) (SEQ
ID NO: 95) exhibit antigen-specific reactivity with purified
HS protein from influenza A/Viet Nam/1203/2004.

Example 8

Cloning, Expression, and Biochemical Characteriza-
tion of Recombinant Flagellin-Hemagglutinin Fusion
Proteins Produced in Baculovirus

[0491] Cloning: Expression of HA and STF2.HA fusion
proteins was carried out using the Bac-to-Bac Baculovirus
Expression System (Invitrogen, Carlsbad, Calif.) according
to the manufacturer’s guidelines (FIG. 11). cDNAs encoding
HA and STF2.HA fusion proteins were cloned into the pFast-
Bac donor plasmid which was then used to transform
DH10Bac cells containing the bacmid and helper DNA.
Recombinant bacmid clones generated by homologous
recombination in DH10Bac were then identified by blue-
white screening on X-gal plates. The details of the cloning
procedure are given in the following paragraphs.

[0492] Generation of vector cassettes: The pFastBac™1
vector is compatible with the Bac-to-Bac® Baculovirus
Expression System (Invitrogen, Carlsbad, Calif.). This vector
has a strong AcMNPV polyhedrin (PH) promoter for high
level protein expression and a large multiple cloning site for
simplified cloning. pFastBac™1 is a non-fusion vector (i.e.
no fusion tags are present in the vector).

[0493] To ensure proper expression of recombinant protein,
the insert must contain an ATG start codon for initiation of
translation and a stop codon for termination of translation. In
order to facilitate cloning of flagellin in fusion with several
truncations of the HA gene, two plasmid cassettes were engi-
neered: pFB-STF2Blp.wt (SEQ ID NO: 97) and pFB-
STF2Blp.ng (SEQ ID NO: 98). In the latter, the putative
glycosylation sites in the flagellin (STF2) gene were obliter-
ated by substituting Gln (Q) for Asn (N). Potential glycosy-
lation sites were determined using the consensus sequence for
N-glycosylation N-X-S/T: N residue followed by any residue
by S or T in the third position.

[0494] In the certain locations, residues 40, 122, 215, 237,
414,478, and 497 of the STF2 gene (SEQ ID NO: 212) the N
residue was incorporated as a Q substitution. Constructs
which harbor these mutations and in which the proteins are
not likely to be modified by sugars are designated as non-
glycosylated (ng) mutants. Similarly, glycosylation muta-
tions were introduced in HAOs gene at positions 11, 23, 268,
286 and 480 (SEQ ID NO: 23). Both vector constructs (pFB-
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STF2Blp.wt and pFB-STF2Blp.ng) harbor a silent mutation
at nucleotides 5'-GTGCTGAGCCTGTTACGT-3' (SEQ ID
NO: 310) (at 1501 to 1518) of STF2 (SEQ ID NO: 212)
creating a unique Blpl in the plasmid cassette. Each cassette
contains the honey bee melittin (HBM) sequence (SEQ ID
NO: 99) fused at the amino terminus of STF2 to provide a
signal for secretion. Both plasmids were codon-optimized for
expression in BBaculovirus (Midland Certified Reagent Co.,
Inc, Midland, Tex.; DNA2.0 Inc, Menlo Park, Calif.). The
synthetic genes were excised with BamHI or Bglll and Sphl
and cloned into pFastBac™1 vector by compatible end liga-
tion generating the pFB-STF2Blp.wt and pFB-STF2Blp.ng
cassettes.

[0495] Flagellin-HA fusion constructs: Subunits of the HA
globular head from influenza strains A/Puerto Rico/8/34,
A/Viet Nam/1203/2004, A/Indonesia/2005 and A/New Cal-
cdonia/12/99 were expressed alone or genetically fused to
flagellin (STF2) (SEQ ID NO: 178) and expressed in Bacu-
lovirus. This was accomplished by one of three methods.
[0496] Method #1: To generate reagents for ELISA, HA1-1
subunits of PR8, VN, IND and NC strains (Tables 7 and 8)
were cloned into pFASTBac™1, generating pFB.HA1-1 that
harbors a hexa-his tag. This was achieved by employing PCR
with a set of primers as indicated in the Tables below and with
a synthetic codon-optimized HAOs gene (HA excluding the
signal sequence and extracellular domain) as DNA template
(DNAZ2.0 Inc., Menlo Park, Calif.). The PCR fragments were
digested with BglIl and Sphl and inserted into pFastBac™1
that has previously been treated with Bglll and Sphl enzymes
followed by BAP treatment. In order to generate a flagellin-
HA subunit fusion, the PCR product was digested with Blpl,
and ligated by compatible ends to pFB-STF2Blp.wt.

[0497] Method #2: In this protocol, codon-optimized HA
subunit genes representing both the wt and non-glycosylated
forms were chemically synthesized (DNA2.0 Inc., Menlo
Park, Calif.). The genes were excised with Blpl and Sphl
enzymes and the fragment gel purified and ligated to pFB-
STF2Blp.wt or the non-glycosylated version, pFB-STF2Blp.
ng previously digested with Blpl and Sphl and BAP treated.
In each case, the ligation mix was used to transform TOP10
cells and transformants were screened by PCR and DNA
sequencing to confirm the presence and correct orientation of
the inserts. The constructs were used to transform MAX
Efficiency® DHI10Bac™ competent E. coli (Invitrogen,
Carlsbad, Calif.) to generate a recombinant bacmid. The colo-
nies of bacteria were screened for positive bacmids by blue/
white selection on plates containing 50 pg/ml. kanamycin, 7
ng/ml. gentamycin, 10 pg/ml tetracycline, 40 pg/mL IPTG
and Bluo-Gal (40 ng/mL). Recombinant bacmid DNA was
prepared and used to transfect the insect cell line of choice
(S19 or Sf21 cells) to generate a recombinant Baculovirus.
The baculoviral stock was then amplified and titered and used
to infect High Five insect cells to express the recombinant
protein.

TABLE 7

PR8 HA constructs for expression in Baculovirus

FOR Primer REV Primer DNA Template
SEQ ID NO: Construct (His tag) Method SEQIDNO: SEQIDNO: SEQID NO:
100 STF2.HAOs #1 101 102 103
104 STF2.HA1-1 #1 105 106 103
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PR8 HA constructs for expression in Baculovirus

FOR Primer REV Primer DNA Template
SEQ ID NO: Construct (His tag) Method SEQIDNO: SEQIDNO: SEQID NO:

107 STF2.HA1-2 #1 108 109 103
110 STF2.HA1-2mut #2 N/A N/A 111
112 STF2.HA1-3 #1 113 114 103
115 STF2.HA1-3mut #2 N/A N/A 116
117 ngSTF2.HAOs #2 N/A N/A 118
119 ngSTF2.HA1-1 #2 N/A N/A 120
121 ngSTF2.HA1-2 #2 N/A N/A 122
123 ngSTF2.HA1-2mut #2 N/A N/A 124
125 ngSTF2.HA1-3 #2 N/A N/A 126
127 ngSTF2.HA1-3mut #2 N/A N/A 128
129 wtSTF2.HA1l-1ng #2 N/A N/A 130
131 ngSTF2.HA1-1wt #2 N/A N/A 132
133 HAI1-1 #1 134 135 136
137  HAI-1 (o tag) #1 134 138 136

column (Sigma-Aldrich; St. Louis, Mo.). The column was

TABLE 8 eluted with a 5-column volume gradient from 100% Buffer A

NC., VN and NC HA constructs for expression in Baculovirus

SEQ DNA
ID Construct FOR Primer REV Primer Temlate
NO: (his tag) Method SEQIDNO: SEQIDNO: SEQID NO:
139 HAI-1(NC) #1 140 141 142
143 HAI-1(VN) #1 144 145 146
147 HAI-1(IND) #1 148 149 150
[0498] Protein Expression: Spodoptera frugiperda (S19)

insect cells were cultured in Grace’s Insect Cell Medium
(Invitrogen; Carlsbad, Calif.). Recombinant bacmids were
purified from DH10Bac clones and transfected into Sf9 cells
using Cellfectin (Invitrogen; Carlsbad, Calif.) to generate
passage one (P1) Baculovirus stocks which were then titered
by traditional plaque assay according to the manufacturer’s
guidelines. Subsequent infections of Sf9 cells were per-
formed using P1 viral stocks at a multiplicity of infection
(MOI) of 0.1 to produce larger volume P2 viral stocks with
increased viral titers. Cultures expressing the following pro-
teins were scaled up for protein purification: ngSTF2.HA
(PR®)1-2mutHis (SEQ ID NO: 156); ngSTF2. HA(PRS8)1-1H
is (SEQ ID NO: 152; STF2.HA(PR8)1-1His (SEQ ID NO:
151); STF2.HA(PRS8)1-2His (SEQID NO: 153); STF2.HA1-
2mutHis (SEQ ID NO: 155); HA(PR8)1-1His (SEQ ID NO:
179) HA(VN)1-1His (SEQ ID NO: 180); HA(IND)1-1His
(SEQ ID NO: 181); HA(NC)1-1His (SEQ ID NO: 182).
Protein expression was performed by infecting 2x1 L flasks
of High-5 insect cells with P2 virus at an MOI of 2 and
culturing for 24 hrs at 28° C. with slow shaking Conditioned
medium was harvested by centrifugation and clarified by
passing through a 0.22 pm filter and stored at 4° C.

[0499] Protein Purification: NiSO, was added to each clari-
fied supernatant to a final concentration of' 0.5 mM and the pH
adjusted to 8.0. The His-tagged protein was then captured on
a chelating sepharose column (GE/Amersham Biosciences;
Piscataway, N.J.) charged with NiSO, and equilibrated in
Buffer A (20 mM Tris, pH 8.0, 0.5 M NaCl). After washing
with Buffer A the bound protein was eluted with Buffer B
(Buffer A+0.5 M imidazole). Peak fractions were pooled,
dialyzed overnight into Buffer A and applied to a nickel NTA

to 100% Buffer B. Peak fractions were pooled and dialyzed
into 1xTBS, pH 8.0.

[0500] SDS-PAGE and western blot analysis: Protein iden-
tity was determined, and purity estimated, by SDS-PAGE. An
aliquot of 5 pg of each sample was diluted in SDS-PAGE
sample buffer with or without 100 mM DTT as a reductant.
The samples were boiled for S minutes and loaded onto a 10%
SDS polyacrylamide gel (LifeGels; French’s Forrest, New
South Wales, AUS) and electrophoresed. The gel was stained
with Coomassie R-250 (Bio-Rad; Hercules, Calif.) to visual-
ize protein bands. For western blot, 0.5 pg/lane total protein
was electrophoresed as described above and the gels were
then electro-transfered to a PVDF membrane and blocked
with 5% (w/v) dry milk before probing with anti-flagellin
antibody (Inotek; Beverly, Mass.), anti-His, antibody (Invit-
rogen; Carlsbad, Calif.), or influenza A PR/8/34 convalescent
immune serum (described below under Protein Antigenicity
ELISA). After probing with alkaline phosophatase-conju-
gated secondary antibodies (Pierce; Rockford, Ill.), protein
bands were visualized with an alkaline phosphatase chro-
mogenic substrate (Promega; Madison, Wis.).

[0501] Protein assay: Total protein concentration was
determined using the Micro BCA (bicinchoninic acid) Assay
(Pierce; Rockford, I11.) in the microplate format, using bovine
serum albumin as a standard, according to the manufacturer’s
instructions.

[0502] Endotoxin assay: Endotoxin levels were determined
using the QCL-1000 Quantitative Chromogenic LAL test kit
(Cambrex; E. Rutherford, N.J.), following the manufacturer’s
instructions for the microplate method.

[0503] TLRS bioactivity assay: HEK293 cells constitu-
tively express TLRS, and secrete several soluble factors,
including IL.-8, in response to TLRS signaling. Cells were
seeded in 96-well microplates (50,000 cells/well), and the
following test proteins were added and incubated overnight:
ngSTF2.HA(PRS)1-2mutHis (SEQ ID NO: 156); ngSTF2.
HA(PR®)1-1His (SEQ ID NO: 152); STF2.HA(PR8)1-1His
(SEQ ID NO: 151); STF2.HA(PR8)1-2His (SEQ ID NO:
153); STF2.HA1-2(PR8)mutHis (SEQ ID NO: 155) The next
day, the conditioned medium was harvested, transferred to a
clean 96-well microplate, and frozen at —=20° C. After thaw-
ing, the conditioned medium was assayed for the presence of
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1L-8 in a sandwich ELISA using an anti-human I1.-8 matched
antibody pair (Pierce; Rockford, I11., #M801E and #M802B)
following the manufacturer’s instructions.

[0504] Protein antigenicity ELISA: The following con-
structs purified from Baculovirus culture were evaluated by
ELISA to determine whether the proteins displayed correctly
folded epitopes of HA: ngSTF2.HA(PR8)1-2mutHis (SEQ
ID NO: 156); ngSTF2.HA(PR8)1-1His (SEQ ID NO: 152);
STF2.HA(PR8)1-1His (SEQ ID NO: 151); STF2.HA(PRS)
1-2His (SEQ ID NO: 153); STF2.HA1-2mutHis (SEQ ID
NO: 155); and HA(PR8)1-1His (SEQ ID NO: 179). 96-well
ELISA plates were coated overnight at 4° C. with serial
dilutions in PBS (100 pl/well) of each target protein starting
at 5 pg/ml. Plates were blocked with 200 pl/well of Assay
Diluent Buffer (ADB; BD Pharmingen) for one hour at room
temperature, then washed three times in PBS-T. A fixed dose
of primary antibody was then added to each well. To assay
HA reactivity, 100 pl/well of a 1:10,000 dilution of non-
immune or PR/8/34 convalescent immune serum in ADB was
added. PR/8/34 immune serum was generated in BALB/c
mice (Jackson Laboratory, Bar Harbor, Me.) that received an
experimentally determined sublethal challenge dose of 8x10"
egg infectious dosages (EID) of PR/8/34 influenza virus.
Animals were then allowed to convalesce for >21 days post-
infection at which time immune serum was isolated and clari-
fied.

[0505] For ELISA offlagellin or the 6x histidine tag, mono-
clonal antibody against 6xHis (Invitrogen; Carlsbad, Calif.),
or flagellin (Inotek; Beverly, Mass.) was added at 1 ug/ml in
ADB (100 pl/well) and the plates were incubated for 1 hr at
room temperature or overnight at 4° C. The plates were then
washed three times with PBS-T. HRP-labeled goat anti-
mouse IgG antibodies (Jackson Immunochemical; West
Grove, Pa.) diluted in ADB were added (100 pl/well) and the
plates were incubated at room temperature for 1 hour. The
plates were washed three times with PBS-T. After adding
TMB Ultra substrate (Pierce; Rockford, I11.) and monitoring
color development, A , 5, was measured on a microplate spec-
trophotometer (FARCyte, GE/Amersham; Piscataway, N.J.).

Results and Discussion

[0506] Expression and purification of recombinant HA
proteins: The results of Baculovirus expression of recombi-
nant STF2.HA fusion proteins are summarized in Table 9. All
proteins were expressed in moderate to high yield. Purity
after metal chelate chromatography was generally good and
endotoxin levels were far below the acceptable limit of 0.1
EU/ug. All STF2 fusion proteins demonstrated potent in vitro
TLRS activity.

TABLE 9
TLR
SEQ activity
ID  Yield Purity Endotoxin (ECsg,
Protein NO: (mg) est. (%) (EU/ug) ng/ml)
STF2.HA1-1His(PR&) 151 12 >80 0.01 3
ngSTF2.HA1-1His(PRS) 152 24 >90 <0.01 30
STF2.HA1-2His(PR&) 153 132 >90 <0.01 9
STF2.HA1-2mutHis(PR8&) 155 25 >95 <0.01 900
ngSTF2.HAL- 156 6 >90 0.01 9

2mutHis(PR8)

[0507] STF2.HA proteins for Baculovirus expression were
engineered with and without N-linked glycosylation sites in
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order to determine the effect of this posttranslational modifi-
cation on protein expression, folding, and biological activity.
ngSTF2 HA1-2.mutHis(PR8) (SEQ ID NO: 156), which is
non-glycosylated, appears to be expressed at a lower level in
Baculovirus supernatants than the corresponding glycosy-
lated protein, suggesting that glycosylation may influence the
folding or secretion of this protein. However, the glycosylated
and non-glycosylated versions of this protein appear to react
equally with convalescent antiserum from influenza PRS-
infected mice when analyzed by western blot. Furthermore,
ngSTF2.HA1-1H is(PR8) (SEQ ID NO: 152) expressed at
higher levels than its glycosylated counterpart, indicating that
any effect of glycosylation on expression of these proteins
may not be easily generalized.

[0508] In addition to the proteins expressed and purified at
large scale, small-scale Baculovirus P1 supernatants of STF2.
HA1-3H is(PR8) (SEQ ID NO: 157) and STF2.HAI-
3mutHis(PR8) (SEQ ID NO: 158) were analyzed for HA
antibody reactivity. As seen with the STF2. HA1-3(PRS8) pro-
tein (SEQ ID NO: 92) expressed in E. coli (See Example #4),
these proteins showed very poor reactivity with PR8 conva-
lescent mouse serum on western blots of conditioned
medium. This result further confirms that STF2.HA1-3 pro-
teins, whether expressed in a prokaryotic or eukaryotic host,
are unable to fold properly and display native epitopes.
[0509] Antigenicity: Several STF2.HA proteins produced
in Baculovirus and E. coli were analyzed by ELISA. All STF2
fusion proteins reacted equally well with anti-flagellin anti-
body (Inotek; Beverly, Mass.), demonstrating equal protein
loading in the assay. Proper folding and display of antibody
epitopes in STF2.HA fusion proteins was then examined by
measuring reactivity of each protein with antisera from mice
which had recovered from PR/8/34 influenza infection. Reac-
tivity with PR/8/34 convalescent mouse serum was equiva-
lent for Baculovirus-expressed STF2.HA1-1H is(PR8) (SEQ
ID NO: 151), ngSTF2.HA1-1H is(PR8) (SEQ ID NO: 152),
and ngSTF2HA1-2mutHis(PR8) (SEQ ID NO: 156), and E.
coli-expressed STF2.HA1-2(PR8) (SEQ ID NO: 90) (see
Example #4). Thus, serum antibody recognition of the HA
head domain may be focused on a region encompassed by the
HA1-2 construct. Further, in vitro refolding of STF2.HA1-2
(SEQ ID NO: 90) produced in E. coli results in a protein with
equivalent immune reactivity (and therefore similar folded
conformation) to a protein processed and secreted from a
eukaryotic host (Baculovirus). In addition, serum antibody
recognition of the HA head domain may not appear to be
dependent on glycosylation and, atleast for PR/8/34 HA, may
not be negatively affected by glycosylation. HAs (hemaglu-
tinins) from different influenza strains have variable patterns
of N-linked glycosylation. (glycosylation may negatively
affect immune recognition of other HAs. Serum antibody
recognition of HA may be unaffected by N-glycosylation. It
is possible glycosylation may otherwise influence the effec-
tiveness, such as the half-life of a vaccine.

Example 9

Immunogenicity and Efficacy of Recombinant
Flagellin-Hemagglutinin Fusion Proteins Produced
in Baculovirus

Material and Methods

[0510] Animal studies: Female BALB/c mice (Jackson
Laboratory, bar Harbor, Me.) were used at the age of 6-8
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weeks. Mice were divided into groups of 10 and received
inguinal subcutaneous immunizations on days 0 and 14 as
follows:

1) PBS (phosphate buffered saline).

2)3 ug of STF2.HA1-2(PR8) E. coli (SEQIDNO: 90)in PBS

3)3 ug of STF2.HA1-1(PR8) Baculovirus (SEQ ID NO: 151)
in PBS

[0511] 4) 3 nug of ngSTF2.HA1-1(PR8) Baculovirus (SEQ
ID NO: 152) in PBS

5)0.3 pg of ngSTF2.HA1-1(PR8) Baculovirus (SEQ ID NO:
152) in PBS

6)3 ng of STF2.HA1-1(PR8) E. coli (SEQID NO: 89)in PBS
7) 0.3 pug of STF2.HA1-1(PR8) E. coli (SEQ ID NO: 89) in
PBS

[0512] Micewerebled ondays 10 (primary) and 21 (boost),
and sera were clarified by clotting and centrifugation and
stored at -20° C. Immunized animals were challenged on day
28 with an LD, (8x10° EID) of PR/8/34 virus administered
intranasally (See Example 6). Mice were monitored daily for
21 days following the challenge for survival, weight loss and
clinical presentation.

[0513] Serum antibody determination: HA-specific IgG
levels were determined by ELISA. 96-well ELISA plates
(Costar (Cat#9018), Corning, N.Y.) were coated overnight at
4° C. with 100 pl/well HAOsHis protein produced in Droso-
phila (SEQ ID NO 176) in PBS (5 pg/ml). Plates were
blocked with 200 pl/well of Assay Diluent Butfer (ADB; BD
Pharmingen (Cat# 555213), San Diego, Calif.) for one hour at
room temperature. The plates were washed three times in
PBS containing 0.05% Tween-20 (PBS-T). Dilutions of the
sera in ADB were added (100 pl/well) and the plates were
incubated overnight at 4° C. The plates were washed three
times with PBS-T. HRP-labeled goat anti-mouse IgG anti-
bodies (Jackson Immunochemical (Cat# 115-035-146))
diluted in ADB were added (100 pl/well) and the plates were
incubated at room temperature for 1 hour. The plates were
washed three times with PBS-T. After adding TMB Ultra
substrate (Pierce (Cat# 34028), Rockford, Pa.) and monitor-
ing color development, A , 5, was measured on a Tecan Farcyte
(Durham, N.C.) microplate spectrophotometer.

Results and Discussion

[0514] Immunogenicity and efficacy of STF2.HA1-1(PRS)
expressed in E. coli and Baculovirus: BALB/c mice were
immunized s.c. with 3.0 or 0.3 pg of indicated recombinant
fusion proteins on days 0 and 14. On day 21 mice were bled
and HA-specific IgG titers were examined by ELISA against
HAOsHis (SEQ ID NO 176) expressed in Drosophila. FIGS.
12A, 12B shows the proteins induced varying levels of HA-
specific IgG with ngSTF2.HA1-1(PR8) (SEQ ID NO: 152)
inducing the strongest response similar to that observed in
animals immunized with STF2.HA1-2(PR8) expressed in F.
coli (SEQ ID NO: 90). Interestingly, animals immunized with
STF2.HA1-1(PR8) containing the intact glycosylation
sequences expressed in Baculovirus (SEQ ID NO: 151) elic-
ited little to no detectable antibody responses to HA or flagel-
lin, in marked contrast to that observed in animals similarly
immunized with STF2.HA1-1(PR8) where the consensus
glycosylation sequences had been removed (SEQ ID NO:
152).

[0515] The immunized mice were challenged on day 28
with an LDy, (8x10® EID) of PR/8/34 virus administered
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intranasally. Mice were monitored daily for 21 days follow-
ing the challenge for survival, weight loss and clinical pre-
sentation. As shown in FIGS. 13A, 13B, 13C, PBS-immu-
nized mice showed signs of infection (weight loss and lower
clinical scores) as early as three days after challenge and died
by day 21, while mice immunized with 3.0 ng of recombinant
STF2.HA1-2(PR8) (SEQ ID NO: 90) fusion protein demon-
strated enhanced protection with little to no observable clini-
cal signs of infection or weight loss. Although animals immu-
nized with STF2.HA1-1 fusion proteins demonstrated
significantly higher efficacy than animals immunized with
PBS alone, these animals demonstrated lower efficacy in
terms of survival, clinical scores and overall weight loss,
compared to animals receiving STF2.HA1-2(PR8) (SEQ ID
NO: 90). These results demonstrate that HA subunits linked
to STF2 in Baculovirus are immunogenic and efficacious, and
suggest that STF2.HA1-1 (SEQ ID NO: 89) expressed in E.
coli or Baculovirus is less immunogenic and efficacious than
STF2.HA1-2 expressed in E. coli (SEQ ID NO: 90) or Bacu-
lovirus.

Example 10

Purification of STF2.HA1-2 (IND) (SEQ ID NO:
159)

Materials and Methods

[0516] Cell banking: E coli cells engineered to express
STF2.HA1-2(IND) (SEQ ID NO: 159) were adapted to cul-
ture in proprietary MRSF media, banked as glycerol stocks in
1 mL aliquots, and stored at —=70° C.

MRSF media, pH 7.0

Composition g/L
Glucose 10
KH,PO, 7.8
(NH,),S04 2.33
Citric Acid 1.0
MgSO,4(7H,0) 1.0
CaCl, 0.04
Trace Metals 1 ml
Thiamine HCI 0.01
Kanamycin 0.0075

Trace Metal Solution 1000x

[0517]
Component g/L
EDTA, disodium 5
FeSO,(7H,0) 10
ZnSO,(7H,0) 2
MnSO,(H,0) 2
CoCly(6H,0) 0.2
CuSO,4(5H,0) 0.1
Na,Mo0,(21,0) 0.2
H,BO, 0.1
1,0 1000 ml

[0518] Cell scale-up: Two vials (2 ml, banked in MRSF

media) of E. coli cells engineered to express STF2.HA1-2
(IND) (SEQ ID NO: 159) were retrieved from -70° C. and
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inoculated into 500 ml of MRSF medium. The cells were
expanded by incubation at 37° C. for 11.5 hours, at which
time the OD,, was 3.2. The cell scale up provided biomass to
inoculate the production bioreactor used in the fermentation.

[0519] Fermentation: A 250 mL aliquot of scaled up cells
was used to inoculate a 12 L working volume bioreactor
containing 10 L of proprietary MRBR media. The culture was
incubated with constant stirring while maintaining pH at
7.0£0.1, temperature at 30+0.1° C., and dissolved oxygen
(DO0) at no less than 30%, and was run in batch mode until the
glucose was exhausted. Glucose exhaustion is indicated by a
sudden decrease in O, demand, and confirmed by measure-
ment of glucose concentration on a YSI 2700 Select glucose
meter. The ODyg, for the culture at this time was 20.1 AU.

[0520] Thirty minutes after glucose exhaustion, proprietary
feed media was pumped into the bioreactor at a controlled rate
until 2 L of feed was added. The incubation continued for 5.5
hours under glucose-limiting conditions. At an ODy,, of 34
AU, protein expression in the culture was induced by the
addition of IPTG to a final concentration of 2 mM and incu-
bation with constant stirring for 2 hours. At the conclusion of
the induction period, cells were harvested by centrifugation in
an Avanti JP-20 XP centrifuge for 20 minutes at 10,000 g. The
final ODy, for the culture was 58 AU and the total protein
concentration as determined by BCA was 6.73 mg/mL. 1.16
kg of cell paste was recovered from 10.8 L harvest and frozen
at —=20° C. The total bioreactor run time was 17 hours. STF2.
HA1-2 (IND) (SEQ ID NO: 159) production was confirmed
by SDS PAGE.

MRBR Media, pH 7.0
[0521]

Composition g/L
Glucose 20
KH,PO, 2.2
(NH,),S0, 4.5
Citric Acid 1.0
MgSO,4(7H,0) 1.0
CaCl, 0.04
Trace Metals 1ml
Thiamine HCI 0.01
Antifoam 0.05
Kanamycin 0.0075

Feed Media, pH 6.0—Additions to MRBR Media (2 L. Final
Volume)

[0522]
Composition g/L
Glucose 160
KH,PO, 5.6
DL-Alanine 50.0
Citric Acid 3.0
MgSO,4(7H,0) 1.0 (added as 78 g/L solution)
CaCl, 2.5 (added as 80 g/L solution)
Trace Metals 24 ml
FeSO, 7H,0 0.75
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[0523] Cell disruption and clarification: The cell paste was
thawed and resuspended into a 15% suspension of 50 mM
Tris, 25 mM NaCl, pH 8. The slurry was homogenized in an
APV1000 homogenizer three times at 12,000 psi. The lysate
was adjusted to pH 4.0 by the addition of acetic acid and
centrifuged to separate soluble from insoluble material.
STF2.HA1-2 (IND) (SEQ ID NO: 159) along with most other
proteins partition to the insoluble fraction. The soluble mate-
rial was discarded and the insoluble material (pellet) was
dissolved in two times the initial lysate volume of 50 mM
acetate, 1% TritonX-100, 8 M Urea, pH 4. After mixing in the
homogenizer at 0 psi, the sample was centrifuged and the
supernatant was collected, filtered, and stored at 4° C. The
presence of STF2.HA1-2 (IND) (SEQ ID NO: 159) in the
proper phases (precipitate or supernatant) was confirmed by
SDS PAGE.

[0524] Cation exchange chromatography (CEX): The clari-
fied material was applied to a 50 ml Poros SOHS column. This
step was designed to reduce the endotoxin concentration,
reduce the nucleic acid concentration and increase the STF2.
HA1-2 (IND) (SEQ ID NO: 159) purity of the eluate as
compare to the load. After loading, the column was washed
with five column volumes of 50 mM acetate, 1% Triton
X-100, 8 M Urea, pH 4 followed by 10 column volumes of 50
mM acetate, 8 M Urea, pH 4. The protein was eluted in a
0-100% gradient to 1 M NaCl. The target protein eluted at
approximately 300 mM NaCl. The major peak (eluate) was
pooled and stored at 4° C. The presence of STF2.HA1-2
(IND) (SEQ ID NO: 159) in the elution was confirmed by
SDS PAGE. STF2.HA1-2 (IND) (SEQ ID NO: 159) purifi-
cation across this step was determined by comparing the
number and intensity of protein bands in the load material to
those in the elution.

[0525] Endotoxin removal in cation exchange chromatog-
raphy (CEX): Endotoxin is removed from eluting STF2.
HA1-2 (IND) (SEQ ID NO: 159) with the 50 mM acetate, 1%
Triton X-100, 8 M Urea, pH 4 wash and with proper elution
conditions. This was tested using STF2.HA1-2 (VN) (SEQ
ID NO: 95) Comparing two separate cation exchange runs
(Toso SP650M resin) with and without the 50 mM acetate,
1% Triton X-100, 8 M Urea, pH 4 wash (ER wash vs. no ER
wash), the endotoxin concentration in the ER wash elution at
150 mM NacCl shows significantly less endotoxin concentra-
tion that the 250 mm NaCl elution from the same run, or in
either of the elutions without the 50 mM acetate, 1% Triton
X-100, 8 M Urea, pH 4 wash.

[protein]

Elution [Endotoxin]  [Endotoxin] by uv
Run (mM NaCl) (EU/mL) (EU/mg) BCA (g/L) 280/260
Load N/A 44 x 106 1.8x 10° 2.39 —
No ER 100 7.9 x 106 4.2x10° 1.44 1.05
wash 250 8.0 x 10° 4.1x10° 1.12 276
ER 150 5,112 2,888 1.77 0.982
Wash 250 24,440 N/A N/A 0.545

[0526] Refolding: The CEX eluate was dialyzed against 50
mM Tris, 8 M Urea, pH 8 buffer, and refolded by rapid
dilution into 10 volumes of 50 mM Tris, pH 8.

[0527] Anion Exchange Chromatography (AEX): The
refolded protein was applied to a 25 ml GE Source Q column.
This step is designed to separate properly folded STF2.
HA1-2 (IND) (SEQ ID NO: 159) from aggregates and host
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cell proteins and to reduce the endotoxin concentration of the
eluate as compared to the load. After loading, the column was
washed with five column volumes of 50 mM Tris, 25 mM
NaCl, pH 8. The protein was eluted in a 0-100% gradient to 1
M NaCl. A peak enriched for properly folded STF2.HA1-2
(IND) (SEQ ID NO: 159) with low endotoxin (1.7 EU/mL)
eluted at approximately 150 mM NaCl. A second peak eluting
at approximately 170 to 270 mM NaCl contains other pro-
teins including STF2.HA1-2 (IND) (SEQID NO: 159) aggre-
gates. Fractions in first peak were pooled at stored at 4° C.
Fractions from the first peak were kept for further processing.
Thepresence of STF2.HA1-2 (IND) (SEQ ID NO: 159) in the
first and second elutions was confirmed by SDS PAGE. STF2.
HA1-2 (IND) (SEQ ID NO: 159) purification across this step
was determined by comparing the number and intensity of
protein bands in the load material to those in the elution.
[0528] Preparative size exclusion chromatography (SEC):
The AEX eluate was run on a 320 ml SEC column in 2x5 mL
fractions against TBS. This step is designed to separate cor-
rectly folded STF2.HA1-2 (IND) (SEQ ID NO: 159) from
other proteins. Each run resulted in elution of a single major
peak which was collected, pooled, and filtered through a 0.22
um filter. The product was stored at —=70° C.

[0529] The presence of STF2.HA1-2 (IND) (SEQ ID NO:
159) in the elution was confirmed by SDS PAGE. STF2.
HA1-2 (IND) (SEQ ID NO: 159) purification across this step
was determined by comparing the number and intensity of
protein bands in the load material to those in the elution. The
final material profile on SDS PAGE is a strong single band.

Results and Discussion

[0530] Final characterization of protein: Recombinant
STF2.HA1-2(IND) (SEQ ID NO: 159) protein was expressed
in E. coli and purified to homogeneity. The final product was
formulated in 1xTBS (27.7 mM Tris, 2.7 mM KCl, 137 mM
NaCl, pH 7.4; made from 10x stock, Teknova catalog
#19530) and stored at —70° C. in aliquots of 1.0 ml. The final
yield was 15.75 ml (45 ml at a concentration of 0.35 mg/ml),
with an endotoxin level of 1.1 EU/mg protein as determined
by the LAL method. The protein retained TLRS biological
activity as measured in a cell-based assay of cytokine release
[0531] SDS-PAGE: Protein identity was determined, and
purity estimated, by SDS-PAGE. An aliquot sample was
diluted in SDS-PAGE sample buffer and diluent. The samples
were boiled for 5 minutes and loaded onto a 4 to 12% SDS
polyacrylamide gel (Invitrogen NuPage) and electrophore-
sed. The gel was stained with Coomassie R-250 to visualize
protein bands. Positive results for STF2.HA1-2 (IND) (SEQ
ID NO: 159) were indicated by a band at about 75 kDa as
compared to BioRad precision plus standards run on the same
gel. Purity is estimated by visually comparing the intensity of
the STF2.HA1-2 (IND) (SEQ ID NO: 159) band to all other
bands.

[0532] TLRS bioactivity assay: HEK293 cells constitu-
tively express TLRS, and secrete several soluble factors,
including IL.-8, in response to TLRS signaling. Cells were
seeded in 96-well microplates (50,000 cells/well), and test
proteins were added and incubated overnight. The next day,
the conditioned medium was harvested, transferred to a clean
96-well microplate, and frozen at -20° C. After thawing, the
conditioned medium was assayed for the presence of IL.-8 in
a sandwich ELISA using an anti-human IL.-8 matched anti-
body pair (Pierce, #M801E and #M802B) following the
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manufacturer’s instructions. Optical density was measured
using a microplate spectrophotometer (FARCyte, Amer-
sham).

[0533] Endotoxin assay: Endotoxin levels were determined
using the QCL-1000 Quantitative Chromogenic LAL test kit
(Cambrex), following the manufacturer’s instructions for the
microplate method.

[0534] Protein assay: Total protein concentration was
determined using the Micro BCA (bicinchoninic acid) Assay
(Pierce) in the microplate format, using bovine serum albu-
min as a standard, according to the manufacturer’s instruc-
tions.

[0535] UV280/260 assay: This assay is a measure of the
nucleic acid concentration in a sample as compared to the
protein concentration. The absorbance maximum occurs at
approximately 260 nm for nucleic acids, while the absor-
bance maximum occurs for proteins at approximately 280
nm. A higher ratio between the absorbance at 280 nm versus
the absorbance at 260 nm indicates a sample enriched in
protein over nucleic acids.

Example 11

Cloning, Expression, and Biochemical Characteriza-
tion of Recombinant Flagellin-Hemagglutinin Fusion
Proteins Produced in Drosophila

Materials and Methods

[0536] Cloning and expression of HA in Drosophila: RNA
was isolated from the influenza A strain A/Puerto Rico/8/34
using QlAamp MinElute Virus Spin Kit (Qiagen, Cat#57704)
following the manufacturer’s instructions. The HA RNA was
reverse transcribed using SuperScript 111 First Strand Synthe-
sis System for RT-PCR (Invitrogen; Cat #18080-051) or
SuperScript 111 One-Step RT-PCR System with Platinum-Taq
High Fidelity (Invitrogen; Cat# 12574-030) following the
manufacturer’s instructions, and the cDNA was cloned using
the TOPO cloning vector PCRII Zero Blunt (Invitrogen). The
HAOs fragment (HA gene without the signal sequence and
trans-membrane domain) was then sub-cloned into pMT/
STF2A at both the C-terminus and NH2 terminus of the
cassette using PCR-based strategy to generate the constructs
STF2A.HAOs (PR8) (SEQ ID NO: 160) and HAOs (PRS).
STF2A (SEQ ID NO: 167) respectively. The HA gene was
also cloned into the pMT/Bip/V5-his vector without STF2A
to generate the construct HAOs.his (SEQ ID NO: 170). Table
10 list the constructs and the primers used in their construc-
tion.

TABLE 10

PRS8 HA constructs for expression in Drosophila

DNA
SEQI FOR Primer REV Primer  Template

NO: Construct SEQ ID NO: SEQIDNO: SEQID NO:
160 STF2A . HAOsHis 161 162 163
164 STF2A.HAOs 165 166 163
167 HAOs.STEF2A 168 169 163
170 HAOsHis 171 172 163
173 HAOs 174 175 163

[0537] Recombinant protein expression from Drosophila

Dmel-2 cells: The HAOs.His (SEQ ID NO: 170) and STF2A.
HAOs (SEQ ID NO: 164) plasmids were co-transfected with
the pCoBlast plasmid into Drosophila Dmel-2 cells to gen-
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erate Dmel-2 HAOsHis(PR8) and Dmel-2 STF2A.HAOs
(PR8) stable cells. Dmel-2 stable cells were expanded from
adherent to shaker cultures in selection media [Drosophila
Sfm medium (Invitrogen; Carlsbad, Calif.)+25 ng/ml blasti-
cidin] and then expanded to a 12 L. production scale.

[0538] Recombinant protein expression was induced by the
addition of CuSO, to a final concentration of 0.5 mM. After
incubation for 72 hours cells were removed from the condi-
tioned medium by centrifugation. The conditioned medium
was then clarified by passing through a 0.22 um filter and
stored at 4° C.

[0539] Purification of HAOsHis(PR8) (SEQ ID NO: 176):
Conditioned medium was applied to a Chelating Sepharose
column (GE/Amersham Biosciences; Piscataway, N.J.)
charged with NiSO, and equilibrated in Buffer A [20 mM
Tris, pH 8.0, 0.5 M NaCl] and eluted in a linear gradient with
Buffer B [Buffer A+0.5 M imidazole]. The protein was fur-
ther purified by fractionation on a Superdex 200 SEC column
(GE/Amersham Biosciences; Piscataway, N.J.) equilibrated
in 1x Tris-buffered saline (TBS), pH 8.0. HAOs.His4(PRS8)
fractions were pooled, aliquoted and stored at —80° C.
[0540] SDS-PAGE and western blot analysis: Protein iden-
tity was determined, and purity estimated, by SDS-PAGE. An
aliquot of 5 pg of each sample was diluted in SDS-PAGE
sample buffer with or without 100 mM DTT as a reductant.
The samples were boiled for 5 minutes and loaded onto a 10%
SDS polyacrylamide gel (LifeGels; French’s Forrest, New
South Wales, AUS) and electrophoresed. The gel was stained
with Coomassie R-250 (Bio-Rad; Hercules, Calif.) to visual-
ize protein bands. For western blot, 0.5 pg/lane total protein
was electrophoresed as described above and the gels were
then electro-transfered to a PVDF membrane and blocked
with 5% (w/v) dry milk before probing with anti-flagellin
antibody (Inotek; Beverly, Mass.), anti-Hisg.antibody (Invit-
rogen; Carlsbad, Calif.) or influenza A PR/8/34 convalescent
immune serum (described below under Protein Antigenicity
ELISA). After probing with alkaline phosophatase-conju-
gated secondary antibodies (Pierce; Rockford, Il1.), protein
bands were visualized with an alkaline phosphatase chro-
mogenic substrate (Promega; Madison, Wis.).

[0541] Protein assay: Total protein concentration was
determined using the Micro BCA (bicinchoninic acid) Assay
(Pierce; Rockford, I11.) in the microplate format, using bovine
serum albumin as a standard, according to the manufacturer’s
instructions.

[0542] Endotoxin assay: Endotoxin levels were determined
using the QCL-1000 Quantitative Chromogenic LAL test kit
(Cambrex; E. Rutherford, N.J.), following the manufacturer’s
instructions for the microplate method.

[0543] TLRS bioactivity assay: HEK293 cells constitu-
tively express TLRS, and secrete several soluble factors,
including IL.-8, in response to TLRS signaling. Cells were
seeded in 96-well microplates (50,000 cells/well), and
recombinant drosophila conditioned medium containing
either HAOsHis(PR8) (SEQ ID NO: 176) or STF2A.HAOs
(PR8) (SEQ ID NO: 177) was added. The next day, the con-
ditioned medium was harvested, transferred to a clean
96-well microplate, and frozen at -20° C. After thawing, the
conditioned medium was assayed for the presence of IL.-8 in
a sandwich ELISA using an anti-human IL.-8 matched anti-
body pair (Pierce; Rockford, Ill., #M801E and #M802B)
following the manufacturer’s instructions. Optical density
was measured using a microplate spectrophotometer (FAR-
Cyte, GE/Amersham; Piscataway, N.I.).
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[0544] Protein antigenicity ELISA: Purified HAOs.Hisg
(PR8) (SEQ ID NO: 176) was tested by ELISA to determine
if the recombinant protein displayed correctly folded epitopes
of HA. 96-well ELISA plates were coated overnight at 4° C.
with serial dilutions in PBS (100 ul/well) of HAOs.His4(PR8)
(SEQ ID NO: 176) protein starting at 5 pg/ml. Plates were
blocked with 200 pl/well of Assay Diluent Butfer (ADB; BD
Pharmingen) for one hour at room temperature, then washed
three times in PBS-T. A fixed dose of primary antibody was
then added to each well. To assay HA reactivity, 100 pl/well
of a 1:10,000 dilution of non-immune or PR/8/34 convales-
cent immune serum in ADB was added. PR/8/34 immune
serum was generated in BALB/c mice (Jackson Laboratory,
Bar Harbor, Me.) that received an experimentally determined
sublethal challenge dose of 8x10" egg infectious dosages
(EID) of PR/8/34 influenza virus.

[0545] Animals were then allowed to convalesce for >21
days post-infection at which time immune serum was isolated
and clarified. For ELISA of the 6x histidine tag, monoclonal
antibody against 6x His (Invitrogen; Carlsbad, Calif.), or
flagellin (Inotek; Beverly, Mass.) was added at 1 pg/ml in
ADB (100 pl/well) and the plates were incubated for 1 hr at
room temperature or overnight at 4° C. The plates were then
washed three times with PBS-T. HRP-labeled goat anti-
mouse IgG antibodies (Jackson Immunochemical; West
Grove, Pa.) diluted in ADB were added (100 pl/well) and the
plates were incubated at room temperature for 1 hour. The
plates were washed three times with PBS-T. After adding
TMB Ultra substrate (Pierce; Rockford, I11.) and monitoring
color development, A ,5, was measured on a microplate spec-
trophotometer (FARCyte, GE/Amersham; Piscataway, N.J.).

Results and Discussion

[0546] Characterization of Drosphila-expressed HAOs pro-
teins: Western blot analysis of conditioned media with anti-
His, antibody (Invitrogen; Carlsbad, Calif) confirmed
expression of HAOsHis(PR8) (SEQ ID NO: 176) and western
blot with anti-flagellin antibody (Inotek; Beverly, Mass.) con-
firmed expression of STF2A.HAOs(PR8) (SEQ ID NO: 177)
by Drosophila Dmel-2 cells transfected with the correspond-
ing expression plasmid. Both proteins were recognized by
western blot in non-reduced form with mouse PR/8/34 con-
valescent immune serum while reduction of the proteins with
DTT abrogated recognition. This result indicates correct dis-
ulfide bonding of the two secreted proteins. The STF2A.HAOs
(PR8) (SEQ ID NO: 177) conditioned medium showed sig-
nificant in vitro TLRS activity while the HAOsHisz(PR8)
(SEQ ID NO: 176) medium did not, as expected. Finally,
purified HAOsHis (PR8) (SEQ ID NO: 176) protein showed
significant reactivity with influenza A PR8/34 convalescent
immune serum by ELISA. These results indicate that both
HAOs proteins are secreted from Drosophila Dmel-2 cells in
a properly folded form.

Example 12

Immunogenicity and Efficacy of Recombinant
Flagellin-Hemagglutinin Fusion Proteins Represent-
ing Viral Strain A/Viet Nam/1203/04

Materials and Methods

[0547] Animal studies: Female BALB/c mice were used at
the age of 6-8 weeks. Mice were divided into groups of 15 and
received subcutaneous (s.c) immunizations on days 0 and 14
as follows:
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[0548] TBS (phosphate buffered saline)

[0549] No immunization

[0550] 10 pg of STF2.HA1-2(VN) (SEQ ID NO: 95) in
TBS

[0551] 3.0 pgof STF2.HA1-2(VN) (SEQ ID NO: 95) in
PBS

[0552] 1 pg of STF2.HAI-2(VN) (SEQ ID NO: 95) in
TBS

[0553] Mice were bled on day 21 and sera were clarified by

clotting and centrifugation and stored at -20° C.

[0554] Serum antibody determination: HA-specific I1gG
levels were determined by ELISA. 96-well ELISA plates
(Costar (Cat #9018) Corning, N.Y.) were coated overnight at
4° C. with 100 pl/well recombinant HA protein from A/Viet-
nam/1203/04, produced in Baculovirus, (BEIR catalog num-
ber NR-660) in PBS (1 pg/ml). Plates were blocked with 300
ul/well of Assay Diluent Buffer (ADB; BD Pharmingen,
(Cat#: 555213)(San Diego, Calif.) for two hours at 25° C. The
plates were washed three times in PBS+0.05% (v/v) Tween
20 (PBS-T). Dilutions of the sera in ADB were added (100
pl/well) and the plates were incubated for 1.5 hours at 25° C.
The plates were washed three times with PBS-T. HRP-la-
beled goat anti-mouse IgG antibodies (Jackson Immu-
nochemical, West Grove, Pa. (Cat#: 115-035-146)) diluted in
ADB were added (100 pl/well) and the plates were incubated
at 25° C. for 30 minutes. The plates were washed three times
with PBS-T. After adding TMB Ultra substrate (Pierce (Cat
34028), Rockford, Il1.)) and monitoring color development,
A,s, was measured on a SpectraMax 190 (Molecular
Devices, Sunnyvale, Calif.) microplate spectrophotometer.
[0555] Influenza virus challenge of mice: To assess effi-
cacy, mice were challenged on day 28 by intranasal adminis-
tration of 10 LDy, (10x dose lethal to 90% of mice) (6x10°
EID) of influenza A/Viet Nam/1203/04. Animals were moni-
tored daily for 21 days following the challenge for survival
and clinical presentation.

[0556] Preparation of Influenza H5N1 Stocks: Influenza
A/Vietnam/1203/04 (HS5N1) was obtained from the Centers
for Disease Control and Prevention (Atlanta, Ga.). Stocks of
the virus were prepared in 10-day-old embryonated chicken
eggs, and aliquots of 0.5 ml were stored at —80° C. until use.
[0557] Determination of Viral Titers: TCIDs,, (50% tissue
culture infectious dose) was determined utilizing MDCK
cells seeded into the wells of 96-well plate and grown to
confluency. A series of log, , dilutions of the virus was inocu-
lated onto the plate in quadruplicates. The plate was then
incubated for 48-72 hours. The TCID,, was determined by
identifying the dilution at which quadruplicate wells were %5
positive and %2 negative for viral growth. The EID;, was
determined by inoculating log, , dilutions of the stock into 2-4
eggs per dilution. Eggs were incubated for 40-48 hours, and 1
ml of the allantoic fluid was harvested from each egg. EID;,,
was calculated as the dilution at which ¥ of the eggs were
negative and V2 of the eggs were positive for infectious virus.

Results and Discussion

[0558] Induction of HA-specific IgG response following
immunization with STF2. HA1-2(VN) (SEQ ID NO: 95): The
immunogenicity of STF2.HA1-2(VN) (SEQ ID NO: 95) was
examined by immunizing BALB/c mice (15/group) subcuta-
neously on day 0 and 14 with a dose range of 10, 3, and 1 pg
protein. Negative control groups of mice were immunized
with TBS or not immunized. HA-specific IgG responses were
examined 7 days post boost (Day 21) by ELISA. The results
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demonstrate that immunization with 10, 3 or 1 pg of STF2.
HA1-2(VN) (SEQ ID NO: 95) induced consistent and sig-
nificant HA-specific IgG responses in a dose-dependent man-
ner (FIGS. 14-16).

[0559] Immunization with STF2.HA1-2(VN) (SEQ ID
NO: 95) provides protection from a lethal challenge with
influenza A: The serological analysis described above dem-
onstrated that immunization of mice with STF2.HA1-2(VN)
(SEQ ID NO: 95) generated an antibody response that recog-
nized native HA. In order to evaluate efficacy, the same mice
were challenged on day 28 with 10 LD, (6x10°EID) of
A/Viet Nam/1203/04 virus administered intra-nasally. Mice
were monitored daily for 21 days following the challenge for
survival and clinical presentation. As shown in FIG. 17, TBS-
immunized or naive mice showed signs of infection (weight
loss and lower clinical scores) as early as five days post-
challenge and all mice died by day nine post-challenge. For
the mice immunized with STF2.HA1-2(VN), there is a clear
relationship between the dose received and efficacy. Mice
immunized with 10 pg of STF2.HA1-2(VN) (SEQ ID NO:
95) demonstrated markedly enhanced protection. Mice
immunized with 3 or 1 ug of STF2. HA1-2(VN) (SEQ ID NO:
95) demonstrated a modest to a negligible impact on efficacy,
respectively. Clinical parameters were similarly related to
dose and animals receiving the highest dose of STF2.HA1-2
(VN) (SEQID NO: 95) exhibited the mildest signs of disease.
These results demonstrate that E. coli-expressed STF2.HA1-
2(VN) (SEQ ID NO: 95) induces HA-specific immune
responses that successfully protect BALB/c mice from a
lethal challenge with virulent influenza A virus in vivo.

Example 13

Flagellin Proteins with Engineered Cysteine Resi-
dues

For Chemical Conjugation

[0560] The crystal structure for the bacterial flagellin S.
typhimurium flagellin type 2 (STF2, SEQ ID NO: 312) has
been reported (Yonekura, K., et al., Nature 424:643-650
(2003)). Complete atomic model of the bacterial flagellar
filament by electron cryomicroscopy has been reported, and
the most detailed structure-function study of the TLRS acti-
vation was based on this structure (Smith, K. D., etal., Nature
Immunology 4:1247-1253 (2003)). Toll-like Receptor 5
(TLRS) recognizes a conserved site on flagellin required for
protofilament formation and bacterial motility (Nature Immu-
nology 4(12):1247-1253). Mutational analysis demonstrated
that the TLRS activity of flagellin resides in two regions in the
N- and C-terminal domains, stretches of 39 and 31 amino
acids, respectively (Smith, et al.). These regions are high-
lighted in grey in FIG. 18. Alanine-scanning mutagenesis of
these regions identified a number of mutations which reduced
TLRS activation, but no single mutation completely abro-
gated activity, suggesting that there is a degree of flexibility or
redundancy in the TLRS binding site. This makes sense from
an evolutionary perspective, otherwise the bacteria could eas-
ily evolve to evade detection by TLRS. Deletion of the hyper-
variable hinge region and retention of the conserved N- and
C-terminal domains results in a protein (STF2A) that retains
full TLRS activity, demonstrating that the N- and C-terminal
domains (together) are necessary and sufficient for TLRS
activation.

[0561] Lysineresidues are convenient substrates for chemi-
cal conjugation of diverse chemical structures to a protein
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carrier such as flagellin. Of the 30 lysine residues in STF2
(SEQ ID NO: 312), only one lies within the experimentally-
defined TLRS activation site, and this particular lysine is not
conserved among all bacterial flagellins (Smith, et al., Nature
Immunology 4:1247-1253 (2003)). Of the remaining 29
lysines, 24 are located in the hypervariable hinge region of
flagellin, thus leaving only 5 lysine residues in STF2A (SEQ
ID NO: 313). The structure in FIGS. 19 and 20 shows that
most lysines are spatially distal to the TLRS activation
domain, thus it would seem that lysines could be randomly
conjugated with peptide or carbohydrate antigens with a rea-
sonable probability of not interfering with the TLRS activity
of the resulting conjugated STF2A (SEQ ID NO: 313) pro-
tein. Five lysines appear to border the TLRS activation site
quite closely; these residues would be the first to consider
mutating if antigen conjugation to lysine affects TLRS activ-
ity.

[0562] Possible additional sites for conjugation (such as
cysteines or additional lysines) may be engineered into full-
length flagellin (STF2 (SEQID NO: 312))or STF2A (SEQID
NO:313) by placing such residues in the hypervariable region
or in the tail of the conserved N- and C-terminal domains
distal to the TLRS binding site. Chemical methods for con-
jugation to other amino acids also exist. These include car-
boxy amino acids (glutamic acid, aspartic acid) and the car-
boxyl terminal amino acid, arginine, histidine, tryptophan,
tyrosine, and serine. Any of these strategies may be utilized to
conjugate antigenic structures to flagellin without intefering
with the TLRS activation site.

[0563] Some types of antigens including polysaccharides
are not amenable to recombinant fusion DNA technology nor
to synthetic peptide chemistry, and thus cannot be genetically
or synthetically linked to a ligand for a Toll-like Receptor
(TLR). In addition, it is possible that genetic or synthetic
fusion of a peptide to a TLR ligand may inhibit the proper
folding of the TLR ligand. Chemical conjugation of the anti-
gen to the TLR ligand, which is folded and purified, may be
useful. The chemical conjugation of peptide antigens also
permits the placement of antigen at specific sites on the TLR
ligand, thus limiting interference with receptor binding of the
TLR ligand or maximizing exposure to antigen receptors. The
conjugation of many peptide antigens to a TLR ligand may
also maximize immunogenicity by increasing the conforma-
tional heterogeneity with which antigen is presented to the
immune system. To provide a site for chemical conjugation of
such antigens to flagellin, a cysteine residue was engineered
at different sites in the gene encoding STF2A (flagellin with
the hypervariable hinge region deleted; SEQ ID NO: 313 and
SEQID NO: 314).

Materials and Methods

[0564] Polymerase chain reaction (PCR): Platinum® PCR
SuperMix High Fidelity kit (catalog number 12532-016,
Invitrogen Corporation, Carlsbad, Calif.) was used for all
PCR amplifications using the following protocol based on the
manufacturer’s instructions.
[0565] 1. The following components were added in any
order to each reaction tube:
[0566] a.45 pl Platinum® PCR SuperMix High Fidel-
ity (PCR reaction buffer)
[0567] b. Primer solution (10 pMol final concentration
of each primer)
[0568] c. Template DNA solution (10 ng plasmid
DNA)

May 19, 2011

[0569]
water

[0570]
cycler

[0571] 4. Tubes were incubated at 94° C. for 30 to 120
seconds to completely denature the template and acti-
vate the enzyme

[0572] 5. The following PCR amplification was per-
formed for 25-35 cycles:

2. Reaction volume was made up to 50 pl with

3. Tubes were capped and loaded in thermal

[0573] a. Denature at 94° C. for 15-30 seconds
[0574] b. Anneal at 50-55° C. for 15-30 seconds
[0575] c. Extend at 68-72° C. for 1 minute per kb of

PCR product size
[0576] d. If necessary, cool to 4° C. and hold until
ready for next process

[0577] Construction of STF2A gene (SEQ ID NO: 314):
Full length flagellin of Salmonella typhimurium fljb (STF2,
SEQ ID NO: 312) is encoded by a 1.5 kb gene (SEQ ID NO:
315). To generate STF2A (SEQ ID NO: 314), the sequence
corresponding to the hypervariable hinge region (amino acids
17010 415 of SEQ ID NO: 312) was deleted and replaced with
a short flexible linker (GAPVDPASPW (SEQ ID NO: 336))
designed to facilitate interactions of the NH2 and COOH
terminal sequences of STF2 (SEQ ID NO: 315) necessary for
TLRS signaling (Smith, K. D., etal., (2004). Toll-like Recep-
tor 5 recognizes a conserved site on flagellin required for
protofilament formation and bacterial motility (Smith, et al.,
Nature Immunology 4:1247-53 (2003)).
[0578] To generate the STF2A plasmid, a two-step PCR
was used (FIG. 21). In the first reaction, a plasmid encoding
STF2.0VA (a fusion of full-length STF2 with full-length
ovalbumin, SEQ ID NO: 316) was mixed with primers
STF28BGF-1 (SEQ ID NO: 317) and STF28MCR-1 (SEQ
ID NO: 318) in PCR reaction buffer, and the mixture was
amplified in a PCR reaction as described above. In a parallel
reaction, STF2.0VA template plasmid was mixed with prim-
ers STF28.MCF-2 (SEQ ID NO: 319) and STF28ECR-2
(SEQ ID NO: 320) in PCR reaction buffer, and the mixture
was amplified in a PCR reaction as described above.
[0579] The PCR amplification reactions generated ~500 bp
and 270 bp fragments, respectively. These PCR products
were combined with primers STF28BGF-1 (SEQ ID NO:
317) and STF28ECR-2 (SEQ ID NO: 320) in PCR reaction
buffer, and the mixture was amplified in a PCR reaction as
described above. The amplified DNA product from this reac-
tion (770 bp) was digested with Bglll and EcoRI restriction
enzymes for 2 hours at 37° C., and ligated into pMTBiP/V5-
His B (Invitrogen, Carlsbad, Calif.) that had previously been
digested with Bglll and EcoRI and treated with calf intestinal
phosphatase (CIP). An aliquot of the ligation mix was used to
transform E. coli TOP10 cells. The resultant construct pMT/
STF2A was used to generate the cysteine modified STF2A
constructs.
[0580] Construction of STF2A genes engineered to express
a single cysteine residue: To introduce cysteine residues at
defined positions in the STF2 polypeptide, pMT/STF2A was
used as a template in PCR with primer pairs as defined below.
[0581] To construct the STF2A.3'Cys (SEQ ID NO: 325)
plasmid, pMT/STF2A plasmid was mixed with 3'Forwardl
(SEQ ID NO: 321) and 3'Reversel (SEQ ID NO: 322) prim-
ers in PCR reaction buffer, and the mixture was amplified in
a PCR reaction as described above.
[0582] To construct the 5'Cys.STF2A (SEQ ID NO: 326)
plasmid, pMT/STF2A plasmid was mixed with 5'Forward2
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(SEQ ID NO: 323) and 5'Reverse2 (SEQ ID NO: 324) prim-
ers in PCR reaction buffer, and the mixture was amplified in
a PCR reaction as described above.

[0583] For STF2A.3'Cys (SEQ ID NO: 325) and 5'Cys.
STF2A (SEQ ID NO: 326) constructs, the PCR products
generated were digested with Ndel and Blpl restriction
enzymes and purified by agarose gel electrophoresis. The
purified fragments were ligated by compatible ends to
pET24a (Novagen, Madison, Wis.) plasmid DNA that had
been previously digested with Ndel and Blpl restriction
enzymes and CIP-treated. The resulting constructs are desig-
nated pET/STF2A.3'Cys and pET/5'Cys.STF2A, respec-
tively.

[0584] To construct the STF2A. HingeCys (SEQ ID NO:
331) plasmid, atwo step PCR similar to that described in FIG.
18 was employed. One fragment was generated by mixing
pMT/STF2A with paired HingeForwardl (SEQ ID NO: 327)
and HingeReverse3 (SEQ ID NO: 328) primers in PCR reac-
tion buffer, and the mixture was amplified in a PCR reaction
as described above. Another fragment was generated by mix-
ing pMT/STF2A with paired HingeForward2 (SEQ ID NO:
329) and HingeReverse4 (SEQ ID NO: 330) primers in PCR
reaction buffer, and the mixture was amplified in a PCR
reaction as described above. Aliquots from each of these PCR
reactions were combined and mixed with HingeForwardl
(SEQ ID NO: 327) and HingeReverse4 (SEQ ID NO: 330)
primers in PCR reaction buffer, and the mixture was amplified
in a PCR reaction as described above. The final PCR product
was purified by agarose gel electrophoresis and digested with
Ndel and Blp1, and the purified fragment was ligated into the
pET24a vector as described above. The resulting construct is
designated pET/STF2A. HingeCys.

[0585] Protein expression: Plasmids pET/STF2A.3'Cys,
pET/5'Cys.STF2A, and pET/STF2A.HingeCys were trans-
formed into competent £. coli BLR(DE3) cells as follows. To
a 1.5-ml snap-cap polypropylene tubes pre-chilled on ice was
added 20 pl aliquot of BLR (DE3) cells and 1 pl plasmid DNA
(1 pg/ul), and the mixture was incubated for 30 minutes. The
tubes were heated for exactly 30 seconds in a 42° C. water
bath without shaking, and then placed on ice for an additional
2 minutes. To each tube of heat shocked cells were added 250
ul of room temperature SOC medium.

[0586] The cells were recovered at 37° C. (shaking at 250
rpm) for 60 minutes prior to plating on selective media con-
taining kanamycin. Various ailquots (50-100 pl) of the trans-
formation mix were plated and the plates were incubatedat
37° C. for 15 to 18 hours. Colonies were picked and inocu-
lated into 2 ml Luria-Bertani (LLB) broth supplemented with
25 ug/ml kanamycin and 12.5 pg/ml tetracycline, and cul-
tured overnight. Fresh LB cultures were inoculated by dilut-
ing an aliquot of the overnight cultures 1:100 and cultured at
37° C. with shaking. When the OD, of the culture reached
0.6 to 1.0, protein expression was induced by the addition of
isopropyl thio-f-D-galactoside (IPTG) to a final concentra-
tion of 1 mM. Several hours after induction, the cells were
harvested for analysis of protein expression by SDS-PAGE.
Glycerol stocks were prepared from cultures grown in LB
supplemented with 0.5% glucose, 25 pg/ml kanamycin and
12.5 pg/ml tetracycline and were frozen at -80° C. following
the addition of glycerol (7% final).

[0587] Protein purification: Proteins STF2A.3'Cys (SEQ
ID NO: 332) and STF2A. HingeCys (SEQ ID NO: 333) were
expressed and purified as follows. Glycerol stocks of E. coli
BLR(DE3) cells harboring the desired plasmids were inocu-
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lated into 10 L. shake-flasks containing LB and incubated at
37° C. with constant shaking. When cultures reached an opti-
cal density of A,,,=0.8, protein expression was induced by
the addition of 1 mM IPTG and cultures were incubated at 37°
C. with constant shaking for 4 hours before harvesting. Cells
were collected from 10 L. of culture by low-speed centrifuga-
tion at 5,000 rpm (SLA3000 rotor) for 10 minutes and sus-
pended in 50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT
(100 ml/10 L).

[0588] The cells were disrupted by passing the cell suspen-
sion twice through a microfluidizer at 18,000 psi. The
insoluble material was separated from soluble proteins by
centrifugation at 10,000 rpm (SS34 rotor) for 15 minutes.
Under the culture conditions described, all STF2A proteins
fractionated with the insoluble material and formed stable
inclusion bodies that were collected as a solid pellet following
centrifugation. The inclusion bodies were washed twice with
50mM Tris-HCL, pH 8.0,0.1 M NaCl and 0.5% Triton X-100,
followed by two washes with the same buffer without deter-
gent. Each wash was performed using a dounce homogenizer
and the cleaned inclusion bodies (IBs) were collected by
centrifugation at 10,000 rpm (SS34 rotor) for 15 minutes. The
purified IBs were washed a final time with 50 mM Tris-HCI,
pH 8.0 and stored as a cell pellet at —-80° C. until needed.
[0589] 1B material was thawed and solubilized in 8 M urea
at pH 4.0. This step selectively solubilized the target protein
while leaving a significant amount of debris and contaminat-
ing proteins as a solid precipitate which was removed by
centrifugation. Because of the single cysteine present in these
proteins, all subsequent purification procedures were carried
out using buffers containing 1 mM DTT as a reducing agent.
Solubilized protein was captured using SP fast flow sepharose
(30 ml, XK16) and selectively eluted with 8 M urea in 25 mM
Na Acetate (C,H;0,Na), pH 4.0, 1 mM DTT, 1 mM EDTA
and 0.2 M NaCl. To eliminate protein precipitation following
this step, the pH of the SP elution was adjusted from 4.0t0 8.0
by dialysis against 50 mM Tris-HCI, pH 8.0, 1 mM DTT, 1
mM EDTA before protein refolding. The dialyzed material
was refolded by direct dilution (10-fold) into 50 mM Tris-HCl
pH 8.0, 1 mM DTT and 1 mM EDTA such that the final
protein concentration was less than 0.1 mg/ml. The refolded
SP pool was loaded directly onto Q high performance
sepharose (30 ml, XK16) and bound protein was eluted with
a 20 column volume linear gradient from 0 to 0.5 M NaCl in
50 mM Tris-HCI, pH 8.0, 1 mM DTT, 1 mM EDTA. This
chromatography step yielded a single peak that eluted at a
conductivity of approximately 15 ms/cm. The eluted material
was pooled and stored at -80° C.

[0590] Protein characterization: Proteins were character-
ized for purity, identity, endotoxin content, and biological
activity using the following assays.

[0591] SDS-PAGE: Proteins (typically 5 pg) were diluted
in SDS-PAGE sample butfer (1% SDS, 30 mM Tris-HCI, pH
6.8, 4% glycerol, 0.1 mg/ml bromophenol blue) with and
without 5 mM p-mercaptoethanol. The samples were boiled
for 5 minutes and loaded onto a 4-20% SDS polyacrylamide
gel. Following electrophoresis, gels were stained with coo-
massie blue to visualize protein bands.

[0592] Endotoxin assay: Endotoxin levels were measured
using the QCL-1000 Quantitative Chromogenic LAL test kit
(BioWhittaker #50-648 U), following the manufacturer’s
instructions for the microplate method.

[0593] Protein Assay: Protein concentrations were deter-
mined by the MicroBCA Protein Assay Reagent Kit in a
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96-well format using BSA as a standard (Pierce Biotechnol-
ogy), following the manufacturer’s instructions.

[0594] Flagellin ELISA: Protein integrity and concentra-
tion were examined by ELISA with antibodies specific for
flagellin. 96-well ELISA plates were coated overnight at4° C.
with serial dilutions of each target protein, in PBS starting at
5 pg/ml. Plates were blocked with 200 pl/well of Assay Dilu-
ent Buffer (ADB; BD Pharmingen) for one hour at room
temperature then washed three times in phosphate-buffered
saline containing Tween-20 (PBS-T, 12 mM NaPO,, 137 mM
NaCl, 2.7 mM KCl, 0.05% Tween 20). Rabbit polyclonal
anti-flagellin antibody diluted in ADB (100 pl/well, 1:5000)
was added to all wells and the plates were incubated for 1 hour
at room temperature or overnight at 4° C., then washed three
times with PBS-T. HRP-labeled goat anti-rabbit IgG antibody
(Jackson Immunochemical) diluted in ADB was added (100
ul/well, 1:5000) and the plates were incubated at room tem-
perature for 1 hour. The plates were washed three times with
PBS-T. After adding TMB Ultra substrate (Pierce) and moni-
toring color development, A,;, was measured on a Tecan
Farcyte microplate spectrophotometer.

[0595] TLRS bioactivity assay: HEK293 cells (ATCC,
Cat#CRL-1573, Manassas, Va.) constitutively express TLRS,
and secrete several soluble factors, including IL-8, in
response to TLRS signaling. Cells were seeded in 96 well
microplates (50,000 cells/well), and recombinant test pro-
teins were added. The next day, the conditioned medium was
harvested, transferred to a clean 96-well microplate, and fro-
zen at —20° C. After thawing, the conditioned medium was
assayed for the presence of IL-8 in a sandwich ELISA using
an anti-human IL.-8 matched antibody pair (Pierce; Rockford,
1., #M801E and #M802B) following the manufacturer’s
instructions. Optical density was measured using a micro-
plate spectrophotometer

Results and Discussion

[0596] Protein yield and purity: The final yield and endot-
oxin levels of each protein are shown below.

Protein SEQ ID NO: Yield (mg) Endotoxin (EU/pug)
STF2A.3'Cys 332 75.0 0.01
STF2A.HingeCys 333 117.0 0.004
[0597] Flagellin integrity: Engineering a single cysteine

into STF2A does not diminish its recognition by flagellin-
specific antibodies, as shown in FIG. 22.

[0598] TLRS agonist activity in the HEK293 I[.-8 assay:
Engineering a single cysteine into STF2A does not diminish
the TLR agonist activity of the protein, as shown in FIG. 23.
Cells exposed to STF2A.3'Cys (SEQ ID NO: 332) or STF2A.
HingeCys (SEQ ID NO: 333) secreted IL-8 at levels compa-
rable to those induced by exposure to full-length flagellin
(STF2,SEQID NO: 312) or STF2A without cysteine residues
(SEQ ID NO: 313).

[0599] Fusion of full-length flagellin (STF2, SEQ ID NO:
312) or hinge region-deleted flagellin (STF2A, SEQ ID NO:
313) to a protein antigen such as West Nile virus envelope
protein or influenza A hemagglutinatin significantly
increases the immunogenicity of the fused antigen. This
approach is useful for protein or peptide antigens which can
be encoded in a genetic fusion construct expressing both
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flagellin and the antigen of interest in a single protein, but it
cannot be applied to non-protein or non-peptide antigens,
such as polysaccharide antigens. Since many bacteria and
tumor cells express specific polysaccharide structures that are
antigenic but poorly immunogenic, it is important to devise
scalable methods for increasing the immunogenicity and pro-
tective efficacy of such structures. Chemical conjugation to a
TLR ligand, such as flagellin, is one potential strategy.
[0600] There are several methods of chemical linkage, but
one of the simplest is to couple an antigen to a free thiol group
such as that on a single, unmatched cysteine residue. Since
flagellin does not natively contain any cysteines, cysteine
residues were engineered into flagellin at one of three posi-
tions: the amino terminus of flagellin (5'Cys.STF2A, SEQ ID
NO: 326 and SEQ ID NO: 334), the carboxy terminus of
flagellin (STF2A.3'Cys, SEQ ID NO: 325 and SEQ ID NO:
332), and in the deleted hinge region of flagellin (STF2A.
HingeCys, SEQ ID NO: 331 and SEQ ID NO: 333). All
constructs were produced in the expression vector pET24a for
E. coli expression. When purified from E. coli cells, STF2A.
HingeCys (SEQID NO: 333)and STF2A.3'Cys (SEQ ID NO:
332) proteins retain all antigenic and TL.R 5 biological activity
properties of the unmodified STF2A protein, thus confirming
that the introduction of a single cysteine residue does not
negatively impact the expression, purification, refolding, or
biological activity of STF2A.

Conjugation of Influenza Hemagglutinin
Maturational Cleavage Site Peptide to
STF2A.HingeCYS

[0601] A peptide representing the maturational cleavage
site of influenza hemagglutinin was chemically conjugated a
modified flagellin protein, STF2A.HingeCys (SEQ ID NO:
333).

Materials and Methods

[0602] Production of STF2A.HingeCys protein: STF2A.
HingeCys protein (SEQ ID NO: 333) was expressed and
purified as described in the previous Example.

[0603] Synthesis of HIC1 peptides The sequence NH,-
NIPSIQSRGLFFAIAGFIE-COOH (SEQ ID NO: 337) rep-
resents the maturational cleavage site of influenza A/HIN1
hemagglutinin (Bianchi, E., et al. (2005). Universal influenza
B vaccine based on the maturational cleavage site of the
hemagglutinin precursor (Bianchi, et al., J. Virol. 79:7380-
7388 (2005)). Two peptides were designed with an extra
cysteine or an extra lysine on the N-terminus to facilitate
chemical linkage to carrier proteins, resulting in the following
peptide sequences:

CysH1C1l (SEQ ID NO: 338)
(SEQ ID NO: 338)
NH,-CNIPSIQSRGLFFAIAGFIE-COOH

LysH1C1l (SEQ ID NO: 339)
(SEQ ID NO: 339)
NH,-KNIPSIQSRGLFFAIAGFIE-COOH

[0604] The peptides were synthesized by Anaspec, Inc.,
(San Jose, Calif) utilizing standard Fmoc chemistry, after
which they were cleaved from the matrix with trifluoroacetic
acid (TFA), purified by reversed-phase HPLC and lyo-
philized.
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[0605] Conjugation of CysH1C1 peptide to STF2A.Hinge-
Cys: STF2A HingeCys protein (SEQ ID NO: 333) at a con-
centration of 4.9 mg/ml was dialyzed overnight into Buffer A
[1x phosphate-buffered saline (PBS), 5 mM EDTA, pH 7.2].
BM(PEO), (Pierce Biotechnology, Rockford, Ill.), a homo-
bifunctional maleimide crosslinker, was dissolved in DMSO
(dimethy] sulfoxide) and added to a final concentration of 2.3
mM. After incubating for 1 hour at room temperature, the free
crosslinker was removed from the protein using a 5 ml Super-
dex 25 HiTrap desalting column. CysH1C1 peptide (SEQ ID
NO: 338) was dissolved in DMSO and added to the maleim-
ide-derivatized STF2A.HingeCys protein at a final concentra-
tion of 0.32 mM. After incubating 3 hours at room tempera-
ture, the reaction was stopped by adding DTT (dithiothreitol)
to a final concentration of 40 mM. The protein and protein-
peptide conjugate were separated from free peptide by frac-
tionation on a Superdex 200 10/300 size-exclusion chroma-
tography (SEC) column (GE/Amersham; Piscataway, N.J.)
equilibrated in 1x Tris-buffered saline (TBS), pH 8.0.
[0606] Protein characterization: Proteins were character-
ized for purity, identity, endotoxin content, and biological
activity as described in the previous Example.

Results and Discussion

[0607] Characterization of the STF2A.HingeCys:
CysH1Cl1 peptide conjugate: Conjugation of the CysHI1Cl1
peptide (SEQ ID NO: 338) to STF2A.HingeCys (SEQ ID NO:
333) was assayed by SDS-PAGE with coomassie staining
Peptide conjugation to the protein resulted in a doublet band
in which the faster-migrating band corresponded to the un-
conjugated protein and the slower migrating band corre-
sponded to the protein-peptide conjugate.

[0608] A cloudy precipitate was seen in the conjugation
mixture due to the low solubility of the peptide. To ascertain
if the protein-peptide conjugate was preciptitating, the mix-
ture was centrifuged (16,000xg for 15 minutes) and the
resulting pellet and supernatant fractions analyzed by SDS-
PAGE. The majority of the peptide-conjugated protein
remains in the supernatant indicating that it is still soluble.
[0609] Size-exclusion chromatography (SEC) of the
STF2A.HingeCys:CysHIC1 conjugate was performed to
separate the conjugated protein from remaining crosslinker
and unonjugated peptide. A single major protein peak eluted
in the included range of the column at the expected volume for
monomeric STF2A, while there is very little material eluting
in the void (FIG. 24), indicating that most of the fractionating
protein is monomeric.

[0610] The monomeric nature of the STF2A.HingeCys:
CysH1Cl1 conjugate was confirmed by SDS-PAGE analysis
of the 5200 fractions (FIG. 25). The protein-peptide conju-
gate co-elutes with the unconjugated protein in the same ratio
as in the load sample, indicating that the conjugate species is
a monomer.

[0611] Bioactivity of the STF2A.HingeCys:CysH1C1 con-
jugate mixture was found to be equivalent to the unconjugated
STF2A.HingeCys protein, indicating that the attachment of
the BM(PEO), crosslinker and the peptide conjugation reac-
tion does not inhibit TLRS stimulatory activity (FIG. 8).

Conjugation of a Pam;Cys-Containing Lipopeptide
to an Influenza Hemagglutinin Antigen

[0612] Several types of Toll-like Receptors (TLRs) are
potently activated by lipids or lipid-conjugates. These include
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TLR2/1 (diacyl lipoproteins and GPI-linked proteins),
TLR2/6 (triacyl lipoproteins and GPI-linked proteins) and
TLR4 (lipopolysaccharides). The utility of vaccines com-
posed of antigens liked to such lipids is obvious: the lipids are
strong activators of innate immune pathways and yet are
themselves poorly immunogenic. However, the production of
such conjugates is very complex. Biosynthesis of recombi-
nant lipoproteins in bacteria is limited by low productivity
and extreme difficulty in purifying the resulting protein-li-
popeptide fusion. Chemical synthesis of lipopeptide antigens
is more straight forward, but is limited to peptide antigens.
Here we demonstrate the chemical conjugation of a Pam;Cys
lipopeptide, a TLR2/6 agonist, to influenza HA1-1His, in a
process which bypasses the difficulties inherent in both bio-
synthesis and complete chemical synthesis of lipidated anti-
gens.

Materials and Methods

[0613] Production of HA1-1Hisg(PR8)Bv (SEQ ID NO:
179) HA1-1His4 (PR8)Bv was prepared as described herein.
[0614] Synthesis of Pam;CS(K),GC (SEQ ID NO: 335)
Custom lipopeptide synthesis was performed by Anaspec,
Inc. (San Jose, Calif.) using standard solid-phase Fmoc chem-
istry, after which the lipopeptide was cleaved from the matrix
with trifluoroacetic acid (TFA), purified by reversed-phase
HPLC and lyophilized.

[0615] Conjugation of Pam,CS(K),GC (SEQ ID NO:335)
to HA1-1His,(PR8)Bv (SEQ ID NO: 179) HA1-1His(PR8)
Bv (SEQ ID NO: 179) was dialyzed into Buffer A (1xPBS+5
mM EDTA, pH 7.2). Sulfo-SMCC (Pierce; Rockland, I11.) a
heterobifunctional maleimide/NHS-ester crosslinker was
dissolved in DMSO and added to a final concentration of
0.432 mM. After incubating for 30 min. at room temperature
the protein was desalted into Buffer A using a G-25 HiTrap
desalting column (GE/Amersham; Piscataway, N.J.). Triton
X-114 (TX-114) (Sigma; St Louis, Mo.) was added to a final
concentration of 1% (w/v). Pam;CS(K)4GC was dissolved to
20 mg/ml in DMSO and added to a final concentration of 0.6
mg/ml. After incubating at room temperature for 3 hours, the
reaction tube was placed in a 37° C. bath for 10 minutes to
cause TX-114 droplet formation. The sample was then cen-
trifuged at 16,000xg for 10 minutes to separate the detergent
and aqueous phases. After drawing off the aqueous phase the
detergent phase was resuspended to the original reaction vol-
ume with Buffer A. The total, detergent, and aqueous samples
were then analyzed by SDS-PAGE.

[0616] Protein characterization: Proteins-lipopeptide con-
jugates were characterized by SDS-PAGE. Samples(typically
5 ng) were diluted in SDS-PAGE sample buffer (0.1M Tris,
pH 8.0/4% SDS/25% glycerol/0.1M DTT). The samples were
boiled for 5 minutes and loaded onto a 10% SDS polyacry-
lamide gel. Following electrophoresis, gels were stained with
coomassie blue to visualize protein bands.

Results and Discussion

[0617] Input HA1-1His;(PR8)Bv (SEQ ID NO: 179) runs
as a doublet band on SDS-PAGE. This has been seen for all of
the HA1-1His, proteins made in Baculovirus to date and is
likely due to differences in glycosylation. HA1-1His(PRS8)
Bv (SEQ ID NO: 179) which has been derivatized with Sulfo-
SMCC but not conjugated to lipopeptide stays in the aqueous
phase during TX-114 separation, the expected behavior for a
soluble, globular protein. HA1-1His4(PR8)Bv (SEQ ID NO:
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179) conjugated to Pam;Cys shows 3 or 4 bands of higher
molecular weight than the derivatized input protein, consis-
tent with covalent modification by the lipopeptide. On
TX-114 phase separation the higher mw species segregate
primarily into the detergent phase while the lower species
(corresponding to the unmodified protein) stay in the aqueous
phase. This behavior is consistent with the commonly
observed segregation of lipoproteins into detergent droplets
and confirms that HA1-1His,(PR8)Bv (SEQ ID NO: 179) has
been covalently modified with the Pam,CS(K),GC (SEQ ID
NO: 335) lipopeptide. The higher molecular-weight bands of
approximately 60, 120, and 180 kDa, which are seen in the
SMCC-derivatized protein but not in the input, are covalent
HA1-1 multimers formed by the crosslinker. This multimer-
ization would be prevented, and the yield of singly lipidated
HA1-1 improved, by engineering a single cysteine into
HA1-1 and using a cysteine-specific rather than a lysine-
specific crosslinker. Such a strategy would also give better
control over the site of attachment of the lipopeptide on
HA1-1, giving a more homogeneous product and possibly
improving immunogenicity. Flagellin and modified flagellins
with cysteines and nucleic acids encoding the modified
flagellin can include SEQ ID NOs: 312, 313, 325, 326 and
331-334.

Example 14

Cloning and Expression of STF2.4xH1C1, a Fusion
Protein Comprising Flagellin (TLR5Agonist) and the
Maturational Cleavage Site Peptide of Influenza a
Hemagglutinin

Materials and Methods

[0618] Construct design: To facilitate cloning of target
genes in fusion with flagellin, a cassette plasmid containing a
unique BlplI site at the 3' end of the flagellin gene was used
(STF2.blp, SEQ ID NO: 340). This cassette was made by
introducing a silent mutation (5'-GTGCTGAGCCTGT-
TACGT-3") at nucleotides 1501 to 1518 of STF2, creating the
unique Blpl site in the plasmid cassette, pET24/STF2.blp
(SEQ ID NO: 340). Synthetic genes encoding one, two, three
and four copies of the maturational cleavage site fragment
(H1C1) of influenza A subtype H1 (NIPSIQSRGLFGAIAG-
FIE; SEQ ID NO: 341) were codon-optimized for E. coli
expression and obtained from a commercial vendor (DNA2.0
Inc., Menlo Park, Calif.). The synthetic genes were excised
with Blpl enzyme and ligated by compatible ends to pET24/
STF2.blp which had been treated with Blpl and bacterial
alkaline phosphatase (BAP). These constructs were desig-
nated as STF2.1xH1C1, STF2.2xHIC1, STF2.3xH1C1 and
STF2.4xH1C1 respectively (SEQ ID NO: 342; SEQ ID NO:
343; SEQ ID NO: 344; SEQ ID NO: 345).

[0619] Similarly, a fusion gene constructed to contain the
H1C1 sequence and flanked by a pair of cysteines to facilitate
loop formation of the concatemers was designated as STF2.
4xHIC2 (SEQ ID NO: 346). A similar approach was
employed to generate a construct harboring four tandem cop-
ies of the cleavage fragment of influenza A subtype HS5
(RERRRKKRGLFGAIAGFIE; SEQ ID NO: 347) desig-
nated as construct STF2.4xHS5C1 (SEQ ID NO: 348). The
consensus cleavage fragments representing subtypes H3
(NVPEKQTRGIFGATAGFIE; SEQ ID NO: 349), H2 (NVP-
QIESRGLFGAIAGFIE; SEQ ID NO: 350) and the B-strain,
B/HA (PAKLLKERGFFGAIAGFLE; SEQ ID NO: 351) are
thus amenable to this experimental approach as outlined
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above. In each case, the constructed plasmids were used to
transform competent . coli TOP10 cells and putative recom-
binants were identified by PCR screening and restriction
mapping analysis.

[0620] The integrity of the constructs was verified by DNA
sequencing and they were used to transform the expression
host, BLR3 (DE3) (Novagen, San Diego, Calif.; Cat#69053).
Transformants were selected on plates containing kanamycin
(50 pg/ml), tetracycline (5 pg/ml) and glucose (0.5%).
Colonies were picked and inoculated into 2 m1 of LB medium
supplemented with 25 pg/ml kanamycin, 12.5 pg/ml tetracy-
cline and 0.5% glucose and grown overnight. Aliquots of
these cultures were used to inoculate fresh cultures in the
same medium formulation, which were cultured until they
reached an OD,,=0.6, at which time protein expression was
induced by the addition of 1 mM IPTG and culturing for 3
hours at 37° C. The cells were harvested and analyzed for
protein expression.

[0621] SDS-PAGE and Western blot: Protein expression
and identity were determined by gel electrophoresis and
immunoblot analysis. Cells were harvested by centrifugation
and lysed in Laemmli buffer. An aliquot of 10 ul of each lysate
was diluted in SDS-PAGE sample buffer with or without 100
mM DTT as a reductant. The samples were boiled for 5
minutes and loaded onto a 10% SDS polyacrylamide gel and
electrophoresed (SDS-PAGE). The gel was stained with Coo-
massie R-250 (Bio-Rad; Hercules, Calif.) to visualize protein
bands. For western blot, 0.5 pl/lane cell lysate was electro-
phoresed and electrotransfered to a PVDF membrane and
blocked with 5% (w/v) dry milk. The membrane was probed
with anti-flagellin antibody 6H11 (Inotek; Beverly, Mass.)
After probing with alkaline phosophatase-conjugated sec-
ondary antibodies (Pierce; Rockland, I1l.), protein bands were
visualized with an alkaline phosphatase chromogenic sub-
strate (Promega, Madison, Wis.). Bacterial clones which
yielded protein bands of the correct molecular weight and
reactive with the appropriate antibodies were selected for
production of protein for use in biological assays.

Results and Discussion

[0622] Cloning and expression of cleavage site constructs:
The maturational cleavage site fragment of hemagglutinin
precursor is well-conserved across subtypes of influenza
strains A and B, and could therefore be a target for the devel-
opment of a universal vaccine effective against most circulat-
ing strains of influenza. A series of plasmids encoding a
fusion of the TLRS ligand with cleavage fragment was gen-
erated and expressed in E. coli strain BLR(DE3). As assayed
by Coomassie blue staining of the SDS-PAGE gel and con-
firmed by immunoblot assays, the . coli strains harboring the
constructs STF2.1xH1C1, STF2.2xH1C1, STF2.3xHI1C1,
and STF2.4xH1C1 displayed bands that correspond to the
predicted molecular weights of' 55, 58, 60 and 62 kDa respec-
tively. Similarly, BLR(DE3) strains expressing the constructs
STF2.4xH1C2 and STF2.4xHSC1 display recombinant
fusion proteins migrating with the apparent molecular weight
ot 62 Kda and 66 Kda respectively. These data indicate that a
fusion of flagellin and cleavage fragment of HA is abundantly
expressed in £ coli.

Expression and Purification of STF2.4xH1C1, a
Fusion Protein Comprising Flagellin (TLRSAgonist)
and the Maturational Cleavage Site Peptide of
Influenza a Hemagglutinin
Materials and Methods

[0623] Bacterial cell growth and cell lysis: The STF2.4x
H1C1 (SEQ ID NO: 345) construct was expressed in the E.
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coli host strain BLR(DE3). The strain was retrieved from a
glycerol stock and grown in shake flasks to a final volume of
12 L. Cells were grown in LB medium containing 50 pg/ml
kanamycin, 12.5 pg/ml tetracycline, 0.5% dextrose to
ODy,,=0.6 and induced with 1 mM IPTG for3 hat37°C. The
cells were harvested by centrifugation (7000 rpmx7 minutes
in a Sorvall RC5C centrifuge) and resuspended in 20 mM
Tris-HC], pH 8.0, 1 pg/ml DNAsel, 1 mM PMSF, protease
inhibitor cocktail and 1 mg/ml lysozyme. The cells were then
lysed by two passes through a microfluidizer (Microfluidics;
Newton, Mass.) at 15,000 psi. The lysate was centrifuged at
45,000 g for one hour in a Beckman Optima L ultracentrifuge
(Beckman Coulter; Fullerton, Calif) to separate the soluble
and insoluble fractions.

[0624] Purification of STF2.4xH1C1 (SEQ ID NO: 345):
After centrifugation, the supernatant fraction was collected
and passed through a Q sepharose Fast Flow column (GE/
Amersham Biosciences; Piscataway, N.J.). The flow-through
fraction from this step was supplemented with Triton X-100
(Sigma; St. Louis, Mo.) to a final concentration of 1% (w/v)
and passed through the same Q sepharose column. The flow
through fraction was collected again and supplemented with
urea to a final concentration of 8 M and citric acid to a final
concentration of 20 mM. After adjusting the pH to 3.5 with
concentrated HCI, the solution was passed over a Source S
column (GE/Amersham Biosciences; Piscataway, N.J.)
equilibrated with 20 mM citric acid, pH 3.5.

[0625] The column was then washed with 10 column vol-
umes of equilibration buffer supplemented with 1% (w/v)
Triton X-100 to remove endotoxin. The protein was then
eluted in a 5-column volume linear gradient of 0 to 1 M NaCl
in equilibration buffer. The STF2.4xH1C1 was then re-folded
by rapid dilution to a final concentration of 0.1 mg/ml protein
in refolding buffer [0.1 M Tris-HCl, pH 8.0, 0.1 M NaC, 1%
(w/v) glycerol]. The refolded protein was concentrated using
a pressurized ultrafiltration stir-cell (Millipore; Billerica,
Mass.) and fractionated on a Superdex 200 size-exclusion
column (GE/Amersham Biosciences; Piscataway, N.J.).

[0626] SDS-PAGE and Western Blot analysis: Protein
identity was determined, and purity estimated, by SDS-
PAGE. An aliquot of 5 pug of each sample was diluted in
SDS-PAGE sample buffer with or without 100 mM DTT as a
reductant. The samples were boiled for 5 minutes and loaded
onto a 10% SDS polyacrylamide gel (LifeGels; French’s
Forrest, New South Wales, AUS) and electrophoresed. The
gel was stained with Coomassie R-250 (Bio-Rad; Hercules,
Calif)) to visualize protein bands. For western blot, 0.5
ng/lane total protein was electrophoresed as described above
and then electro-transfered to a PVDF membrane and
blocked with 5% (w/v) dry milk before probing with anti-
flagellin antibody (Inotek; Beverly, Mass.) or serum from
mice immunized with a synthetic, lipidated H1C1 peptide.
After probing with alkaline phosophatase-conjugated sec-
ondary antibodies (Pierce; Rockland, I1l.), protein bands were
visualized with an alkaline phosphatase chromogenic sub-
strate (Promega; Madison, Wis.).

[0627] Protein assay: Total protein concentration for all
proteins was determined using the Micro BCA (bicinchoninic
acid) Assay (Pierce; Rockford I11.) in the microplate format,
using bovine serum albumin as a standard, according to the
manufacturer’s instructions.

[0628] Endotoxin assay: Endotoxin levels for all proteins
were determined using the QCL-1000 Quantitative Chro-
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mogenic LAL test kit (Cambrex; E. Rutherford, N.J.), follow-
ing the manufacturer’s instructions for the microplate
method.

[0629] TLRS bioactivity assay: HEK293 cells constitu-
tively express TLRS, and secrete several soluble factors,
including IL.-8, in response to TLRS signaling. Cells were
seeded in 96-well microplates (50,000 cells/well), and the
STF2.4xHI1C1 test protein was added. The next day, the
conditioned medium was harvested, transferred to a clean
96-well microplate, and frozen at -20° C. After thawing, the
conditioned medium was assayed for the presence of IL-8 in
a sandwich ELISA using an anti-human IL.-8 matched anti-
body pair (Pierce, Rockland, Ill.; #M8O1E and #M802B)
following the manufacturer’s instructions. Optical density
was measured using a microplate spectrophotometer (FAR-
Cyte, GE/Amersham; Piscataway, N.I.).

Results and Discussion

[0630] The purified and refolded STF2.4xH1C1 protein
(SEQ ID NO: 345) was found to be substantially aggregated
as the majority of the protein fractionated in the void volume
of'the Superdex 5200 column (FIG. 26). The protein also had
poor in vitro TLRS activity, with an ECs, value approxi-
mately two orders of magnitude higher than the standard
flagellin fusion protein STF2.OVA. The purified protein
reacted with serum from mice immunized with a synthetic,
lipidated H1C1 peptide.

Expression and Purification of STF2.1xH1C1, a
Fusion Protein Comprising Flagellin (TLRSAgonist)
and the Maturational Cleavage Site Peptide of
Influenza a Hemagglutinin

Materials and Methods

[0631] Bacterial cell growth and cell lysis: The STF2.1x
H1C1 (SEQ ID NO: 355) construct was expressed in the F.
coli host strain BLR(DE3). The strain was retrieved from a
glycerol stock and grown in shake flasks to a final volume of
12 L. Cells were grown in LB medium containing 50 pug/ml
kanamycin/12.5 pg/ml tetracycline/0.5% dextrose to
OD0=0.6 and induced with 1 mM IPTG for 3 hours at 37° C.
The cells were harvested by centrifugation (7000 rpmx7 min-
utes in a Sorvall RC5C centrifuge) and resuspended in 20 mM
Tris-HCI, pH 8.0, 1 pg/ml DNAsel, 1 mM PMSF, protease
inhibitor cocktail and 1 mg/ml lysozyme. The cells were then
lysed by two passes through a microfluidizer (Microfluidics;
Newton, Mass.) at 15,000 psi. The lysate was centrifuged at
45,000 g for one hour in a Beckman Optima L ultracentrifuge
(Beckman Coulter; Fullerton, Calif) to separate the soluble
and insoluble fractions.

[0632] Purification of STF2.1xHI1C1 (SEQ ID NO: 342):
After centrifugation, the supernatant fraction was collected
and passed through a Q sepharose Fast Flow column (GE/
Amersham Biosciences; Piscataway, N.J.). The flow-through
fraction from this step was supplemented with Triton X-100
(Sigma; St. Louis, Mo.) to a final concentration of 1% (w/v)
and passed through the same Q sepharose column. The flow-
through fraction was collected again and supplemented with
urea to a final concentration of 8 M and citric acid to a final
concentration of 20 mM. After adjusting the pH to 3.5 with
concentrated HCI, the solution was passed over a Source S
column (GE/Amersham Biosciences; Piscataway, N.J.)
equilibrated with 20 mM citric acid, pH 3.5.
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[0633] The column was then washed with 10 column vol-
umes of equilibration buffer supplemented with 1% (w/v)
Triton X-100 to remove endotoxin. The protein was then
eluted in a 5-column volume linear gradient of 0 to 1 M NaCl
in equilibration buffer. The STF2.1xH1C1 was re-folded by
rapid dilution to a final concentration of 0.1 mg/ml protein in
refolding buffer [0.1M Tris-HCI, pH 8.0/0.1M NaCl/1%
(w/v) glycerol]. The refolded protein was concentrated using
a pressurized ultrafiltration stir-cell (Millipore; Billerica,
Mass.) and fractionated on a Superdex 200 size-exclusion
column (GE/Amersham Biosciences; Piscataway, N.J.).
[0634] SDS-PAGE and western blot analysis: Protein iden-
tity was determined, and purity estimated, by SDS-PAGE. An
aliquot of 5 pg of each sample was diluted in SDS-PAGE
sample buffer with or without 100 mM DTT as a reductant.
The samples were boiled for 5 minutes and loaded onto a 10%
SDS polyacrylamide gel (LifeGels; French’s Forrest, New
South Wales, AUS) and electrophoresed. The gel was stained
with Coomassie R-250 (Bio-Rad; Hercules, Calif.) to visual-
ize protein bands. For western blot, 0.5 pg/lane total protein
was electrophoresed as described above and the gels were
then electro-transfered to a PVDF membrane and blocked
with 5% (w/v) dry milk before probing with anti-flagellin
antibody (Inotek; Beverly, Mass.) or serum from mice immu-
nized with a Pam3Cys.HIC1 peptide (SEQ ID NO: 358).
After probing with alkaline phosophatase-conjugated sec-
ondary antibodies (Pierce; Rockland, I1l.), protein bands were
visualized with an alkaline phosphatase chromogenic sub-
strate (Promega; Madison, Wis.).

Results and Discussion

[0635] The purified and refolded STF2.1xH1C1 protein
(SEQ ID NO: 342) was found to be monomeric as judged by
the elution profile on a Superdex 200 gel filtration column.
The majority of the protein was found in the included volume
with the major peak eluting at approximately 14 mls. This
corresponds very closely with the known elution profile of
purified, monomeric flagellin on this column. Almost no pro-
tein was seen eluting in the void volume, known to be
approximately 7 mls for this column, demonstrating that vir-
tually no aggregates are present.

Immunogenicity and Efficacy of Pam3Cys.H1C1, a
Fusion Peptide Comprising Pam3Cys
(TLR2Agonist) and the Maturational Cleavage Site
Peptide of Influenza a Hemagglutinin

Materials and Methods

[0636] Peptide design and synthesis: Pam3 (tri-palmoytyl)
is the natural ligand for Toll-like Receptor 2 (TLR2), and it is
natively expressed as the lipidation motif of bacterial lipo-
protein (BLP, SEQ ID NO: 357). Pam3 can be made by
chemical synthesis and conjugated to macromolecules such
as proteins or coupled to the N-terminus of synthetic peptides
using standard peptide synthesis chemistry. This strategy usu-
ally involves the synthesis of a peptide of interest concluded
by the coupling of Pam3-modified cysteine (Pam3Cys) to the
amino terminus to yield the lipopeptide of interest. This
approach was used to synthesize a lipidated HA cleavage
fragment peptide, Pam3Cys.H1C1 (Pam3Cys-SLWSEENIP-
SIQSRGLFGAIAGFIEE, SEQ ID NO: 358).

[0637] Mice and immunization: Female BALB/c mice
(Jackson Laboratory, Bar Harbor, Me.) were used at the age of
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6-8 weeks. Mice were divided into groups of 10 and received
inguinal subcutaneous (s.c) immunizations on days 0 and 14
as follows:

[0638] 8) PBS (phosphate buffered saline).

[0639] 9) 20 pg of HIC1 native peptide (SEQ ID NO:
358) in saline buffer (10 mM Histidine, 10 mM Tris, 75
mM NaCl, 5% (vol/vol) sucrose, 0.02% (w/v) Polysor-
bate-80, 0.1 mM EDTA, 0.5% (v/v) ethanol, pH 7.2)

[0640] 10) 20 pg of Pam3Cys.H1C1 peptide (SEQ ID
NO: 358) in saline buffer

[0641] An additional group of five mice received an experi-
mentally determined sublethal challenge with 8x10' egg
infectious dosages (EID) PR/8/34 and were allowed to con-
valesce for >21 days. These animals were then used as
immune convalescent positive controls during the challenge
studies. Mice were bled on days 10 (primary) and 21 (boost),
and sera were clarified by clotting and centrifugation and
stored at —20° C.

[0642] Serum antibody determination: H1C1-specific IgG
levels were determined by ELISA. 96-well ELISA plates
(Costar (Cat #9018) Corning, N.Y.) were coated overnight at
4° C. with 100 pl/well H1C1 peptide (SEQ ID NO: 358) in
PBS (5 ug/ml). Plates were blocked with 200 pl/well of Assay
Diluent Buffer (ADB; BD Pharmingen, (Cat#: 555213) (San
Diego, Calif.) for one hour at room temperature. The plates
were washed three times in PBS+0.05% (v/v) Tween 20
(PBS-T). Dilutions of the sera in ADB were added (100
ul/well) and the plates were incubated overnight at 4° C. The
plates were washed three times with PBS-T. HRP-labeled
goat anti-mouse IgG antibodies (Jackson Immunochemical,
West Grove, Pa. (Cat#: 115-035-146)) diluted in ADB were
added (100 pl/well) and the plates were incubated at room
temperature for 1 hour. The plates were washed three times
with PBS-T. After adding TMB Ultra substrate (Pierce (Cat
34028), Rockford, Il1.)) and monitoring color development,
A,so, was measured on a Tecan Farcyte (Durham, N.C.)
microplate spectrophotometer.

[0643] Influenza virus challenge of mice. To assess effi-
cacy, mice immunized as described above were challenged on
day 28 by intranasal administration of an LDy, (dose lethal to
90% of mice) (8x10° EID) of influenza A isolate PR/8/34.
Animals were monitored daily for 21 days following the
challenge for survival, weight loss and clinical presentation.
The % weight loss was calculated based on the mean of
((Daily weight (g)/Initial weight (g) day 28)x100) of each
individual animal per group. Clinical scores were assigned as
follows: 4 pts=healthy, 3 pts=reduced grooming, 2
pts=reduced physical activity and 1 pt=moribund. (Experi-
mental results for clinical scores and weight loss reflect the
results based on surviving animals on the day evaluated).

Results and Discussion

[0644] Induction of H1C1-specific antibody responses fol-
lowing immunization with Pam3Cys.H1C1: Mice were
immunized with native H1C1 peptide (SEQ ID NO: 358) and
the same peptide modified by the addition of an amino termi-
nal Pam3Clys residue, to test the hypothesis that linkage of the
peptide to a TLR2 ligand would increase its immunogenicity.
Immunogenicity was determined by measuring levels of anti-
bodies to native HIC1 (SEQ ID NO: 358) in the sera of the
immunized mice. The results show clearly that mice immu-
nized with the Pam3Cys-modified peptide generated higher
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antibody titers to the immunizing peptide backbone sequence
than did mice immunized with the native peptide (SEQ ID
NO: 358) (FIG. 27).

[0645] Protection from lethal influenza virus challenge fol-
lowing immunization with Pam3Cys.H1C1. The results in
FIG. 27 demonstrated that immunization of mice with
Pam3Cys.H1C1 generated an antibody response that recog-
nized native H1C1 peptide. In order to evaluate efficacy, the
same mice were challenged on day 28 with an LDy,
(8x10°EID) of PR/8/34 virus administered intra-nasally.
Mice were monitored daily for 21 days following the chal-
lenge for survival, weight loss and clinical presentation. As
shown in FIG. 28, PBS-immunized mice died between 6 and
10 days post-challenge, while convalescent mice survived
beyond the 21-day observation period. Mice immunized with
native H1C1 (SEQ ID NO: 358) began to die by day 6 post-
infection at a rate similar to the PBS control mice, although 2
of the 10 mice survived beyond the 21-day observation
period. In contrast, and similar to the convalescent mice, all
mice immunized with Pam3Cys.H1C1 survived beyond the
21-day observation period. Thus, while H1C1 alone is not
potently immunogenic (FIG. 27) nor protective (FIG. 28), the
same sequence coupled to a TLR2 ligand is both immuno-
genic and protective.

Example 15
Flagellin-M2e Fusion Proteins

[0646] M2e is conserved across multiple influenza A sub-
types (also referred to herein as “strain”). M2e is at least a
portion of the M2 protein, in particular, a 24 amino-terminus
(also referred to herein as an “ectodomain”) of the M2 pro-
tein. The M2 ectodomain is relatively small amino acid
sequence (24 amino acids) compared to HA (about 566 amino
acids) and NA (about 469 amino acids). The M2e sequence of
exemplary avian influenza A isolates differs from that of
human isolates, but is highly-conserved among the avian
isolates (see, for example, SEQ ID NOS: 543-555, 569 and
572-577). Four tandem copies of M2e fused to the carboxy
terminus of a flagellin STF2 (full-length or STF2 hinge
region-deleted) were generated. The STF2 without the hinge
region is also referred to herein as “STF2A.”

Construction of Fusion Protein

[0647] The carboxy-terminal fusion of the synthetic
4xM2e sequence (4 consecutive 24 amino acid sequences)
with STF2 was constructed as follows. The pET24A vector
was purchased from Novagen, San Diego, Calif. The strategy
employed the Seamless Cloning Kit (Catalog number
214400) from Stratagene (La Jolla, Calif. www.stratagene.
com) performed by DNA 2.0 Inc. (Menlo Park, Calif.). The
gene encoding the fusion protein was in pDrive 4xM2e
(G00448 and was used as a PCR template for insert prepara-
tion for construction of the C-terminal fusion expression con-
struct with STF2. The synthetic 4xM2e construct pDrive
4xM2e G00448 was used as a template for PCR as outlined in
the Seamless Cloning Kit (Catalog number 214400) from
Stratagene (La Jolla, Calif.). The expected product from this
amplification includes the 318 bp and the restriction enzyme
sites incorporated into the oligonucleotides used to amplity
this insert. The procedure was as follows:

PCR conditions

1 uL-20 ng of pDrive 4xM2e G00448

5 uLL of 10x cloned Pfu polymerase buffer

May 19, 2011

1 pL of 40 mM dNTP mix

1 uL-10 pmol of forward primer 4xM2eforbs1

1 uL-10 pmol of reverse primer 4xM2erevwsto

40 ul, ddH,0

[0648] Immediately before starting the thermal cycling 1
pL of PfuTurbo DNA Polymerase the following were added.

4xM2eforbsl primer sequence:
(SEQ ID NO: 565)
5'-CGCTCTTCAMTGAGCTTGCTGACTGAGGTTGAGACCCCGATTC

4xM2erevwsto primer sequence:
(SEQ ID NO: 566)
5'-CGCTCTTCACGCTTATTATCTAGACGGGTCTGAGCTATCGTTAGAG

CGAG
[0649] This reaction was cycled as follows on a Thermo
Hybaid PxE thermal cycler (Waltham, Mass.).
[0650] Initial Cycle
Temperature Duration
95° 3 minutes
65° 1 minute
72° 1 minute
[0651] Subsequent Nine Cycles
Temperature Duration
95° 45 seconds
65° 35 seconds
72° 1 minute
[0652] At this point the following was added to each reac-
tion.

5 uLL of 10x cloned Pfu polymerase buffer

1 pL of 5-methyl NTP mix

44 ul, ddH,0

[0653] Subsequently the following thermal cycling was
repeated five times.

Temperature Duration
95° 45 seconds
65° 35 seconds
72° 1 minute

[0654] The 100 pL product was brought to a volume of 300
uL by the addition of TE buffer. The resulting product was
phenol chloroform (Invitrogen Carlsbad, Calif.-Catalog
number 15593-031) extracted once and chloroform extracted
once. The amplification product was then ethanol precipitated
by addition of 30 uL. of Sodium acetate buffer pH 5.2 and 750
uL ot 100% Ethanol. The DNA pellet was washed twice with
300 pl. 70% Ethanol allowed to air dry for ten minutes and
then resuspended in 50 pL. TE buffer.

Amplification of Vector STF2 in pET24.

[0655] The previously constructed pET24a/STF2.M2e
construct was used as a template for PCR as outlined in the
Seamless Cloning Kit (Catalog number 214400) from Strat-
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agene (La Jolla, Calif.). The expected product from this
amplification includes the whole of the pET24 plasmid plus
the STF2 sequences but does not include the single copy of
M2E that exists in this construct. The procedure was as fol-
low:

PCR Conditions

[0656] 1 ulL-40ng of STF2.M2E pET22-2

5 uLL of 10x cloned Pfu polymerase buffer

1 pL of 40 mM dNTP mix

1 uL-10 pmol of primer 4xMECpET24

1 pL-10 pmol of primer 4xM2eC-STF2

40 uL, ddH,0

[0657] Immediately before starting the thermal cycling the
following were added:

1 pL of PfuTurbo DNA Polymerase
[0658]

4xMECpET24 primer sequence:
(SEQ ID NO: 567)
5'-GCTCTTCAGCGGCTGAGCAATAACTAGCATAACCCCTTGGG

4xM2eC-STF2 primer sequence:
(SEQ ID NO: 568)
5'-CGCTCTTCACAGACGTAACAGAGACAGCACGTTCTGCGG

[0659] This reaction was cycled as follows on a Thermo
Hybaid PxE thermal cycler (Waltham, Mass.).

[0660] Initial Cycle
Temperature Duration
95° 3 minutes
65° 1 minute
72° 18 minutes
[0661] Subsequent Nine Cycles
Temperature Duration
95° 45 seconds
65° 35 seconds
72° 18 minutes
[0662] At this point the following was added to each reac-
tion.

5 uLL of 10x cloned Pfu polymerase buffer

1 pL of 5-methyl ANTP mix

44 ul, ddH,0

[0663] Subsequently the following thermal cycling was
repeated five times.

Temperature Duration
95° 45 seconds
65° 35 seconds
72° 18 minutes

[0664] The 100 puL product was brought to a volume of 300
uL by the addition of TE buffer. The resulting product was
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phenol chloroform (Invitrogen Carlsbad, Calif.-Catalog
number 15593-031) extracted once and chloroform extracted
once. The amplification product was then ethanol precipitated
by addition of 30 uL. of Sodium acetate buffer pH 5.2 and 750
uL ot 100% Ethanol. The DNA pellet was washed twice with
300 pl. 70% Ethanol allowed to air dry for ten minutes and
then resuspended in 50 pL. TE buffer.

Digestion and Ligation of Vector and Insert Amplifications

[0665] Eam 1104 Idigests were setup separately for vector
and insert as follows:

[0666] 30 ul of amplified product after ethanol precipita-
tion
[0667] 5 pL of 10x Universal buffer (Supplied with Seam-

less Cloning Kit)

[0668] 4 ul Eam 1104 I restriction enzyme (Supplied with
Seamless Cloning Kit)

[0669] 11 pL ddH,O

[0670] Digests were mixed gently and incubated at 37° C.
for one hour and ligation reactions of vector and insert prod-
ucts were prepared as above performed as follows (Reagents
supplied with Seamless Cloning Kit):

[0671] Ingredients added in order listed:

[0672] 9 pL ddH,O

[0673] 5ul ofEam 1104 Idigested 4xM2e amplified insert
[0674] 5 uL of Eam 1104 1 digested STF2.M2E pET22-2

amplified vector

[0675] 2 pl 10x Ligase buffer

[0676] 2 uL 10 mM rATP

[0677] 1 uL T4 DNA Ligase (diluted from stock 1:16)
[0678] 1 pL Eam 1104 I restriction enzyme

[0679] The ligation reactions were mixed gently and incu-

bated for 30 minutes at 37° C. The ligations were then stored
on ice until transformed into XI.-10 competent cells (Strat-
agene Catalog number 200314) later than same day.
Transformation of Ligation into XI.-10 Competent Cells
[0680] Eppendorftubes were chilled for ten minutes while
the XL.-10 (Stratagene Catalog number 200314) competent
cells thawed on ice.

[0681] 50 uL of competent cells were aliquoted from the
stock tube per ligation.

[0682] 2 L of f-mercaptoethanol stock which is provided
with the XT-10 cells.

[0683] This mixture was incubated for ten minutes on ice
gently mixing every 2 minutes. Seamless cloning ligation
reaction (4 ul) was added, swirled gently and then incubated
on ice for 30 minutes. The tubes were heat shocked for 35
seconds at42° C. in a water bath. The tubes were incubated on
ice for at least two minutes. SOC medium (400 pl.) were
added to the cells and incubated for one hour at 37° C. with
agitation.

[0684] Two LB agar kanamycin (50 pg/mL) plates are used
to plate 200 uL. and 10 pL. of the transformed cells and allowed
to grow overnight.

Screening of Kanamycin Resistant Clones

[0685] Recombinant candidates were grown up for mini-
preps in Luria Broth containing Kanamycin (25 ug/ml.) and
extracted using the QIAprep Spin Miniprep Kit (Qiagen
Valencia, Calif. Catalog Number 27106). Candidate clones
were screened by restriction enzymes (New England Biolabs
Beverly, Mass.) and positive clones were grown up in 100 mL
of Luria Broth containing kanamycin (25 ug/ml) and
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extracted using the Qiagen HiSpeed Plasmid Midi Kit (Cata-
log number 12643). These clones were submitted to
GENEWIZ (North Brunswick, N.J.) for sequencing.

Production and Purification of STF2.4xM2e Fusion Protein

[0686] STF2.4xM2e in E. coli BLR(DE3)pLysS host
(Novagen, San Diego, Calif., Catalog #69053) was retrieved
from glycerol stock and scaled up to 5 L. Cells were grown in
LB medium containing 15 ng/ml Kanamycin and 12.5 pg/ml
Teteracycline to ODg,=0.4 and induced with 1 mM IPTG for
3 hat37°C. The cells were harvested by centrifugation (7000
rpmx7 minutes in a Sorvall RC5C centrifuge) and resus-
pended in 2xPBS, 1% glycerol, DNAse, 1 mM PMSF, pro-
tease inhibitor cocktail and 1 mg/ml lysozyme. The suspen-
sion was passed through a microfluidizer to lyse the cells. The
lysate was centrifuged (45,000 g for one hour in a Beckman
Optima L ultracentrifuge) to separate the soluble fraction
from inclusion bodies. Protein was detected by SDS-PAGE in
the soluble and insoluble fractions.

[0687] The soluble fraction was applied to Sepharose Q
resin in the presence of high salt via batch method to reduce
DNA, endotoxin, and other contaminants. The flow through
containing the protein of interest was loaded onto 30 ml Q
Sepharose column (Amersham Biosciences). Bound protein
was eluted using a linear gradient from Buffer A to B. (Buffer
A: 100 mM Tris-C1, pH 8.0. Buffer B: 100 mM Tris-C1, 1 M
NaCl, pH 8.0). Eluted protein was further purified using a 45
ml Source Q column that provided greater resolution needed
to resolve contaminating proteins. Bound protein was eluted
with a linear gradient from Buffer A to B (Buffer A: 100 mM
Tris-C1, pH 8.0 Buffer B: 100 mM Tris-C1, 1 M NaCl, pH
8.0).

[0688] Final purification of protein was completed using
Superdex-200 gel filtration chromatography. The column was
developed with 100 mM Tris, 150 mM NaCl and 1% glycerol
plus 1% Na-deoxycholate to remove the LPS. Buffer
exchange was carried out using overnight dialysis against
buffer containing 50 mM Tris, 100 mM NaCl and 1% glycerol
was done to remove Na-deoxycholate. Protein concentration
was determined by the MicroBCA Protein Assay Reagent Kit
(Pierce Biotechnology). Purified preparations of STF2.4x
M2e yielded a single band visible with Coomassie stain that
migrated with an apparent molecular weight of about 64 kDa
on 12% SDS polyacrylamide gels.

Example 16

Expression and Purification of Flagellin (STF2 and
STF2A) Fusion Protein Constructs Encoding Influ-
enza A M2 Ectodomain Sequences

[0689] The consensus M2e sequences from several influ-
enza A strains of human and avian origin are depicted in SEQ
ID NOS: 543-555, 569 and 572-577. To facilitate the cloning
of the M2e sequence, two vector cassettes, pMT/STF2 and
pMT/STF2A, each containing a multiple cloning site (MCS)
were generated (See FIGS. 17A and 17B). To generate pMT/
STF2, the 1.5 kb gene encoding full length flagellin of Sa/-
monella typhimurium fljb type 2, or STF2, was fused to the Ig
binding protein (BIP) secretion signal of pMTBIP/V5-His
vector (Invitrogen Corporation, Carlsbad, Calif.) for expres-
sion in Drosophila. The BiP sequence is included at the 5'end
of'the construct as a secretion signal for expression in Droso-
phila. A chemically-synthesized 4xM2e gene representing
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the H1, H2 and H3 consensus sequence, SEQ ID NO: 544,
was cloned into the MCS of pMT/STF2 to create pMT/STF2.
4xM2e(H1).

[0690] A similar strategy prophetically is employed to
clone two HS-associated M2e sequences, SLLTEVETP-
TRNEWECRCSDSSDP (SEQ ID NO: 552) (A/Viet Nam/
1203/2004) and SLLTEVETLTRNGWGCRCSDSSDP
(SEQ ID NO: 551) (A/Hong Kong/156/97). Codon-opti-
mized chemically synthesized genes containing four tan-
demly repeated copies of the indicated H5-associated M2e
sequence prophetically are cloned into pMT/STF2 to gener-
ate STF2.4xM2e(H5VN) and STF2.4xM2e(HSHK), respec-
tively. To generate a construct that contains multiple M2e
forms, the heterologous 4xM2e sequence(s) prophetically are
inserted into either of the primary constructs.

[0691] “Heterologous sequences,” as used herein, means
sequences from different species. For example, the H1
sequence is a human sequence and the HS sequence is an
avian sequence. Thus, the H1 and H5 sequences are heterolo-
gous sequences (e.g., SLLTEVETPTRNEWESRSSDSS-
DPLESLLTEVETPTRNEWESRSSDSSDPESSLLT
EVETPTRNEWESRSSDSSDPGSSLLTE-
VETPTRNEWESRSSDSSDP (SEQ ID NO: 596), encoded
by tctetgetgactgaagtagaaacte-
caacgcgtaatgaatgggaatceegt-
tctagegactectetgatectetecgagteectget gacggaggttgaaacceegac-

ccgeaacgagtgggaaagecgttectecgattectetgatecggagagcagectgetgac

cgaggtagaaaccccgacecgtaat-

gagtgggaatctcgetectetgattct-
tctgaccegggatectetctgetgaccgaagt ggagactecgactcgeaac-
gaatgggagagccgttcttctgactectetgacceg (SEQ ID NO: 597).

[0692] Primary constructs comprise at least one pathogen-
associated molecular pattern (e.g., STF2, STF2A) and at least
aportion of at least one integral membrane protein (e.g., M2e,
such as SEQ ID NOS: 509 and 543). If there is more than one
integral membrane in a primary construct, the integral mem-
brane proteins are from the same species.

[0693] A heterologous construct includes at least two inte-
gral membrane proteins such as H1 (human) and H5 (avian),
for example, in SEQ ID NOS: 582 and 583.

[0694] To generate pMT/STEF2A, the hyper-variable region
that spans amino acids 170 to 415 of the full-length flagellin
gene of SEQ ID NO: 498 was deleted and replaced with a
short (10 amino acid) flexible linker (GAPVDPASPW, SEQ
ID NO: 593) designed to facilitate interactions of the amino
and carboxy terminal sequences necessary for TLRS signal-
ing. The protein expressed from this construct retains potent
TLRS activity whether expressed alone or in fusion with test
antigen. Thus, a second series of M2e constructs propheti-
cally is generated based on pMT/STF2A. Drosophila Dmel-2
cells (Invitrogen Corporation, Carlsbad, Calif.) grown at
room temperature in Schneider’s medium supplemented with
10% FBS and antibiotics prophetically is transfected with the
constructs described above using Cellfectin reagent (Invitro-
gen) according to the manufacturer’s instructions. Twenty-
four hours post transfection, cells prophetically is induced
with 0.5 mM CuSO, in medium lacking FBS and incubated
for an additional 48 hours. Conditioned media (CM) pro-
phetically is harvested from induced cultures and screened
for protein expression by SDS-PAGE and Western blot analy-
ses using anti-flagellin and anti-M2e specific antibodies. The
identity, TLR bioactivity of the fusion protein, antigenicity
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assessed by ELISA and in vivo mouse studies for immuno-
genicity prophetically is performed.

Example 17

Construction and Expression of Flagellin-Hemagluti-
nin (HA) Constructs

[0695] The gene encoding HA from genomic DNA from
the in-house laboratory strain PR, an attenuated derivative of
A/Puerto Rico/8/34 was isolated (SEQ ID NO: 564, encoding
SEQ ID NO: 563). The gene was fused to the STF2A cassette
that has been previously constructed in pPICZA generating
STF2A.HAPRS (SEQ ID NO: 560, encoding SEQ ID NO:
558) (See FIG. 42). Purified recombinant protein was tested
for immunogenicity and efficacy in BALB/c mice. The gene
encoding H5N1 of the A/Vietnam/1203/04 strain was custom
synthesized and fused to STF2A cassette generating STF2A.
HAHS (SEQ ID NO: 557, encoding SEQ ID NO: 556). Both
human and avian HA constructs were transformed into Pichia
pastoris strains GS115 and X-33 (Invitrogen Corporation,
Carlsbad, Calif). Selected clones were screened for expres-
sion by fractionation on SDS-PAGE gel and staining by
Coommassie Blue and Western blot analysis using anti-HA
and anti-flagellin antibodies.

Example 18
Generation of a Pam3Cys Fusion Protein

[0696] M2e (SEQ ID NO: 543) was chemically coupled to
atri-palmitoylcysteine (Pam3Cys) moiety through the amino
terminal serine residue of the peptide. The structure of the
fusion protein (Pam3Cys.M2e) is shown in FIG. 39. The
chemical name for Pam3Cys.M2e is [Palmitoyl-Cys((RS)-2,
3-di(palmitoyloxy)-propyl)-Ser-Leu-Leu-Thr-Glu-Val-Glu-
Thr-Pro-Ile-Arg-Asn-Glu-Trp-Gly-Ser- Arg-Ser-Asn-Asp-
Ser-Ser-Asp-Pro-OH acetate salt]. The molecular mass of
Pam3Cys.M2e is 3582.3 daltons.

[0697] Pam3Cys.M2e was synthesized using a solid phase
peptide synthesis methodology based on a well established
Fmoc-strategy (Houben-Weyl, 2004. Synthesis of peptides
and peptidomimetics, Vol. 22, Georg Thieme Verlag Stuttgart,
N.Y.). The synthetic scheme and manufacturing process for
Pam3Cys.M2e is diagrammed in the flow chart below. The
Pam3Cys.M2e is a fusion protein (chemically linked) and is
also referred to herein as a “lipidated peptide.”
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[0698] The first step in the synthesis included solid phase
peptide synthesis. The amino acid sequence of Pam3Cys.
M2e was assembled on an H-Pro-2-chlorotrityl chloride resin
by solid phase peptide synthesis. This resin is highly suitable
for the formation of peptides with the Fmoc-strategy. The
peptide chain was elongated by successive coupling of the
amino acid derivatives. Each coupling step was preceded by
an Fmoc-deprotection step and both steps were accompanied
by repeated washing of the resin. After coupling of the last
amino acid derivative, the final Fmoc-deprotection step was
performed. Finally, the peptide resin was washed and dried
under reduced pressure. During solid phase peptide synthesis
color indicator tests were performed for each step to monitor
the completion of the Fmoc-cleavage and the subsequent
coupling of the amino acid derivatives.

[0699] Stage 2 of the synthesis included coupling of
Pam3Cys-OH. Pam3Cys-OH was pre-activated with N,N'-
dicyclohexyl-carbodiimide (DCCI) in the presence of 1-hy-
droxybenzotriazole (HOBt). The resulting solution was fil-
tered and added to the peptide resin. At the end of the reaction
time the peptide resin was washed and dried under reduced
pressure. Color indicator tests were performed to control the
coupling of Pam3Cys-OH.

[0700] Stage 3 of the synthesis included cleavage from the
resin including cleavage of the side chain protecting groups.
The peptide resin was treated with trifluoroacetic acid (TFA).
The product was precipitated from the reaction mixture and
lyophilized.

[0701] Stage 4 of the synthesis included purification by
preparative reverse phase HPL.C. The crude material obtained
from Stage 3 was purified by preparative HPLC on a reverse
phase column using a TFA system. The fractions were col-
lected, checked by analytical HPL.C and pooled accordingly.
Pooled fractions from the TFA runs were lyophilized.
[0702] Stage 5 of'the synthesis included precipitation in the
presence of EDTA. The purified material from Stage 4 was
precipitated from an aqueous solution of EDTA. The product
was filtered off and dried under reduced pressure.

[0703] Stage 6 ofthe synthesis included ion exchange chro-
matography. The last stage of manufacturing Pam3Cys.M2e
was the exchange from the trifluoroacetate salt into the
acetate salt by ion exchange. The material from Stage 5 was
loaded onto an ion exchange column and eluted with acetic
acid. Fractions were checked by thin layer chromatography
and the combined product-containing fractions were filtered
and lyophilized to yield the final product.

H-Pro-2-chlorotrityl chloride resin

Coupling of 23 N-a-Fmoc protected
amino acid derivatives carrying the side
chain protecting groups mentioned below;
final Fmoc-deprotection at the N-terminus

Stage 1: Solid phase
peptide synthesis

H-Ser(tBu)-Leu-Leu- Thr(tBu)-Glu(OtBu)-Val-Glu(OtBu)-Thr(tBu)-Pro-Ile-Arg (Pbf)-
Asn(Mtt)-Glu(OtBu)-Trp(Boc)-Gly-Ser(tBu)-Arg(Pbf)-Ser(tBu)-Asn(Mtt)-Asp(OtBu)-
Ser(tBu)-Ser(tBu)- Asp(OtBu)-Pro-2-chlorotrityl chloride resin

Stage 2: Coupling of Pam3-Cys-OH
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-continued

Pam3-Cys-Ser(tBu)-Leu-Leu-Thr(tBu)-Glu(OtBu)- Val-Glu(OtBu)- Thr(tBu)-Pro-Ile-
Arg(Pbf)-Asn(Mtt)-Glu(OtBu)-Trp(Boc)-Gly-Ser(tBu)- Arg(Pbf)-Ser(tBu)- Asn(Mtt)-
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Drying

Asp(OtBu)-Ser(tBu)-Ser(tBu)- Asp(OtBu)-Pro-2-chlorotrityl chloride resin

Stage 3: Cleavage from the resin including
cleavage of the side chain protecting groups

Lyophilization

Pam3-Cys-Ser-Leu-Leu-Thr-Glu- Val-Glu-Thr-Pro-Ile- Arg- Asn-Glu-Trp-Gly-
Ser- Arg-Ser- Asn-Asp-Ser-Ser-Asp-Pro-OH crude (trifluoroacetate salt)

Stage 4: Purification by preparative HPLC

Pam3-Cys-Ser-Leu-Leu-Thr-Glu- Val-Glu-Thr-Pro-Ile-Arg- Asn-Glu- Trp-Gly-Ser-
Arg-Ser-Asn-Asp-Ser-Ser- Asp-Pro-OH purified (trifluoroacetate salt)

Stage 5: Precipitation in the presence of EDTA

Drying

Pam3-Cys-Ser-Leu-Leu-Thr-Glu- Val-Glu-Thr-Pro-Ile- Arg- Asn-Glu-Trp-Gly-Ser-Arg-
Ser-Asn-Asp-Ser-Ser-Asp-Pro-OH purified (trifluoroacetate salt)

Stage 6: Ion exchange

Final lyophilization

Pam3-Cys-Ser-Leu-Leu-Thr-Glu- Val-Glu-Thr-Pro-Ile- Arg- Asn-Glu-Trp-Gly-Ser-Arg-
Ser-Asn-Asp-Ser-Ser-Asp-Pro-OH purified (acetate salt)

Pam3-Cys-OH = Palmitoyl-Cys((RS)-2,3-di(palmitoyloxy)-propyl)-OH

[0704] The purity specification for the Pam3Cys.M2e drug
substance was Z80% by RP-HPLC. The specification was
based on the purity achieved with three non-GMP lots of
Pam3Cys.M2e made from the same GMP batch of M2e-
peptide intermediate resin. The purity of the three non-GMP
lots of Pam3Cys.M2e was 80.2%, 80.3% and 80.8%, for lots
D.001.Pam3Cys.M2e, D.002.Pam3Cys.M2e and D.003.
Pam3Cys.M2e, respectively.

Example 19
Immunogenicity
Materials and Methods
Synthesis and Purification of Pam3Cys.M2E

[0705] Pam3Cys.M2e was prepared by Genemed Synthe-
sis and Bachem using solid phase synthesis methodologies
and FMOC chemistry as described above. Mass spectroscopy
analysis was used to verify the molecular weight of the final
product.

Endotoxin Assay

[0706] Endotoxin levels of the STF2.4xM2e and the
Pam3Cys.M2e were measured using the QCL-1000 Quanti-

tative Chromogenic LAL test kit (BioWhittaker #50-648 U),
following the manufacturer’s instructions for the microplate
method.

TLR5Bioactivity Assay

[0707] HEK293 cells constitutively express TLRS and
secrete several soluble factors, including I1.-8, in response to
TLRS signaling. HEK293 cells were seeded in 96-well
microplates (50,000 cells/well) and test proteins were added
and incubated overnight. The next day, the conditioned
medium was harvested, transferred to a clean 96-well micro-
plate and frozen at —20° C. After thawing, the conditioned
medium was assayed for the presence of IL-8 in a sandwich
ELISA using an anti-human IL-8 matched antibody pair
(Pierce, #M801E and #M802B) following the manufacturer’s
instructions. Optical density was measured using a micro-
plate spectrophotometer (FARCyte, Amersham). Results are
reported as pg of IL8 per ml as determined by inclusion of a
standard curve for IL8 in the assay.

TLR2Bioactivity Assay

[0708] RAW264.7 cells (ATCC) express TLR2 and secrete
several soluble factors, including TNFa, in response to TLR2
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signaling. RAW264.7 cells were seeded in 96-well micro-
plates (50,000 cells/well), test compounds were added and
incubated overnight. The next day, the conditioned medium
was harvested, transferred to a clean 96-well microplate and
frozen at —20° C. After thawing, the conditioned medium was
assayed for the presence of TNFa ina sandwich ELISA using
an anti-mouse TNFa matched antibody pair (Pierce) follow-
ing the manufacturer’s instructions. Optical density was mea-
sured using a microplate spectrophotometer (FARCyte,
Amersham). Results are reported as ng of TNF per ml as
determined by reference to a standard curve for TNF included
in the assay.

Mouse Immunogenicity

[0709] Female BALB/c mice (National Cancer Institute)
were used at the age of about 6-8 weeks. Mice were divided
into groups of 5 to 10 mice per group, and immunized sub-
cutaneously on each side of the base of the tail on days 0 and
21 with the indicated concentrations of STF2.4xM2e or
Pam3Cys.M2e fusion protein. On days 10 (primary) and 28
(boost), individual mice were bled by retro-orbital puncture.
Sera were harvested by clotting and centrifugation of the
heparin-free blood samples.

Mouse Serum Antibody Determination

[0710] M2e-specific IgG levels were determined by
ELISA. 96-well ELISA plates were coated overnight at 4° C.
with 100 pl/well of a 5 pg/ml solution of the M2e peptide in
PBS. Plates were blocked with 200 ul/well of Assay Diluent
Buffer (ADB; BD Pharmingen) for one hour at room tem-
perature. The plates were washed three times in PBS contain-
ing 0.05% Tween-20 (PBS-T). Dilutions of the sera in ADB
were added (100 ul/well) and the plates were incubated over-
night at4° C. The plates were washed three times with PBS-T.
Horse radish peroxidase, or HRP-labeled goat anti-mouse
IgG antibodies (Jackson Immunochemical) diluted in ADB
were added (100 pl/well) and the plates were incubated at
room temperature for 1 hour. The plates were washed three
times with PBS-T. After adding TMB Ultra substrate (3,3',5,
S'-tetramentylbenzidine; Pierce) and monitoring color devel-
opment, the O.D. 450 was measured on a Tecan Farcyte
microspectrophotometer.

Rabbit Immunogenicity

[0711] Female and male NZW rabbits (Covance Research
Products) were used at the age of about 13-17 weeks. Rabbits
were divided into groups of 3 male and 3 female per group,
and immunized i.m. on alternating thighs on days 0 and 21
and 42 with the indicated concentrations of Pam3Cys.M2e
peptide or STF2.4xM2e fusion protein. Animals were bled on
day -1 (prebleed), 14 (primary) and 28 and 42 (boost). Sera
were prepared by clotting and centrifugation of samples.

Rabbit Serum Antibody Determination

[0712] M2e-specific IgG levels were determined by
ELISA. 96-well ELIS A plates were coated overnight at about
4° C. with 100 pl/well M2e peptide in PBS (5 pg/ml). Plates
were blocked with 200 pl/well of Assay Diluent Buffer
(ADB; BD Pharmingen) for one hour at room temperature.
The plates were washed three times in PBS-T. Dilutions of the
sera in ADB were added (100 pl/well) and the plates were
incubated overnight at about 4° C. The plates were washed 3x
with PBS-T. Bound IgG was detected using HRP-conjugated
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goat anti-rabbit IgG (Jackson Immunochemical). The plates
were washed three times with PBS-T. After adding TMB
Ultra substrate (Pierce) and monitoring color development,
0.D. 450 was measured on a Molecular Devices Spectramax
microspectrophotometer. Results are reported as the Delta
0O.D. which is determined by subtracting the O.D. 450 read-
ing for the prebleed of each animal from the O.D. 450 for each
animal post-immunization.

Balb/C Mouse Efficacy Model

[0713] Ina typical experiment, about 5-6 week old female
BALB/c mice (10-20 per group) were obtained and allowed
to acclimate for one week. Fusion proteins formulated in PBS
or other suitable formulation were administered by s.c. injec-
tion. Mice were immunized on days O and 14. On day 21, sera
was harvested by retro-orbital puncture and evaluated for
M2e specific 1gG by ELISA. Mice were challenged by intra-
nasal administration of 1xLD90 of the well characterized
mouse adapted Influenza A strain, A/Puerto Rico/8/34
(HIN1). Mice were monitored daily for 14 days for survival
and weight loss. Mice that lost about 30% of'their initial body
weight were humanely sacrificed, and the day of sacrifice
recorded as the day of death. Efficacy data were reported as
survival times.

Results
In Vitro Bioactivity

[0714] These assays were based on cell lines expressing the
relevant TLR and screened for the ability to produce either
IL8 or TNF-a in response to TLR triggering. In FIG. 52, the
ability of STF2.4xM2e (M) or STF2.0VA(O) to stimulate
TLRS5 dependent IL.8 production was evaluated following the
stimulation of TLRS positive, HEK293 cells. The results
indicate that both fusion proteins stimulated IL8 production
in a dose dependent manner and that the activity of the PAMP
was retained in the context of the fusion.

[0715] TLR2 activity was similarly evaluated for
Pam3Cys.M2e following stimulation of TLR2 positive
RAW264.7cells. In FIG. 51, the experimental groups are:
the known endotoxin, LPS, as a positive control (#), LPS plus
the inhibitor of endotoxin polymixin B (PMB) as a negative
control (O), free Pam3Cys as a positive control for TLR2
signalling (M), free Pam3Cys plus PMB (), Pam3Cys.M2e
(#) and Pam3Cys.M2e plus PMB (). The results showed
similar activity profiles for Pam3Cys.M2e and the free TLR2
ligand Pam3Cys. The addition of polymyxin B (PMB) did not
reduce its activity, indicating that there is no or low endotoxin
contamination.

Physical Linkage of PAMP and Antigen Enhances Immuno-
genicity

[0716] Using mouse models of immunogenicity, chemical
coupling of Pam3Cys to M2e enhances the immunogenicity
of the M2e antigen as compared to either the M2e peptide
delivered alone or the M2e peptide co-delivered with free
Pam3Cys. In the experiment shown in FIG. 52, groups of
mice were immunized on days 0 and 21 with PBS as a nega-
tive control ((J*), the free TLR2 ligand, Pam3CSK-4 (), M2e
peptide alone (o), free Pam3CSK-4 mixed with M2e peptide
(00), or the fusion of Pam3Cys and M2e referred to as Pam3.
M2e (#). The relevant the molar ratio of M2e peptide deliv-
ered was held constant. On day 28, sera were harvested and
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analyzed for M2e-specific antibody titers by ELISA. The
results show that chemical coupling of Pam3Cys to the M2e
(Pam3Cys.M2e) generates a detectable serum antibody
response to the M2e antigen.

[0717] Physical linkage between the TLRS ligand STF2
and antigen was demonstrated using the model antigen oval-
bumin (OVA). Mice received a single s.c. immunization with
STF2, OVA, STF2.OVA fusion protein, STF2+OVA mixture
or PBS alone. Dosages were calculated to deliver 12 ng
equivalents of STF2 and OVA per group. Seven days later,
sera were harvested and OVA-specific antibodies were exam-
ined by ELISA. Data shown in FIG. 53 depict IgG1 titers at a
1:100 dilution of the sera. These results demonstrate that
physical linkage of the TLRS ligand and antigen results in
optimal immunogenicity in vivo.

PAMP Linked Antigens are More Immunogenic than Con-
ventional Adjuvant

[0718] Groups of 5 BALB/c mice were immunized on day
0 and 14 with 30 pug of Pam3Cys.M2e (#), 22.5 pg of M2e
which is the molar equivalent of M2e in 30 pg of Pam3Cys.
M2e (), 22.5 mg of M2e adsorbed to the conventional
adjuvant Alum ((J), or 25 mg of the recombinant protein
STF2.4xM2e (H). A group receiving PBS was included as a
negative control (o). Sera were harvested 7 days post the
second dose and M2e specific IgG were evaluated by ELISA.
The results shown in F1G. 54 indicate that M2e alone is poorly
immunogenic in that it failed to elicit antibody titers above
background. The conventional adjuvant Alum provided a
modest enhancement in the immune response to M2e. The
PAMP linked M2e constructs; however, provided the greatest
enhancement in immunogenicity. These results indicate
direct linkage of PAMPs with portions of an integral mem-
brane protein of an influenza viral protein can elicit immune
responses that are more potent than those elicited by the
conventional adjuvant Alum.

Dose and Immunogenicity

[0719] Dose ranging studies were carried out to further
assess the potency of Pam3Cys.M2e and STF2.4xM2e. For
STF2.4xM2e, BALB/c mice were immunized on day 0 and
14 with dilutions of STF2.4xM2e that ranged from 0.25 to 25
ng of STF2.4xM2e per immunization. The prefix D002 refers
to the specific batch of STF2.4xM2e used in this experiment,
while R-028 refers to a historical reference batch of STF2.4x
M2e used in this experiment. Seven days following the last
immunization (Day 21) mice were bled and M2e-specific IgG
responses were evaluated by ELISA. The results shown in
FIG. 55 demonstrate that immunization with doses as low as
0.25 pg per immunization of STF2.4xM2e induced detect-
ablelevels of M2e-specific IgG, with the optimal dose in mice
falling in the range of about 2.5 to about 25 pg.

[0720] For Pam3Cys.M2e, BALB/c mice were immunized
on day 0 and 14 with 0.05 to 30 pug of Pam3Cys.M2e per
immunization. Seven days following the last immunization
(Day 21) mice were bled and M2e-specific IgG responses
were evaluated by ELISA. The results shown in FIG. 56
demonstrate that immunization with concentrations as low as
0.05 pg of Pam3Cys.M2e induced detectable levels of M2e-
specific IgG, with the optimal dose for mice in this study of
about 30 pg.

Immunogenicity in Multiple Mouse Strains

[0721] The immunogenicity of Pam3Cys.M2e was evalu-
ated in multiple mouse strains including BALB/c (@),
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C57BL/6 (M), CB6/F1 (#), DBA/2 (A), Cr:NIH (Swiss) (X)
and C3H/HeN (*). Groups of five for each strain were immu-
nized on day 0 and 14 with 30 pg of Pam3Cys.M2e per
immunization. Sera were harvested on day 21 and levels of
M2e-specific IgG evaluated by ELISA. All strains exhibited
significant levels of M2e-specific IgG indicating that the
immunogenicity of Pam3Cys.M2e is not dependent on a par-
ticular MHC (FIG. 57).

Immunogenicity in Rabbits

[0722] Studies aimed at evaluating the immunogenicity of
Pam3Cys.M2e and STF2.4xM2e in a second species, rabbit,
were carried out. In the first study, rabbits (3 females and 3
males/group) were immunized with 500, 150, 50, 15 or 5 pg
(im.) of Pam3Cys.M2e on day 0, 21 and 42. As a control, an
additional group received the formulation buffer F111 (10
mM Tris, 10 mM histidine, 75 mM NaCl, 5% sucrose, 0.02%
Polysorbate-80, 0.1 mM EDTA, 0.5% ethanol, 20 mg/mL
hydroxypropyl-beta-cyclodextrin, pH 7.2). On day 7 post-
boost 2, peripheral blood was obtained and the anti-M2e
antibody titers were evaluated by ELISA. The results shown
in FIG. 58 depict the individual rabbit antibody titers at a
1:125 dilution of the sera. The data suggest a dose-response
relationship between the amount of Pam3Cys.M2e used for
prime/boost vaccinations and the level of the antibody titer
achieved.

[0723] Inthe second study, rabbits (3 females and 3 males/
group) were immunized with 500, 150, 50, 15 or 5 ug (i.m.) of
STF2.4xM2e. As a control, an additional group received
saline alone. On day 14 post-immunization, peripheral blood
was obtained and the anti-M2e antibody titers were evaluated
by ELISA. Notably, significant M2e-specific IgG responses
were detectable by day 14 post-prime in all animals immu-
nized (FI1G. 59). The results indicate that STF2.4xM2e elicits
a rapid and consistent immune response in rabbits.

Efficacy in the Mouse Challenge Model

[0724] Theefficacy ofthe Pam3Cys.M2eand STF2.4xM2e
was evaluated in BALB/c mice using the well characterized
mouse adapted strain, Influenza A/Puerto Rico/8/34 (PR/8) as
the challenge virus. Groups of ten mice were immunized s.c.
on day 0 and 14 with 30 pg of Pam3Cys.M2e in the formu-
lation buffer F111 (M), 30 ng of Pam3Cys.M2e in the propri-
etary buffer F120 (10 mM Tris, 10 mM histidine, 10%
sucrose, 0.02% Polysorbate-80, 0.1 mM EDTA, 0.5% etha-
nol, 0.075% docusate sodium, pH 7.2) (A), 30 pg of
Pam3Cys.M2e in the buffer F119 (10 mM Tris, 10 mM his-
tidine, 75 mM NaCl, 5% sucrose, 0.02% Polysorbate-80, 0.1
mM EDTA, 0.5% ethanol, 0.1% docusate sodium, pH 7.2), 30
ng of STF2.4xM2e in the buffer F105 (10 mM Tris, 10 mM
histidine, 75 mM NaCl, 5% sucrose, 0.02% Polysorbate-80,
0.1 mM EDTA, 0.5% ethanol, pH 7.2), 3 ug of STF2.4xM2e
in buffer F105 (10 mM Tris, 10 mM histidine, 75 mM NaCl,
5% sucrose, 0.02% Polysorbate-80, 0.1 mM EDTA, 0.5%
ethanol, pH 7.2) (@) or 0.3 pg of STF2.4xM2e in buffer F105
(OD). A group receiving PBS alone was included as a negative
control (o), and a convalescent group with immunity to PR/8
following a sublethal challenge with the virus was included as
a positive control (¢). On day 28, animals were challenge
with an LD90 of the PR/8 challenge stock. Weight loss and
survival was followed for 14 days post challenge (FIG. 60).

[0725] Animals in the convalescent group which had suc-
cessfully cleared an earlier non-lethal infection with PR/8
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demonstrated 100% protection to a subsequent viral chal-
lenge. Animals receiving the PBS buffer alone exhibited mor-
bidity beginning on days 7 and 8, with 80% lethality occur-
ring by day 10, while animals immunized with 30 pg of
Pam3Cys.M2e in F111 demonstrated enhanced survival, with
50% of mice surviving the challenge. Animals receiving
Pam3Cys.M2e in F119 exhibited morbidity beginning on
days 8 and 9 with 80% of the mice surviving. Animals receiv-
ing Pam3Cys.M2e in buffer F120 (10 mM Tris, 10 mM his-
tidine, 10% sucrose, 0.02% Polysorbate-80, 0.1 mM EDTA,
0.5% ethanol, 0.075% docusate sodium, pH 7.2) or the STF2.
4xM2e protein exhibited the mildest disease course with 90 to
100% of the mice in these groups surviving the lethal chal-
lenge. These results demonstrate that both Pam3Cys.M2e and
STF2.4xM2e can confer protective immunity to a challenge
with influenza A in vivo.

Discussion

[0726] Salmonella typhimurium flagellin (fljB) is a ligand
for TLRS. A recombinant protein consisting of full-length
flijB (STF2) fused to four tandem repeats of M2e was
expressed in E. coli and purified to >95% purity with low
endotoxin levels. In reporter cell lines, this protein (STF2.4x
M2e) triggered IL8 production in a TLR5-dependent fashion.
Mice immunized with dilutions of STF2.4xM2e that ranged
from 0.25 pgto 25 pg, formulated in the bufter F105 which is
without a conventional adjuvant or carrier, mounted a vigor-
ous antibody response. The potency of the recombinant pro-
tein was further demonstrated in rabbit immunogenicity stud-
ies where animals receiving as little as 5 pg of protein
seroconverted after a single dose. The efficacy of the PAMP
fusion protein was demonstrated in the mouse challenge
model using Influenza A/Puerto Rico/8/34 as the challenge
virus. Mice immunized with as little as about 0.3 pg of the
protein per dose exhibited mild morbidity with 100% of the
mice surviving the challenge.

[0727] Synthetic tripalmitoylated peptides mimic the acy-
lated amino terminus of lipidated bacterial proteins and are
potent activators of TLR2. In these studies, a tripalmitoylated
peptide consisting of three fatty acid chains linked to a cys-
teine residue and the amino terminus of the Influenza A M2
ectodomain (M2e) was synthesized using standard solid-
phase peptide chemistries. This peptide (Pam3Cys.M2e) trig-
gered TNFa production in a TLR2-dependent fashion in
reporter cell lines. When used to immunize mice without
adjuvant, Pam3Cys.M2e generated an antibody response that
was more potent than M2e when mixed with free Pam3CSK-
4. Pam3Cys.M2e was also found to be immunogenic in rab-
bits where a dose response relationship was observed
between the amount of Pam3Cys.M2e used for immunization
and the antibody titer achieved. The efficacy of the Pam3Cys.
M2e peptide in a number of different formulations was evalu-
ated in the mouse challenge model using Influenza A/Puerto
Rico/8/34 as the challenge virus. Pam3Cys.M2e formulated
in F119 and F120 exhibited the mildest morbidity with about
80 to about 100% of the mice surviving the challenge.

Example 20
Materials and Methods
[0728] PCR Amplification and DNA primers
[0729] All PCR amplifications were performed using Pfu

Ultra Hotstart PCR Master Mix (Catalog number 600630)
from Stratagene (La Jolla, Calif.) according to the manufac-
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turer’s recommendations. DNA primers were purchased from
Sigma Genosys and are described below.

STF28BGF-1:
(SEQ ID NO: 642)
CTCGGGAGATCTGCACAAGTAATCAACACTAACAGTCT

STF28MCR-1:
(SEQ ID NO: 643)
CCATGGGCTAGCAGGATCCACCGGCGCTCCCTGCACGTTCA

STF28MCF-2:
(SEQ ID NO: 644)
GGAGCGCCGGTGGATCCTGCTAGCCCATGGACCGAARAACCCG

STF28ECR-2:
(SEQ ID NO: 645)
TCTGCAGAATTCACGTAACAGAGACAGCACGTTCTGCGGGACGTCCCGC

AGAACGTGCTGTCTCTGTTACGTGAATTCTGCAGA

PET24AR:5
(SEQ ID NO: 646)
TCCGGCGTAGAGGATCGAGA

STF2-E3R3:
(SEQ ID NO: 647)
CAATTGACCTTCAAGCTTCGAATTGCCCTTACGTAACAGAGACAGCACG

TTCTG

AX-E3F3:
(SEQ ID NO: 648)
AAGCTTGAAGGTCAATTGGAATTCCCTAGGACTAGTATGGAAAAATTG

CAGTTGAAG

PET24AF:
(SEQ ID NO: 649)
GCTTAATGCGCCGCTACAGE

5'WNE28:
(SEQ ID NO: 650)
GCGGCCGCTCATGGAAAAATTGCAGTTGAAGGGAACAACC

3'WNE28:
(SEQ ID NO: 651)
CCGCGGTTTGCCAATGCTGCTTCCAGACTTGT

NdeI-STF2:
(SEQ ID NO: 652)
CCGGCATGCCATATGGCACAAGTAATCAACACTAACAGTCTGTCGCTGC

BlpI-EAIII:
(SEQ ID NO: 654)
GCATGCTCAGCTTATTAAGGGTTTGCCAATGCTGCTTCCCAGACTTGTG

JE EIII primer:
(SEQ ID NO: 53)
TACGTGAATTCAGCAGATATCCAGCAC

Cloning of pET/STF2A.EIII

[0730] Full length flagellin of Salmonella typhimurium fijb
(flagellin phase 2) (also referred to herein as “STF2”) is
encoded by a 1.5 kb gene. A truncated version of the STF2
(STF2A, SEQ ID NO: 604, encoded by SEQ ID NO: 605) was
generated by deleting the hyper-variable region that spans
amino acids 170 to 415 of SEQ ID NO: 312. The deleted
region was replaced with a short flexible linker (GAPVD-
PASPW, SEQ ID NO: 657) designed to facilitate interactions
of'the NH2 and COOH termini sequences necessary for TLRS
signaling. To generate this construct, a two-step PCR was
used. In the first reaction, STF2.0VA (SEQ ID NO: 753
encoding amino acid sequence SEQ ID NO: 754) served as
the DNA template and STF28BGF-1 and STF28MCR-1 were
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used as primer pairs. In a separate reaction, the same DNA
template was combined with primers STF28MCF-2 and
STF28ECR-2.

[0731] The PCR amplification reactions generated about
500 bp and about 270 bp fragments, respectively. These PCR
products were combined in a final PCR reaction using
STF28BGF-1 and STF28ECR-2 as primers. The amplified
DNA product from this reaction (about 0.77 kb) was digested
with BglIl and EcoRI restriction enzymes and ligated into
pMTBiP/V5-His B (Invitrogen, Carlsbad, Calif.) that had
previously been digested with BglIl and EcoRI and treated
with alkaline phosphatase. An aliquot of the ligation mix was
used to transform TOP10 cells (InVitrogen, Carlsbad, Calif.).
PCR screening was performed using vector specific primers,
pMTFOR (methionine promoter) (CATCTCAGTGCAAC-
TAAA, SEQ ID NO: 757) and BGHREV (bovine growth
hormone poly A) (TAGAAGGCACAGTCGAGG, SEQ ID
NO: 758), to identify several positive clones. All positive
clones were further analyzed by restriction mapping analysis
and confirmed by DNA sequencing. The resultant construct
pMT/STF2A was used to generate pMT/STF2A EIlT+.
[0732] The domain III of the West Nile virus envelope
protein of pET/STF2A EIll+ (SEQ ID NOS: 672, 673) was
derived from the Drosophila expression plasmid pMT/STF2.
E. This plasmid contains full-length STF2 (amino acids
1-506, SEQ ID NO: 312) fused to the West Nile Virus enve-
lope protein (amino acids 1-406, SEQ ID NO: 640). The
pMT/STF2.E (SEQ ID NO: 759) clone AX-1 was used as a
DNA template and 5'WNE28 (SEQ ID NO: 650) and
3'WNE28 (SEQ ID NO: 651) served as primers for PCR
amplification. In order to facilitate restriction analysis and
subsequent cloning steps, the 5' primer encoded a novel Notl
site (New England Biolabels, Beverly, Mass.) and the 3'
primer contained a unique Sacll site. The amplified EIIl+
DNA fragment (345 bp; SEQ ID NO: 779 that encodes amino
acids 292-406 of SEQ ID NO: 640) was subcloned into pCR-
Blunt I[I-TOPO cloning vector (InVitrogen, Carlsbad, Calif.)
to generate plasmid TOPOEIIIL. A stop codon was subse-
quently introduced downstream of the EIll+ sequence by
blunting the Sacll and Spel restriction sites using T4 DNA
polymerase.

[0733] To generate pMT/STF2A EIll+ (SEQID NOS: 671,
672), the EIll+ fragment was isolated from TOPOEIII+ using
Notl and BamHI restriction sites and ligated into the Notl and
Sacll restriction sites in pMT/STF2A. The BamHI site of the
EIlI+ DNA fragment and the Sacll site of pMTSTF2A were
blunted with T4 DNA polymerase prior to ligation. The
STF2A.EIll+ sequence (SEQ ID NOS: 671, 672) from pMT/
STF2A.EIll+ was isolated by PCR amplification using the
primers Ndel-STF2 and BlpI-EdIII. To generate pET/STEF2A.
ElI+ (SEQ ID NO: 672), the PCR product was digested with
Ndel and Blpl and ligated into pET24a plasmid that had been
predigested with Ndel and Blpl. The ligation mix was trans-
formed into Mach-1 cells (InVitrogen, Carlsbad, Calif.) and
the cells were grown on LB supplemented with 50 pg/ml
kanamycin. Several colonies were screened by restriction
mapping and were verified by DNA sequencing.

Cloning of pET/STF2 EIll+

[0734] The West Nile virus EIll+ sequence of pET/STF2.
ElI+ (SEQID NOS: 655, 656) was derived from pETSTF2.E
(SEQ ID NOS: 759, 760). This E. coli expression plasmid
contains full-length STF2 (amino acids 1-506) fused to the
West Nile Virus envelope protein (amino acids 292-406 of
SEQ ID NO: 640, which is SEQ ID NO: 608). In two inde-
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pendent PCR reactions, pET/STF2.E was used as the DNA
template. One reaction used the primers pET24AR:5 (SEQ
ID NO: 646) and STF2-E3R3: (SEQ ID NO: 647) and the
other used AX-E3F3 (SEQ ID NO: 648) and pET24AF (SEQ
ID NO: 649). These PCR reactions generated a 1.5 kb frag-
ment that consisted of full-length STF2 and a 340 bp fragment
that comprised the EIIl domain plus additional amino acids
that extended into domain I of the envelope protein. Aliquots
of'these PCR amplification reactions were combined, and the
two products served as templates for a PCR reaction with the
external primers pET24 AR (SEQ ID NO: 646) and pET24AF
(SEQ ID NO: 649). This resulted in the generation of about a
1.8 kb DNA fragment that fused EIll+ sequence (SEQ ID NO:
779, a nucleic acid sequence encoding amino acids 292-406
of SEQID NO: 640, which is SEQ ID NO: 608) to STF2. The
PCR product was digested with Ndel and BlpI and gel puri-
fied and ligated by compatible ends to a pET24a vector that
had previously been digested with compatible enzymes and
de-phosphorylated. The ligation mix was transformed into
Mach-1 cells (InVitrogen, Carlsbad, Calif.) as described for
pET/STF2A EIll+. Several colonies were screened by restric-
tion mapping and two clones were verified by DNA sequenc-
ing.

Cloning of pET/STF2A.JEII+

[0735] A portion of the envelope protein of a Japanese
encephalitis virus (JEV) (strain SA-14-14-2 (Jai, L., et al.,
Chin Med J (Eng) 116:941-943 (2003)); currently employed
in a JEV vaccine encoded by domain III was custom synthe-
sized by DNA 2. Inc (Menlo Park, Calif.). The portion of
domain I1I was excised from the pJ2:G01510 using Notl and
Blp Isite that flank the insert. The DNA insert was gel isolated
and cloned by compatible ends to pET24A/STF2A EIIl+
(SEQ ID NOS: 671, 672) that had previously been digested
with the appropriate enzymes to release the West Nile virus
Ell+ insert. The deleted vector was then gel purified and
ligated to an aliquot of JE EIll+. The ligation mix was used to
transform TOP-10 cells (InVitrogen, Carlsbad, Calif.) and the
cells were grown on LB supplemented with 50 pg/ml kana-
mycin. Several colonies were screened by restriction map-
ping and were verified by DNA sequencing.

[0736] The resulting construct, pET24A/STF2A.JEII
(SEQ ID NOS: 606, 607) was BLR (DE3) strain (Novagen)
and expression was monitored in several clones using Com-
massie Blue staining which was confirmed by Western blot
using anti-flagellin antibodies. Using, pET24A/STF2A.
JEIII+ as the DNA template and the JE EIll+ oligonucleotide
as primer (SEQ ID NO: 654) the cysteine residue in the linker
region between STF2A and JEIII+ was changed to a serine
residue using QuikChange Site Directed Mutagenesis Kit
(Stratagene, LaJolla, Calif.) according to the manaufacturer’s
instructions. The clone was verified by sequencing and
assayed for expression as described for pET24A/STF2A.
JEIII+ above.

[0737] When a cysteine residue in a linker in change to a
serine residue the fusion protein in also referred to herein by
includsion of an “s” in the designation of the fusion protein.
For example, “STF2A.EIIl+” includes a cysteine residue in
the linker (SEQ ID NO: 672), whereas “STF2A.EIlls+”
include a serine residue substituted for the cysteine residue in
the linker (SEQ ID NO:).

Cloning the EIII Domain of Each Dengue Virus Fused to the
C-Terminal End of Flagellin (STF2A)

[0738] Initially, obtaining biologically active material from
the fusion of the entire envelope protein of West Nile virus
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was difficult, perhaps due to the presence of multiple cys-
teines residues (12 cysteines) in the envelope protein (see
SEQ ID NO: 640). However, when the region encoding
domain III (EIII) of the protein was sub-cloned, the fusion
protein was abundantly expressed in £. co/i and was highly
efficacious in mice. Although there is an overall sequence
dissimilarity among the 4 distinct DEN viruses (Denl, Den2,
Den3, Dend, SEQ ID NOS: 761, 768, the three-dimensional
structures within domain III of the envelope protein are simi-
lar among the flaviviruses. This domain in DEN and other
flaviviruses encodes the majority of the type-specific contigu-
ous critical/dominant neutralizing epitopes. Domain Il of the
dengue viruses (Denl, Den2, Den3 and Den4d) has been
expressed in bacteria and shown to be immunogenic, capable
of inducing neutralizing antibodies in experimental animals
(Simmons, M., et al., Am. J. Trop. Med. Hyg 65:159 (2001)).
Domain I1I corresponding to residues about 295 to about 399
(exact numbering depends on the particular DEN virus, for
example, of SEQ ID NOS: 761, 763, 765, 767) of the four
different DEN viruses have been codon-optimized for expres-
sion in E. coli. The synthetic gene was amplified by using
PCR and sub-cloned into the Notl site of the vector pET/
STF2A generating pET/STF2A.DENIEIIL, pET/STF2A.
DENZ2EII, pET/STF2A.DEN3EIIl and pET/STE2A.
DEN4EIII (SEQ ID NOS: 681, 683, 685 and 687).

E. coli Production of STF2.EIll+, STF2A.EIll+, STF2A.
Ellls+ and STF2A.JEIII+

[0739] Cell cultures (6 L) of BLR(DE3) pLysS that harbor
pETSTF2.EIll+ (SEQ ID NOS: 655, 656), pETSTF2A.EIIT+
(SEQIDNOS: 671, 672), pETSTF2A Ellls+ (SEQ ID NOS:
673, 674) or pPETSTF2A.JEIII+ SEQ ID NOS: 606, 607) were
grown in LB medium containing 15 pg/ml kanamycin, 12.5
ng/ml tetracycline and 24 pg/ml chloramphenicol. At an
ODg( of about 0.6 protein expression was induced with 1
mM IPTG for about 3 h at about 37° C. Following induction,
cells were harvested by centrifugation (7000 rpmx7 minutes
ina Sorvall RC5C centrifuge) and resuspended in 2xPBS, 1%
glycerol, DNAse, 1 mM PMSEF, protease inhibitor cocktail
and 1 mg/ml lysozyme. The suspension was passed through a
microfiuidizer to lyse the cells and the lysate was centrifuged
(45,000 g for one hour in a Beckman Optima L ultracentri-
fuge) to separate the soluble fraction from inclusion bodies.
Under these growth and induction conditions, STF2.EIIl+
was expressed as a soluble protein and STF2A.EIll+ (SEQ ID
NOS: 671, 672), STF2A Ellls+ (SEQ ID NOS: 673, 674) and
STF2AJEII+ (SEQ ID NOS: 606, 607) formed inclusion
bodies.

Purification of STF2.EIIl+

[0740] Cell lysate containing soluble STF2.EIll+ (SEQ ID
NOS: 655, 656) was applied to Sepharose Q resin (Amersham
Biosciences, Piscataway, N.J.) in the presence of 0.5 M NaCl
to reduce DNA, endotoxin, and other contaminants. The
flow-through fraction was collected and the conductivity
adjusted by a 10-fold dilution with buffer A (Buffer A: 100
mM Tris-C1, pH 8.0). The diluted material was re-loaded
onto Q Sepharose and bound protein was eluted with a linear
gradient from 20% to 60% Buffer B (Buffer B: 100 mM
Tris-C1, 1 M NaCl, pH 8.0). Fractions containing STF2. EIIl+
were pooled and further processed by Superdex-200 gel
(SD200) filtration chromatography in the presence of Na-
deoxycholate to remove residual endotoxin (running buffer:
1% Na-deoxycholate, 100 mM NaCl, 100 mM Tris-HCI, 1%
glycerol, pH 8.0). Following SD200 chromatography, the
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eluted protein was loaded directly onto Q Sepharose and
washed extensively with buffer A to remove detergent. Bound
protein was again eluted with a linear gradient from 20% to
60% Buffer B. In one preparation (Batch 057), this step was
substituted with a detergent removal procedure using
Extract-D detergent removal gel (Pierce Biotechnology,
Rockford, I11.). The purified protein was dialyzed against
buffer containing 50 mM Tris, 100 mM NaCl and 1% glycerol
and stored at —80° C.

Purification of STF2A.EIll+

[0741] STF2A.EIll+ inclusion bodies were collected by
low-speed centrifugation (7000 rpmx7 minutes in a Sorvall
RCS5C centrifuge) and solubilized with buffer containing 8 M
urea, 100 mM Tris-HCl, 5 mM EDTA, pH 8.0. The urea
concentration of the solubilized protein was adjusted to 1 M
and the sample was loaded onto Q Sepharose. The bound
protein was eluted using a linear gradient from 0% to 100%
Buffer B. (Buffer A: 100 mM Tris-HCI, 5 mM EDTA, 1 M
urea, pH 8.0. Buffer B: 100 mM Tris-C1, 5 mM EDTA, 1 M
NaCl, 1 M urea, pH 8.0). Due to the formation of protein
aggregates following elution, the urea concentration of the Q
Sepharose material was adjusted to 8 M. The protein was
further purified by gel filtration chromatography using
SD200. The column was pre-equilibrated with 100 mM Tris-
HCI, pH 8.0, 100 mM NaCl, 1% glycerol, 8 M urea plus 1%
Na-deoxycholate. The eluted protein was subjected to a sec-
ond IEX chromatography step using Source Q to remove 1%
Na-deoxycholate. Bound protein was eluted with a linear
gradient from 20% to 60% Buffer B. (Buffer A: 100 mM
Tris-C1, pH 8.0, 8 M urea, 5 mM EDTA. Buffer B: 100 mM
Tris-HCI, pH 8.0, 5 mM EDTA, 8 M urea, 1 M NaCl). Final
polishing of the protein was completed by gel filtration chro-
matography using SD200 (Running Buffer: 100 mM Tris-
HCI, pH 8.0, 8 M urea, 100 mM NaCl and 1% glycerol).
Reducing agent was added to the SD200 fraction (2.5 mM
DTT) and the protein was refolded by step-wise dialysis
against decreasing concentrations of urea. The urea concen-
tration was reduced sequentially against buffers that con-
tained 100 mM Tris-HCI, pH 8.0, 100 mM NacCl, 1% glycerol
and 6 M, 4 M, 2 M or no urea.

Refolding and Purification of STF2A EIll+ Trimer

[0742] STF2A.EIll+ (SEQ ID NOS: 671, 672) from urea-
solubilized inclusion bodies was efficiently refolded to form
trimer product by simple dialysis as described above the
trimer (3 of these STFA.EIII fusion proteins) was deduced
based on molecular weight in SDS-PAGE. Following dialy-
sis, endotoxin was removed by multiple extractions with Tri-
ton X-114. The trimer was purified and separated from mono-
mer and aggregates by 5200 size exclusion chromatography.
The final product migrated as a single band with an apparent
molecular weight of about 130 kDa on SDS-PAGE.

Refolding and Purification of STF2A EIll+ Monomer

[0743] The monomeric form of STF2A.EIll+ (SEQ ID
NOS: 671, 672) was produced consistently and efficiently by
refolding using rapid dilution, which prevented individual
STF2A EIll+ fusion proteins from interacting with one
another to form meutimers, such as trimers (supra). STF2A.
EIll+ solubilized from inclusion bodies in 4M urea was raised
to 8M urea without reductant. The protein was then rapidly
diluted in Tris/NaCl/glycerol buffer, pH 8.0, to about 0.1
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mg/ml and a final urea concentration of 0.1M at room tem-
perature. The monomer was further purified and separated
from aggregates by 5200 size exclusion chromatography. The
final product migrated as a single band with an apparent
molecular weight of about 43 kDa on SDS-PAGE.

Purification of STF2A.Ellls+ (Serine Substitution of the
Linker Between STF2A and Elll+, SEQ ID NO: 673)

[0744] STF2A.Ellls+ (SEQ ID NOS: 673, 674) from solu-
bilized inclusion bodies was refolded using a rapid dilution
method similar to that used to refold the STF2A .EIIl+ mono-
mer. The refolded protein was captured on a butyl sepharose
column and eluted while removing most of the endotoxin
contamination. Eluate from the butyl sepharose purification
was concentrated and put through 4 cycles of Triton X-114
extractions to reduce endotoxin levels down to about <0.1
EU/ug before a final purification step over SD200 gel filtra-
tion. The final pooled product migrated as a single band with
an apparent molecular weight of about 43 kDa on SDS-PAGE
and contained a trace amount of Triton X-114 (about
0.000015%).

Purification of STF2A.JEIII+ (SEQ ID NOS: 606, 607)

[0745] Protein was isolated from inclusion bodies under
denaturing conditions. Inclusion bodies were washed with
detergent (0.5% Triton X 100) and solubilized in 8 M urea,
resulting in partial purification of the target protein. For
endotoxin removal, protein was applied on a Source S cation
exchange column at low pH (about 3.5) and eluted with a salt
gradient (0 to about 1M NaCl). The protein was refolded
using rapid dilution as described for STF2A . EIIl+ monomer.
The protein was then concentrated and further purified using
SD200 to separate the monomeric form of the protein from
aggregates. The purified material migrated with an apparent
molecular weight of about 43 kDa on SDS PAGE and con-
tained acceptable levels of endotoxin (about 0.03 EU/ug).

Fed Batch Production of Fusion Proteins

[0746] STEF2A.Ellls+ was produced in an aerobic bioreac-
tor using a fed batch process. Three control loops were placed
to control pH by acid (2 N HCI) or base (3 N NH,OH)
addition, temperature by heating (heating blanket) or cooling
(time cycled cooling loop), and dissolved oxygen by com-
pressed air flow (manually controlled), agitation (mixing
speed) and O, flow (timed cycled) in cascade. Cells [BLR
(DE3) pLysS that harbor the STF2A.Ellls+ were adapted to
and banked in MRSF media (see infra), and frozen in 25%
glycerol. Cells were scaled up for the bioreactor by adding 1
ml, of banked cells to 1 L of MRSF media and agitating at
about37° C. forabout 15.5toabout 16.5 hours. Cells from the
scale up process were added in a about 1:10 ratio to MRSF or
MRBR synthetic media at about 37° C. and about 0.5 vvm air
flow.

[0747] The process was run in batch mode at about 37° C.
until the cells oxygen consumption was such that the com-
pressed air flow is about 1.5 vvm and the agitation is at the
maximum, about 6 hours, when the temperature is dropped to
between about 25° C. and about 33° C. The feed can be started
before the culture is induced, or up to about 1 and about %2
hours after. The feed rate can be kept constant, or adjusted
based on process variables (dissolved oxygen, glucose con-
centration). The culture was induced with IPTG upon batch
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glucose exhaustion. The culture was maintained for a mini-
mum of about 2 hours and a maximum of about 20 hours.

Trace
MRBR Media Metal Solution 1000x
Composition g/l Component g/L
Glucose 20 EDTA, disodium 5
KH,PO, 22 FeSO,(7H,0) 10
(NH,),SO, 45 ZnSO,(7H,0) 2
Citric Acid 1.0 MnSO,(H,0) 2
MgSO,(7H,0) 1.0 CoC1,(6H,0) 0.2
CaCl, 004  CuSO,(5H,0) 0.1
Trace Metals 1ml Na,Mo0,4(2H,0) 0.2
Thiamine HCl 0.01 H,BO, 0.1
Antifoam 0.05
MRSF Media Feed Media
Composition g/L Composition g/l
Glucose 10 (20 in bioreactor) NaCl 0.5
KH,PO, 7.8 FeSO,(7H,0) 2
(NH,),S04 2.33 CaCl, 3.5
Citric Acid 1.0 MgSO,(7H,0) 12
MgSO,(7H,0) 1.0 Thiamine HC1 1
CaCl, 0.04 Trace Metals 1ml
Trace Metals 1ml Glucose 100
Thiamine HCI 0.01
Kanamycin 0.0075 (shake flask only)
[0748] STF2A.Ellls+ was produced as inclusion bodies.

Upon harvest, the cells were separated from the conditioned
media by centrifugation (Beckman Avanti J-20 XP, JLA
8.1000 rotor, 10 kxg for about 20 minutes at about 4° C.) and
resuspended in equal volume of 50 mM Tris, 100 mM NaCl,
1 mM EDTA, pH 8.0. The centrifugation was repeated under
the same conditions, with the cells resuspended in a minimum
volume of the same buffer. The suspension was passed
through a homogenizer (APV-1000) at>10,000 psi for at least
two passes.

[0749] The solids can be separated and the STF2A.Ellls
solubilized by one of three methods; centrifugation, filtration,
or fluidized bed chromatography.

Method 1

[0750] Solids are separated by centrifugation (Beckman
Avanti J-20 XP, JA 20 rotor, 20 kxg for 20 minutes at 4° C.)
and resuspended in 50 mM tris, 1 m NaCl, 1 mM EDTA, 1%
glycerol, 0.5% Triton X-100, pH 8.0. This process was
repeated up to 6 times (total) at increasing speeds and times
(to a maximum of about 40 kxg for about 20 minutes). After
the final pellet recovery, the pellet was resuspended in 50 mM
Tris, 0.1M NaCl, 1 mM EDTA, pH 8.0 and clarified by
centrifugation (Beckman Avanti J-20 XP, JA 20 rotor, 40 kxg
for about 20 minutes at about 4° C.) The pellet was resus-
pended and dissolved in 50 mM Tris, 0.1M NaCl, 1 mM
EDTA, 4 M urea, pH 8.0. Insolubles were removed by cen-
trifugation (Beckman Avanti J-20 XP, JA 20 rotor, 40 kxg for
about 50 minutes at about 4° C.), the supernatant retained for
further processing.

[0751] After the multiple washes described above, STF2A.
EIlIs can also be dissolved in 50 mM acetate, 10 mM NaCl,
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8M urea, pH about 4.1 to about 5.3 and clarified by centrifu-
gation (Beckman Avanti J-20 XP, JA 20 rotor, 20 kxg for
about 20 minutes).

Method 2

[0752] After homogenization, the lysate was captured in
body feed and STF2A.Ellls+ extracted with urea containing
buffer. Body feed is a filter aid designed to trap particles in a
cake above a depth filter. The body feed (Advanced Minerals
Corporation CelPure 65) is a diatomite (silica powder) with a
high surface area and low permeability, retaining <0.2 pm
particles. The filter aid was pre-mixed with the lysate and
pumped over a depth filter (Ertel 703), building up a cake
containing both body feed and lysate particles. The suspen-
sion creates a depth filter as the particles settle on the filter
pad. A 50 mM Tris, 100 mM NaCl pH 8.0 wash was per-
formed to remove soluble proteins and nucleic acids. A sub-
sequent wash with 50 mM Tris, 100 mM NaCl, 4 M urea, pH
8 solubilizes and removes the STF2A.EIlls from the body
feed for further processing.

Method 3

[0753] After the cells were initially resuspended in buffer,
they were resuspended in sodium chloride and urea contain-
ing buffer at pH about 6 to about 8 and homogenized. The
lysate was applied on a Streamline CST fluidized bed column
(GE Healthcare) where the STF2A Ellls+ binds to the resin
and the particulates flow through. STF2A.Ellls+ may be
eluted in low salt conditions at a pH greater than the load pH,
in the presence or absence of detergents such as Triton X-100
or polysorbate 80.

SDS-PAGE

[0754] Proteins (typically about 5 ug) were diluted in SDS-
PAGE sample buffer with and without -mercaptoethanol.
The samples were boiled for 5 minutes and loaded onto a
4-20% SDS polyacrylamide gel. Following electrophoresis,
gels were stained with coomassie blue to visualize protein
bands.

Endotoxin Assay

[0755] Endotoxin levels were measured using the QCL-
1000 Quantitative Chromogenic LAL test kit (BioWhittaker
#50-648 U, Walkersville, Md.), following the manufacturer’s
instructions for the microplate method.

Protein Assay

[0756] Protein concentrations were determined by the
MicroBCA Protein Assay Reagent Kit in a 96-well format
using BSA as a standard (Pierce Biotechnology, Rockford,
).

TLRS Bioactivity Assay

[0757] HEK293 cells (ATCC, Catalog No. CRL-1573
Manassas, Va.) constitutively express TLRS, and secrete sev-
eral soluble factors, including IL-8, in response to TLRS
signaling. Cells were seeded in 96-well microplates (about
50,000 cells/well), fusion proteins added and incubated over-
night. The next day, the conditioned medium was harvested,
transferred to a clean 96-well microplate, and frozen at —20°
C. After thawing, the conditioned medium was assayed for
the presence of IL.-8 in a sandwich ELISA using an anti-
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human IL-8 matched antibody pair (Pierce, #M801E and
#M802B, Rockford, Ill.) following the manufacturer’s
instructions. Optical density was measured using a micro-
plate spectrophotometer (FARCyte, Amersham Biosciences,
Piscataway, N.J.).

Plaque Reduction Neturalization Test (PRNT)

[0758] PRNT was performed according to Wang, et al., J.
Immunol. 167:5273-5277 (2001). Briefly, serum samples
were heat inactivated by incubation in a 56° C. water bath for
about 30 min and were serially diluted in PBS with 5% gelatin
from Yo to Y2s60. West Nile virus was diluted in PBS with 5%
gelatin so that the final concentration was about 100 PFU/
well. Virus was mixed with about 75 pl serum in a 96-well
plate at about 37° C. for about 1 h. Aliquots of serum-virus
mixture were inoculated onto confluent monolayers of Vero
cells in a six-well tissue culture plate. The cells were incu-
bated at about 37° C. for 1 h, and the plates were shaken every
15 min. The agarose overlay was then added. The overlay was
prepared by mixing equal volumes of a solution consisting of
100 m1 2xMEM (Life Technologies) with sterile 2% agarose.
Both solutions were placed in a 40° C. water bath for 1 h
before adding the overlay. The cells were incubated for 4 days
at 37° C. in a humidified 5% CO,-air mixture. A second
overlay with an additional 4% neutral red was added on day 5.
Virus plaques were counted about 12 h later.

Antigenicity of STF2A-Fusion Proteins

[0759] ELISA plates (96-well) were coated overnight at 4°
C. with serial dilutions (100 pl/well) of purified STF2A-
fusion proteins (SEQ ID NOS: 759, 760, 655, 656, 671, 672)
in PBS (about 2 pg/ml). Plates were blocked with 200 pl/well
of'Assay Diluent Bufter (ADB; BD Pharmingen) for one hour
at room temperature. The plates were washed 3x in PBS-
Tween, and then incubated with antibodies reactive with
flagellin or the E domain of the construct. The expression of
flagellin was detected using the mAb 6H11 (Intotek), while
the antigenicity of WNV-E was monitored using a panel of
mAb (5C5,7H2,5H10,3A3, and 3D9) (Beasley, D. W, etal.,
J. Virol. 76:13097-13100 (2002)) were purchased from Biore-
liance (Road Rockville, Md.). Antibodies diluted in ADB
(about 100 pl/well) were incubated overnight at 4° C. The
plates were washed 3x with PBS-T. HRP-labeled goat anti-
mouse IgG antibodies (Jackson Immunochemical, West
Grove, Pa.) diluted in ADB were added (100 pl/well) and the
plates were incubated at room temperature for 1 hour. The
plates were washed 3x with PBS-T. After adding TMB (3,3,
5,5'-tetramentylbenzidine) Ultra substrate (Pierce Biotech-
nology, Rockford, I11.) and monitoring color development,
A, 5, was measured on a Tecan Farcyte microspectrophotom-
eter.

Immunization of Mice

[0760] C3H/HeN mice (10 per group) were immunized
intraperitoneally or subcutaneously with the indicated con-
centrations of fusion proteins or synthetic peptides on days O,
14 and 28. On days 21 and 35, immunized animals were bled
by retro-orbital puncture. Sera were harvested by clotting and
centrifugation of the heparin-free blood samples. On day 35,
mice were challenged with a lethal dose of WNV strain 2741
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(Wang, T., et al., J. Immunol. 167:5273-5277 (2001)). Sur-
vival was monitored for 21 days post-challenge.

Serum Antibody Determination

[0761] West Nile envelope protein specific IgG levels were
determined by ELISA. ELISA plates (96-wells) were coated
overnight at about 4° C. with 100 pl/well of West Nile E
proteinmAb 5C5, 7H2, SH10, 3A3, and 3D9 (Beasley, D. W,
et al., J Viro. 76:13097-13100 (2002)) (Bioreliance, Road
Rockville, Md.) in PBS at a concentration of 2 pg/ml. Plates
were blocked with 200 pl/well of Assay Diluent Buffer
(ADB; BD Pharmingen, San Diego Calif.) for one hour at
room temperature. The plates were washed 3x in PBS-T.
Dilutions of the sera in ADB were added (100 pl/well) and the
plates were incubated overnight at 4° C. The plates were
washed 3x with PBS-T. HRP-labeled goat anti-mouse IgG
antibodies (Jackson Immunochemical, West Grove, Pa.)
diluted in ADB were added (100 pl/well) and the plates were
incubated at room temperature for 1 hour. The plates were
washed 3x with PBS-T. After adding TMB (3,3',5,5'-tetra-
mentylbenzidine) Ultra substrate (Pierce Biotechnology,
Rockford, I11.) and monitoring color development, A, 5, was
measured on a Tecan Farcyte microspectrophotometer.

Production of Pam3Cys.WNV001 Peptide Synthesis

[0762] Pam3Cys.WNVO001 was synthesized by Bachem
Bioscience, Inc. (King of Prussia, Pa.). WNV001 is a 20
amino acid peptide (SEQ ID NO: 769) of the West Nile virus
envelope protein chemically coupled to a tri-palmitoylcys-
teine (Pam3Cys) moiety through the amino terminal serine
residue of the peptide. The chemical name for Pam3Cys.
WNV001 is [Palmitoyl-Cys((RS)-2,3-di(palmitoyloxy)-pro-
pyD)-LTSGHLKCRVKMEKLQLKGT (SEQ ID NO: 769)
acetate salt]. The molecular mass of Pam3Cys. WNVO001 is
3163.3 daltons. The peptide was synthesized by Bachem
using solid phase synthesis methodologies and FMOC chem-
istry. The amino acid sequence of Pam3Cys.WNV001 was
assembled on an H-Pro-2-chlorotrityl chloride resin by solid
phase peptide synthesis. The peptide chain was elongated by
successive coupling of the amino acid derivatives. Each cou-
pling step was preceded by an Fmoc-deprotection step and
were accompanied by repeated washing of the resin. After
coupling of the last amino acid derivative, the final Fmoc-
deprotection step was performed. Finally, the peptide resin
was washed and dried under reduced pressure. During solid
phase peptide synthesis color indicator tests were performed
for each step to monitor the completion of the Fmoc-cleavage
and the subsequent coupling of the amino acid derivatives. To
couple Pam3Cys-OH to the elongated peptide, the lipid moi-
ety was pre-activated with N,N'-dicyclohexyl-carbodiimide
(DCCI) in the presence of 1-hydroxybenzotriazole (HOBY).
The resulting solution was filtered and added to the peptide
resin. At the end of the reaction time the peptide resin was
washed and dried under reduced pressure. Color indicator
tests were performed to control the coupling of Pam3Cys-
OH. The completed peptide was cleaved from the resin by
incubating with trifluoroacetic acid (TFA). The liberated
product (crude peptide material) was precipitated from the
reaction mixture and lyophilized. The crude product was used
for initial immunogenicity studies.

Synthesis of WNV-E Peptide Arrays

[0763] Peptide arrays (SEQ ID NOS: 701-752) were syn-
thesized by Sigma Genosys (Woodlands, Tex.).
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Results

West Nile Fusion Protein

[0764] West Nile virus (WNV) has emerged in recent years
in temperate regions of Europe and North America, present-
ing a threat to public and animal health. The most serious
manifestation of WNV infection is fatal encephalitis (inflam-
mation of the brain) in humans and horses, as well as mortal-
ity in certain domestic and wild birds. WNV has also been a
significant cause of human illness in the United States. The
envelope glycoprotein of West Nile (WNV-E) and other fla-
viviruses may generate neutralizing and protective antibod-
ies. By linking this antigen to a Toll-like Receptor ligand, the
compositions, fusion proteins and polypeptides described
herein may target appropriate antigen presenting cells with-
out the need for adjuvant or other immune modulator formu-
lations.

[0765] As described herein, several strategies have been
implemented to facilitate production of West Nile virus enve-
lope (WNV-E) fusion proteins in E. coli. One approach is to
engineer a smaller WNV-E antigen by fusing domain III
(EIII) and, optionally, with amino acids of domain II of the
WNV-E protein to full-length STF2 (e.g., STF2.E, STF2.
EIlI+). Domain III is responsible for virus-host interactions
and retains many West Nile virus neutralizing antibody
epitopes. It also contains only 2 of the 12 cysteine residues
present within the full length envelope protein, making
expression in E. coli more feasible. A second approach has
been to delete the hyper-variable hinge region of flagellin
(e.g., STF2A) thereby creating a smaller fusion protein
(STF2A.Elll+) The hyper-variable region of flagellin is not
required for TLRS signaling and its removal may also reduce
the immunogenic potential of flagellin. Both STF2.EIIl+ and
STF2A EIll+ have been expressed in E. coli and purified. The
purified proteins have been characterized for TLRS signaling
activity in bioassays and for E epitope display in ELISA
assays using a panel of WNV-E polyclonal and neutralizing
monoclonal antibodies. Results from these studies indicate
that STF2A EIll+ has higher PAMP activity and more con-
formation-sensitive neutralizing WNV-E epitopes than STF2.
EIll+.

Purity of STF2.EIlI+ and STF2A.EIlI+

[0766] Several lots of STF2.EIll+ and STF2A EIll+ have
been produced in . coli and purified (Table 12). STF2.EIIl+
was expressed as a soluble protein and purified under non-
denaturing conditions using a 4-step process, as described
above, that included anion exchange chromatography and gel
filtration. Final yields from 6 L cultures ranged from about 0.9
mg to about 3.8 mg and all preparations contained low levels
of'endotoxin as measured by standard L AL procedures (about
<0.1 EU/ug protein, see supra). In contrast, STF2A EIIl+
formed inclusion bodies in E. coli, and was purified under
denaturing conditions. All chromatography steps used to
purity STF2A EIll+ required the use of 8M urea. Following
purification, the denatured protein was refolded by step-wise
dialysis to allow for gradual urea removal. Refolding was
typically carried out at protein concentrations of about 0.3
mg/ml without any loss due to protein precipitation. Two
preparations of STF2A.EIlI+ from a single 6 L culture yielded
about 1.2 and about 6.7 mg of protein, both of which had
acceptable endotoxin levels. As expected, purified STF2.
EllI+ and STF2A.EIll+ migrated on SDS PAGE under reduc-
ing conditions as about 65 kDa and about 43 kDa proteins,
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respectively. Notably, STF2A EIll+ migrated slightly faster
under non-reducing conditions. This altered migration may
be due to disulfide bond formation involving the two cys-
teines residues in domain 111 of the envelope protein. As well,
alarger species of STF2A.EIII+ was detected by Western blot
analysis whose molecular weight is consistent with a trimer
form of the protein (“(STF2A.EIll+)x3 or 3 units of STF2A.
EIIT+7).

TABLE 11

Endotoxin levels and TLR-5 activity for STF2.EIIl+
(SEQ ID NO: 656) and STF2A.EIIl+
(SEQ ID NO: 672) fusion proteins.

Yield Endotoxin

Batch Number Protein (mg) Levels (EU/ug) TLR-5 ECsq

052 STF2.EIIl+ 3.8 0.03 >5000.00 ng/ml
054 STF2.EIIl+ 0.9 0.02 1195.00 ng/ml
057 STF2.EIIl+ 1.6 0.07 197.92 ng/ml
044 STF2A.EITI+ 1.2 0.07 1.13 ng/ml
045 STF2A.EIll+ 6.7 0.07 4.34 ng/ml

TLRS Activity in the HEK293 I.-8 Assay

[0767] To compare the PAMP activity of both fusion pro-
teins, a TLRS bioassay was performed. HEK293 IL.-8 cells
were treated with serial dilutions of two independent protein
batches (FIGS. 62A and 62B). Cultures were incubated for a
24 hour period and conditioned media were harvested and
assayed for IL-8 production by ELISA. As shown in FIG.
62A, STF2A Elll+ showed potent TLR-5 activity. Regression
analysis of the titration curve determined the EC,, of batches
2004-044 and 2004-045 to be 1.13 ng/ml and 4.34 ng/ml,
respectively (Table 11, supra). In both cases, the TLRS spe-
cific-activity was at least about 10-fold higher than the control
protein STF2.0OVA. In contrast, 2 preparations of STF2.EIII+
showed significantly weaker TLRS activity than STF2.OVA.
The EC,, of STF2.EIll+ batches 054 and 057 were about
1195.00 ng/ml and about 197.92 ng/ml.

Antigenicity of STF2.EIIl+ and STF2A.EIIl+

[0768] The antigenicity of STF2.EIIl+ and STF2A.EIIT+
was examined by direct ELISA using a flagellin monoclonal
antibody specific for the N-terminal region of STF2 (6H11,
Inotek Pharmaceuticals, Beverly, Mass.) and a panel of
WNV-E-specific antibodies (5C5, SH10, 3A3, 7H2 and 3D9,
Bioreliance, Road Rockville, Md.) previously shown to neu-
tralize West Nile virus in vitro. As shown in FIG. 63, a
comparison of the reactivity of full length West Nile virus
envelope protein with STF2A EIIl+ revealed that West Nile
virus monoclonal antibodies 5C5, 5H10, 3A3 and 7H2, but
not 3D9 recognize the fusion protein. This pattern of reactiv-
ity is consistent with the proposed location of 5C5, SH10,
3A3 and 7H2 epitopes within EIII. The epitope for 3D9 lies
outside of domain III of the West Nile virus envelope protein.
As expected, all West Nile virus monoclonal antibodies
reacted with full length West Nile virus envelope protein and
the flagellin monoclonal only reacted with STF2A.EIIl+.
Both proteins reacted with a polyclonal West Nile virus enve-
lope antiserum, but STF2A.EIIl+ reactivity was somewhat
reduced, perhaps due to the reduced number of potential
epitopes present in the smaller domain.
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[0769] Using 5C5 and 7H10 WNV monoclonal antibodies,
a direct antigenic comparison was made between STF2 EIIl+
and STF2A.EIIl+ (FIGS. 64A, 64B, 64C and 64D). In these
studies, plates were coated with the indicated proteins and
then detected with polyclonal rabbit anti-E, or mouse mono-
clonal antibodies as described. As shown in FIGS. 64A, 64B,
64C and 64D, both STF2.EII+ and STF2A.EIIl+ were
readily detected with the flagellin monoclonal antibody with
no significant differences in reactivity. However, distinct
reactivity with the anti-envelope monoclonal antibodies was
observed. The reactivity of STF2A EIll+ with either 5C5 or
7H2 was significantly greater than that observed with STF2.
Elll+. Collectively, these results indicate that the flagellin
6H11 epitope of STF2A EIll+ is uncompromised and is com-
parable to the flagellin sequence of STF2.EIll+. They also
highlight distinct differences in the antigenicity of the EIII
domains ofthese proteins and indicate that STF2A EIll+ con-
tains more of the critical conformation dependent neutraliz-
ing epitopes than STF2.EIIl+.

Efficacy and Immunogenicity

[0770] Several efficacy studies designed to examine the
protective efficacy our candidates in C3H/HeN mice follow-
ing challenge with West Nile virus have been completed.
Studies typically consisted of 5 groups of mice (10 mice per
group) immunized intraperitoneally (i.p.) or subcutaneously
(s.c.) on days 0, 14 and 28. On days 21 and 35, sera were
harvested and tested for West Nile virus envelope protein—
IgG antibody (ELISA) and the ability to neutralize West Nile
virus in vitro (PRNT assay). On day 35, mice were challenged
with a lethal dose of West Nile virus strain 2741. Survival was
monitored for 21 days post-challenge.

[0771] Mice were immunized with PBS, Drosophila con-
ditioned medium containing STF2.E (CM, positive control),
25 ug of STF2A EIll+ i.p., 25 pg STF2A EIll+ s.c., 25 nug
STF2.EII+ ip. and 25 pg STF2.EIll+ s.c. The West Nile
virus envelope protein antibody responses and survival data
are shown FIGS. 65 and 66. By day 35 all groups that received
STF2A EIll+ had significant levels of West Nile virus enve-
lope protein IgG. In contrast, mice that received STF2 EIIl+
had no measurable West Nile virus envelope protein antibody
response. Administration of STF2A.EIIl+ i.p. or s.c led to
100% survival following West Nile virus challenge. Consis-
tent with the poor immunogenicity of STF2.EIII+, little to no
protection was provided by this candidate when compared to
the PBS control. The poor immunogenicity and efficacy of
STF2.EIIl+ in this study are attributed to the reduced TLRS
activity and/or the weak EIlI epitope reactivity of this protein.

Plaque Reduction Neutralization Titers

[0772] To further evaluate the West Nile virus envelope
protein antibody response elicited by STF2A.EIll+ and
potentially correlate protective efficacy with neutralizing
antibody titers, the plaque reduction neutralization test
(PRNT) was performed. Day 35 serum samples from efficacy
studies described above were tested for their ability to block
West Nile virus infection in cultured Vero cells. Briefly,
pooled mouse serum samples were heat-inactivated and seri-
ally diluted two-fold in PBS with 0.5% gelatin. Dilutions
starting with 1:10 were incubated with about 100 pfu of the
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West Nile virus strain 2741. The virus/serum mixture was
incubated at about 37° C. for 1 h and then inoculated onto
confluent monolayers of Vero cells (ATCC, Catalog Number
CCL-81, Manassas, Va.) in duplicate wells of 6-well tissue
culture plates. The virus was allowed to adsorb to the cell
monolayer prior to adding a 1% agarose overlay. Infected cell
cultures were incubated for 4 days at 37° C. followed by a
second agarose overlay containing 4% neutral red. Virus
plaques were counted 12 h later. Serum titers that led to 80%
reduction in viral plaque numbers (PRNT,,) were recorded.
[0773] A summary of the PRNT,, data from efficacy stud-
ies concerning STF2 EIll+ and STF2A EIll+ is presented in
Table 12 below. In two independent studies involving STF2.
EIll+ where survival of about 50% or less was reported,
pooled sera failed to inhibit plaque formation. This finding is
not surprising given the weak antibody response elicited by
this construct. In three efficacy studies involving STF2A.
EIll+ where survival was about 70% or greater, pooled sera
had neutralization titers of 1:40 or better. Neutralization titers
ot 1:40 or greater typically correlate with protection in vivo.

TABLE 12

Survivial and PRNTg, Results for STF2.EIII+ (SEQ ID NO: 656),
STF2A.EIll+ (SEQ ID NO: 672) and STF2.E (SEQ ID NO: 760)
CM (Control Media) Fusion Proteins

Batch Candidate Route Study # Survival (%) PRNTjg, (dilution)

054 STF2.EI+ ip. 3 50 Negative
057 STF2.EIl+ ip. 4 11 Negative
057 STF2.EII+ s.c. 4 20 negative
044 STF2A.EI+ ip. 2 70 1:40
045 STF2A.EI+ ip. 3 90 1:40
045 STF2A.EI+ s.c. 3 100 1:160
045 STF2A.EI+ ip. 4 100 1:80
045 STF2A.EI+ s.c. 4 100 1:40
— STF2ECM ip. 3 90 1:640
— STF2ECM ip. 4 — 1:1280

STF2A.EIlls+ a Modified Version of STF2A.EIlIl+

[0774] Protein preparations of STF2A.EIIl+ tested in the
mouse efficacy studies described above were purified by
anion-exchange and size-exclusion chromatography steps
carried out under denaturing conditions followed by refold-
ing using step-wise dialysis. With this process, two predomi-
nant species that correspond to the monomeric and trimeric
forms of STF2A.EIll+ were generated and present as a mix-
ture in the final product. To minimize the heterogeneity of the
final product, new refolding and purification methods have
been developed that favor the production of either monomer
or trimer. Because it is unclear which form of STF2A EIll+is
the active component or if both are equally potent, both spe-
cies have been produced in milligram quantities and tested for
efficacy in mice.

[0775] It was initially unclear as to why STF2A.EIIl+
refolding resulted in the formation of a trimeric species. How-
ever, when the sequence of the STF2A EIIl+ expression con-
struct was re-examined, we identified a cysteine residue
within the linker sequence that separates STF2A from EIll+.
The presence of this cysteine would likely interfere with the
formation of the appropriate disulfide bond during refolding
and might account for the trimeric form of STF2A EIl1+. This
unnecessary cysteine was changed to a serine using site-
directed mutagenesis and the modified protein (STF2A.
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Ellls+) was produced and purified. It should be noted that
refolding the serine-substituted construct yielded only mono-
meric protein.

[0776] Protective efficacy of STF2A.EIIll+ (monomer) and
STF2A Ellls+ (trimer) were evaluated in C3H/HeN mice fol-
lowing challenge with West Nile virus. Five groups of mice
(10 per group) were immunized with about 25 ug of protein
s.c. on days 0, 14 and 28. On days 21 and 35, sera were
harvested and tested for WNV-E IgG antibody (ELISA). On
day 38, mice were challenged with a lethal dose of WNV
strain 2741 and survival was monitored for 21 days. ELISA
results from boost 2 (day 35, FIG. 67) and survival data (FIG.
68) indicate that all constructs elicited significant levels of
WNV-E reactive IgG prior to viral challenge and provided
about 90% to about 100% protection against the lethal infec-
tion. These findings indicate that monomeric or multimeric
(e.g., trimers) forms of STFA.EIll+ are efficacious and
removal of the additional cysteine from the construct does not
appreciably impact potency. Removal of the cysteine within
the linker sequence may simplify purification of the protein
by reducing heterogeneity following protein refolding.

CONCLUSION

[0777] Two recombinant fusion proteins containing the
Salmonella typhimurium flagellin (STF2) fused to EIll+
domain of West Nile virus envelope protein have been gen-
erated. One includes the full length STF2 sequence (STF2.
EIll+) and the other a modified version of STF2 that lacks the
internal hypervariable region of STF2 (STF2A.EIll+). Both
proteins have been expressed in E. coli and purified by con-
ventional means using anion exchange chromatography and
gel filtration. STF2.EIll+ was produced as a soluble protein
and was purified under non-denaturing conditions. In con-
trast, STF2A EIIl+ was expressed as an insoluble protein and
was purified under denaturing conditions and refolded by
step-wise dialysis to remove urea. In HEK293 IL8 assays,
preparations of STF2A EIll+ showed greater TLR-5 activity
than STF2 EIIl+.

[0778] In envelope protein epitope display analysis using
ELISA assays and West Nile virus envelope protein antibod-
ies, STF2A ElIll+ displayed more of the critical conformation
dependent neutralizing epitopes. Consistent with the potent
TLR-5 activity and envelope protein epitope antigenicity
observed with STF2A.EIll+, STF2A EIll+ was highly immu-
nogenic and efficacious in mice challenged with a lethal dose
of West Nile virus. Because monomeric and trimeric species
of STF2A.EIll+ were generated during the purification pro-
cess of this protein, a cysteine within the linker sequence of
the expression construct was changed to a serine. Removal of
this cysteine eliminated the production of trimeric forms of
the protein during refolding and resulted in the generation of
monomeric product that displayed potent efficacy in vivo.
Japanese encephalitis Fusion Protein

[0779] JE virus is localized in Asia and northern Australia
(about 50,000 cases with about 10,000 deaths annually). An
approved inactivated virus vaccine was recently associated
with a case of acute disseminated encephalomyelitis, prompt-
ing the Japanese Ministry of Health, Labor and Welfare to
recommend the nationwide suspension of the vaccine. Given
the complexities of producing inactivated viruses in infected
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mouse brains or even in cell culture, and the potential for
adverse events associated with inactivated viruses, the oppor-
tunity for recombinant-based JE vaccine is appealing.
[0780] A STF2A.JEIII+ fusion construct was constructed.
The JE EIll+ DNA fragment was generated synthetically and
codon optimized for expression in E. coli. The sequence was
ligated into pET24STF2A to generate pETSTF2A.JEIII+.
Expression constructs have been screened by restriction
analysis and for expression in E. coli BLR(DE3) by IPTG
induction. The DNA sequence of each construct has been
confirmed, and production of the protein has been scaled up.
A batch of material has been generated. A total of about 24 mg
of'material was purified. This material has potent TL.RS activ-
ity, acceptable levels of endotoxin (about 0.03 EU/ug) and a
A280/A260 ratio of about 1.3.

Flavivirus Peptides
Identification of WNV-E Specific Antibody Epitopes

[0781] To identify linear epitopes within the West Nile
virus envelope protein that are recognized by antisera from
STFA.EIlls+ immunized mice, several synthetic peptide
arrays were generated. One array consisted of overlapping
peptides of 20 amino acids in length that spanned the entire
West Nile virus domain III and parts of domain I1 (SEQ ID
NOS: 726-752). ELISA results with this array identified a
highly reactive 20 amino acid sequence that mapped to the
N-terminal region of domain III and included part of the
domainIdomain CRVKMEKLQLKGTTYGVCSK (SEQID
NO: 726). To fine map this epitope, additional arrays were
generated that focused on the domain [ and I1 junctions (SEQ
1D NOS: 701-752). These arrays included an alanine substi-
tution scan to identify amino acids critical for antibody bind-
ing (SEQ ID NOS: 726-752). As shown in FIGS. 69 and 70,
antisera from STF2A.EIIl (monomer and trimer) and STF2A.
Ellls+ immunized mice reacted with peptides that spanned
the EI/EIII junction (peptides E-30 to E-42) and included the
E2-21 peptide CRVKMEKLQLKGTTYGVCSK (SEQ ID
NO: 726). This reactivity was severely reduced when specific
amino acids (E6, K7, .10 and K11) were changed to alanines
(FIG. 71). Although it is not known if the antibodies that
recognize this epitope are neutralizing, efforts are underway
to design and test a peptide vaccine based on this region of
WNV-E.

Immunogenicity of Pam3Cys. WNV001 Peptide Vaccine

[0782] A lipidated West Nile virus envelope protein fused
to Pam3Cys on the N-terminal end was synthesized using the
20 amino acid sequence LTSGHLKCRVKMEKLQLKGT
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(SEQ ID NO: 770) (Putnak, R., et al, Vaccine 23:4442-4452
(2005)). The immunogenicity of this peptide was tested in
C3H/HeN mice and compared to peptide without Pam3Cys
(FI1G. 72). The reactivity of antisera from immunized animals
was tested by direct ELISA as described in the legend and the
results indicate that the Pam3Cys. WNV001 peptide is signifi-
cantly more immunogenic than the peptide without the TL.R2
modification. The antisera from these studies will be tested in
virus neutralization assays (PRNT) to determine if the anti-
bodies elicited will neutralize West Nile virus in vitro. The
lipidated peptide will also be tested in the West Nile virus
challenge model to assess protective efficacy against a lethal
virus challenge.

Assay Development

Competition ELISA Assay Development

[0783] To assess the neutralizing potential of antisera
derived from immunized mice, a competition ELISA assay
was developed using well-characterized monoclonal anti-
body (7H2) that neutralizes West Nile virus in culture and
reacts with a conformation-sensitive epitope within the EIII
domain of the West Nile virus envelope protein antigen. The
assay was designed as a capture ELISA that measures the
ability of sera from immunized animals to prevent 7H2 from
binding West Nile virus envelope protein. Serial dilutions
ranging from 1:10 to 1:5000 of day 35 mouse antisera from
efficacy study 4 (FIGS. 65 and 66, Table 13) were incubated
with biotinylated West Nile virus envelope protein and then
added to ELISA plates pre-coated with 7H2 monoclonal anti-
body (Bioreliance, Road Rockville, Md.). Following several
washes to remove unbound material, bound West Nile virus
envelope protein was detected using avidin-HRP. Results
from a representative experiment are shown in FIG. 69. At
dilutions of 1:25, a measurable loss of West Nile virus enve-
lope protein binding to 7H2-coated plates was observed when
antisera derived from animals immunized with STF2A EIlls
where tested. No competition was detected with antisera
derived from mock immunized animals that received PBS in
place of antigen. These initial results demonstrate that anti-
bodies elicited by STF2A EIll+ compete with 7H2 for bind-
ing Wests Nile virus envelope protein. These findings are
consistent with the protection from WNYV infection observed
in animals immunized with STF2A EIll+ and help establish a
correlation between antibody epitope reactivity in vitro and
efficacy in vivo.

[0784] While this invention has been particularly shown
and described with references to example embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the scope of the invention encom-
passed by the appended claims.

SEQUENCE LISTING

The patent application contains a lengthy “Sequence Listing” section. A copy of the “Sequence Listing” is available in
electronic form from the USPTO web site (http://seqdata.uspto.gov/?pageRequest=docDetail&DocID=US20110117128A1).
An electronic copy of the “Sequence Listing” will also be available from the USPTO upon request and payment of the

fee set forth in 37 CFR 1.19(b)(3).
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1. A composition comprising at least a portion of a S.
typhimurium flagellin, wherein the S. typhimurium flagellin
includes at least one cysteine residue and activates a Toll-like
Receptor 5.

2. The composition of claim 1, wherein the cysteine residue
is remote to at least one amino acid of the Toll-like Receptor
5 recognition site of the S. fyphimurium flagellin.

3. The composition of claim 1, further including at least a
portion of at least one influenza antigen.

4. The composition of claim 1, wherein the influenza anti-
gen includes at least a portion of a hemagglutinin influenza
antigen.

5. The composition of claim 4, wherein the portion of the
hemagglutinin protein includes at least a portion of a matu-
rational cleavage site of the hemagglutinin protein.

6. The composition of claim 1, wherein the S. typhimurium
flagellin includes at least a portion of SEQ ID NO: 810.
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7. The composition of claim 1, wherein at least one cys-
teine residue substitutes for at least one amino acid in a
naturally occurring flagellin amino acid sequence of the S.
typhimurium flagellin.

8. A composition comprising a Toll-like Receptor agonist
component that is at least a portion of a Toll-like Receptor
agonist, wherein the Toll-like Receptor agonist component
includes at least one cysteine residue in a position where a
cysteine residue does not occur in the native Toll-like Recep-
tor agonist, whereby the Toll-like Receptor agonist compo-
nent activates a Toll-like Receptor.

9. A composition comprising a flagellin component that is
at least a portion of a flagellin, wherein at least one lysine of
the flagellin component has been substituted with at least one
arginine, whereby the flagellin component activates a Toll-
like Receptor 5.



