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HEMAGGLUTININ POLYPEPTIDES, AND REAGENTS AND METHODS RELATING
THERETO

Cross-Reference to Related Applications
[0001] The present application claims the benefit of U.S. Provisional Application No.
61/389,639 filed October 4, 2010, the complete contents of which is incorporated herein by

reference.

Government Support
[0002] This invention was made with government support under grant numbers GMS57073
and U54 GMG62116 awarded by National Institutes of Health. The United States government has
certain rights in this invention.

Background

[0003] Influenza has a long history of pandemics, epidemics, resurgences and outbreaks.
Avian influenza, including the H5NT strain, is a highly contagious and potentially fatal pathogen,
but it currently has only a limiled abilily Lo inlect humans. However, avian [lu viruses have
historically observed to accumulate mutations that alter its host specificity and allow it to readily
infect humans. In fact, two of the major [lu pandemics of the last ecntury originated [rom avian
flu viruses that changed their genetic makeup to allow for human infection.
[0004] There is a significant concern that the current [ISN1, [I7N7, II9N2 and 112N2 avian
inlluenza strains might accumulate mutations that alter their host specilicily and allow them to
readily infect humans. Therefore, there is a need to assess whether the A protein in these
strains can, in fact, convert Lo a form that can rcadily infect humans, and a further need to
identify HA variants with such ability. There is a further need to understand the characteristics
ol I1A proteins generally that allow or prohibit infection of different subjects, particularly
humans. There is also a need [or vaccines and therapeutic strategies lor elleclive trealment or

delay of onset of disease caused by influenza virus.
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Summary
[0005] ‘T'he presenl invention binding agents with particular glycan binding characteristics.
In particular, the present invention provides binding agents that bind Lo sialylated glycans having
an umbrella-like topology. In some embodiments, binding agents in accordance with the
invention bind (o umbrella-topology glycans with high affinity and/or specificity. In some
embodiments, binding agents in accordance with the invention show a binding preference for
umbrella-topology glycans as compared with cone-topology glycans.  In some embodiments,
binding agents in accordance with the invention compete with hemagglutinin for binding to
glycans on hemagglutinin receptors. In some embodiments, binding agents in accordance with
the invention compcte with hemagglutinin for binding Lo umbrella-topology glycans.
[0006] ‘The present invention also provides diagnostic and therapeutic reagents and methods
associated with provided binding agents, including vaccines.
[0007] The present invention particularly encompasses the recognition that T1A polypeptide
variants (e.g., 111, 112, H3, H4, HS, H6, H7, H8, HY, 1110, 1111, 1112, 113, 1114, 1115, or [116
[IA polypeptide variants) with altered glycosylation can show increased (or decreased) binding
o human HA receptors as compared with a relerence HA polypeplide. In some embodiments,
the relerence polypeptide is an ITA polypeptide of any of the following:
[0008] A/South Carolina/1/18 (H1):
MEARTILVILCAFAATNADTICIGYHANNSTDTVDIVI.EKNVIVITHSVNIL I EDSHNGKI.CKT.KGT
APLQLGKCNIAGWLLGNPECDLLLTASSWSYIVETSNSENGTCYPGDI IDYLEELREQLSSVSSE
FRKFEIFPKTSSWPNHETTKGVTAACSYAGASSFYRNTIWIL TKKGSSYPKLSKSYVNNKGKEVLV
LWGVHHPPTGTDQQSLYQNADAYVSVGSSKYNRRFTPEIAARPKVRDOAGRMNY YWTLLEPGDT
ITFEATGNLIAPWYAFALNRGSGSGL LTSDAPVHDCNTKCQTPHGAINSSLPFONIHPVTIGEC
PKYVRSTKLRMATGLRNIPSIQSRGLFGAIAGFIEGGWIGMIDGWYGYHHONEQGSGYAADQKS
TONAIDGITNKVNSVIEKMNTQF TAVGKEFNNLERRIENLNKKVDDGFLDIWTYNAELLVLLEN
ERTLDFHDSNVRNLYEKVKSQLKNNAKE IGNGCFEFYHKCDDACMESVRNGTYDYPKYSEESKL
NREEIDGVKLESMGVYQILAIYSTVASSLVLLVSLGAISFWMCSNGSLQCRICI (SEQ ID
NO: 43)
[0009] A/Brisbane/59/07 (H1):
MKVKTJ VLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVITHSVNLLENSHNGKI.CT.LKGT

APLQLGNCSVAGWILGNPECELLISKESWSY IVEKPNPENGTCYPGHADYEELREQLSSVSSE
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ERFEIFPKESSWPNHTVTGVSASCSHNGESSFYRNLLWLTGKNGLYPNLSKSYANNKEKEVLVL
WGVHHPPNIGDQKALYHTENAYVSVVSSHY SRKF TPEIAKRPKVRDOQEGRINYYWTILLEPGDTI
IFEANGNLTAPRYAFALSRGFGSGIINSNAPMDKCDAKCQTPQGAINSSLPFONVHPVTIGECP
KYVRSAKLRMVTGLRNIPSTIQSRGLEGAIAGE IEGGWTGMVDGWYGYHIIQNEQGSGYAADQKST
ONATINGITNKVNSVIEKMNTQF TAVGKEFNKLERRMENLNKKVDDGFIDIWTYNAELLVLLENE
RTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNDECMESVENGTYDYPKYSEESKLN
REKIDGVKLESMGVYQILAIYSTVASSLVLLVSLGAISFWMCSNGSLQCRICI (3EQ ID
NO: 44)

[0010] A/California/04/09 (H1):
MKAILVVLLYTFATANADTLCIGYHANNSTDTIVDTVLEKNVIVTHSVNLLEDKHNGKLCK
LRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETPSSDNGTICYPGDFIDYEELRE
QLSSVSSFERFEIFPKTSSWPNHDSNKGVTANCPHAGAKSEFYKNLIWLVKKGNSYPKLSK
SYINDKGKEVLVLWGIIHPSTSADQQSLYQNADTYVEFVGSSRYSKKFKPEIATIRPKVRDQ
EGRMNYYWTLVEPGDKITFEATGNLVVPRYAFAMERNAGSGIIISDTPVHDCNTTCQTPK
GAINTSLPFONIHPITIGKCPKYVKSTKLRLATGLRNIPSIQSRGLFGAIAGFIEGGWTG
MVDGWYGYHHQNEQGSGYAADLKSTONAIDEI TNKVNSVIEKMNTQF TAVGKEFNHTL.EKR
IENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRSQLKNNAKEIGNG
CFEFYHKCDNTCME SVKNGTYDYPKYSEEAKLNREEIDGVKI.RSTRIYQILAIYSTVASS
LVLVVSLGAISFWMCSNGSLQCRICI (SEQ ID NO: 45)

[0011]  A/Albany/6/58 (H2):
MATTIYLILLFTAVRGDOICIGYHANNSTEKVDTILERNVTIVTHAKDILEKTHNGKLCKLNGIFP
LELGDCSIAGWLLGNPECDRLLSVPEWSY IMEKENPRDGLCYPGSFNDYEELKHLLSSVKHFEK
VKILPKDRWTQHTTTGGSRACAVSGNPSFFRNMVWLTKKGSNYPVAKGSYNNTSGEQML I IWGY
HHPNDETEQRTLYQNVGTYVSVGTSTLNKRSTPDIATRPKVNGLGSRMEF SWTLLDMWDTINFE
STGNLIAPEYGFKISKRGSSGIMKTEGTLGNCETKCQTPLGAINTTLPFHNVHPLTIGECPKYV
KSEKLVLATGLRNVPQIESRGLFGAIAGEF IEGGWQGMVDGWYGYIIHSNDQGSGYAADKESTQKA
FDGITNRVNSVIEKMNTQFEAVGKEF SNLERRLENLNKKMEDGF LDVWTYNAELLVLMENERTL
DFHDSNVKNLYDKVKMQLRDNVKELGNGCFEFYPKCDDECMNSVKNGTYDYPKYEEESKLNRNE
IKGVKLSSMGVYQILATIYATVAGSLSLATMMAGTI SFWMCSNGSLQCRTCI (SEQ ID NO:
46)

[0012] A/Aichi/1/68 (H3):
MKTITALSYIFCLALGODLPGNDNSTATLCLGIIAVPNGTLVKTITDDQIEVINATELVQSSST
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GEKICNNPHRILDGIDCTLIDALLGDPHCDVFONETWDLFVERSKAFSNCYPYDVPDYASTRELY
ASSGTLEFITEGEFTWIGVIQNGGSNACKRGPGSGFFSRLNWLTKSGSTYPVLNVTMPNNDNT DK
LY IWGIHHPSTNQEQTSLYVQASGRVIVSTRRSQUTIIPNIGSRPWVRGLESRISIYWTIVKRPG
DVLVINSNGNLIAPRGYFEMRTGKESIMRSDAPIDTCISECITRPNGSIPHNDKPFONVNKITYGA
CPKYVEQNTLKLATGMRNVPEKOTRGLFGATAGF TENGWEGMIDGWYGFRAQNSEGTGQAADLK
STQAAIDQINGELNRVIEKTHNEKFHQIEKEFSEVEGRIDDLERKYVEDTKIDLWSYNAELLVALE
NOHTIDLTDSEMNKLFEKTRROLRENAEEMGNGCFRKIYHKCDNACTIESIRNGTYDHDVYRDEAL
NNREQIKGVELKSGYKDWILWISFAISCEFLLCVVLLGE IMWACQRGNIRCNICT (SEQ ID
NO: 47)

[0013] A/Moscow/10/99 (H3):
MKTIITALSYILCLVFAQKLPGNDNSTATLCLGHHAVPNGTLVKTITNDQIEVINATELV(Q
SSSTGRICDSPHQILDGENCTLIDALLGDPHCDGFONKEWDLFVERSKAYSNCYPYDVPD
YASLRSLVASSGTLEFNNESFNWIGVAONGTSSS3CKRREIKSFFSRLNWLHOI KYRYPAL
NVTMPNNDKFDKLY IWGVHHPSTDSDOTSLY TOASGRVIVSTERSQOTVIPNIGSRPWVR
GISSRISIYWTIVKPGDILLINSTGNLIAPRGYFKIRSGKSSIMRSDAPIGKCNSECITP
NGSIPNDKPEFONVNRITYGACPRYVKONTLKLATGMRNVPEEKQTRGIFGATAGF TENGWE
GMMDGWYGFRHONSEGTGCAADLKSTOAAINQINGKLNRLIEKTNEKFHQIEKEFSEVEG
RIQDLERKYVEDTKIDLWSYNAELLVALENQHTIDLTDSEMNKT FERTRKQT. RENAEDMGN
GCFKIYHECDNACIGSIRNGTYDHDVYRDEALNNRFOIKGVELKSCOYKDWILWISFAISC
FLLOCVVLLGE IMWACQKGNIRCNICL {(SE(Q ID NO: 48)

[0014] A/Perth/16/09 (H3):
METIIALSYILCLVFAQKLPGNDNSTATLCLGCHHAVPNGTIVKTITHNDQIDVINATELVOSSS
GEICDSPHQILDGKNCILIDALLGDPQUDGFONKKWDLEVERSKAYSHNCYRPYDVPDYASLRSLY
ASSGTLEFNNESFNWIGVTONGTSSACIRRSKNSEFESRLNWLTHLNFRKYPALNVTMPNNEQF DK
LY ITWGVHHPGTDRKDQIFLYAQASGRITVSETKREQOQTVSPNIGSRPRVRNIPSRISIYWT IVKEG
DILLINSTGNLIAPRGYFKIRSGKSSIMRSDAPIGKCNSECITPNGSIPNDKPEFQNVNRITYGA
CPRYVEQNTLKLATGMRNVPEEKQTRGIFGATAGEF IENGWEGMVDGWY G RHQNEEGRGOQAADLK
STOAATDQINGKLNRLIGKTNERKFHOIEKEP SEVEGRIQDLEKYVEDTKIDLWSYNAELLVALE
NOHTIDLTDSEMNKLFEKTEKQLRENAEDMGNGCFKIYHEKCDNACIGSIRNGTYDHDVYRDEAL
NHNREQIKGVELKSGYKDWILWISFAISCFLLCVALLGF IMWACQKGNIRCHNICI {(SEQ 1D
NO: 49)



WO 2012/047941 PCT/US2011/054831

[0015] A/Vietnam/1203/04 (H5):
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVIVTHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEFINVPEWSY IVEKANPVNDLCYPGDINDYEELKHLLSRINHE'TR
KIQIIPKSSWSSHEASLGVSSACPYQGKSSFFRNVVWLIKKNSTYPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTKLYONPTTYISVGTSTLNQRLVPRIATRSKVNGQSGRMEFFWITLKENDATN
FESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQOTPMGAINSSMPFIINIHPLTIGECPK
YVKSNRLVLATGLRNSPQRERRRKKRGLEGATIAGH IEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTOKATIDGVINKVNSIIDKMNTOQFEAVGREFNNLERRIENLNKKMEDGI LDVWTYNAELLVLM
ENERTLDFHDSNVKENLYDKVRLOLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLELWMCSNGSLQCRICI (SEQ ID
NO: 50)

[0016] A/Egypt/2786-NAMRU3/06 (HS):
MEKIVLLLATIVSLVKSDQICIGYHANNSTEQVDTIMEKNVIVIIIAQDILEKTHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEFLNVPEWSY IVEKINPANDLCYPGNEFNDYERLKHLLSRINHEE
KIQITPKSSWSDHEASSGVSSACPYQGRSSITRNVVHWLIKKDNAYDP TIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTITLKSNDAIN
FESNGNE IAPENAYKIVKKGDSTIMKSELEYGNCNTRKCQTPIGAINSSMPEHNIHPLTIGECPK
YVKSNRIVLATGT RNSPQGERRRKKRGLEFGATAGF TRGGHQGMVDGWYGYHHSNEQGSGYAADK
ESTOQKAIDGVINKVNSIIDKMNTOQIFEAVGREINNLERRIENLNKKMEDGELDVWTYNALLLVLM
ENERILDFHDSNVENLYDKVRLOLRDNAKELGNGCFEFYHRCDNMCME SVRNGTYDYPQYSEEA
RLKREEISGVKLESIGTYQILSIYSTVASSLALATIMVAGLEFLWMISNGSLQCRICTI (SEQ ID
NO: 51)

[0017] A/New York/107/03 (H7):

MNTQILAF ITACVLTGVKGDKICLGHHAVANGTKVNTLTERG LEVVNATE TVETTNIKKICITQGK
RPTDLGQCGLLGTLIGPPQCDOQFLEFSSDLIIERREGTDICYPGRITNEESLRQILRRSGGICK
ESMGEIYSGLIRINGATSACTREGSSEFYAEMKWLLSNSDNAAFPOMTKAYRNPRNKPATL T TWGVH
[ISESVSEQTKLYGSGNEKLITVRSSKYQQSFTPNPGARRIDFHWLLLDPNDTVIFTENCAFTAPD
RTSFFRGESLGVQSDAPLDSSCRGDCFHSGGTIVSSI PFONINSRTVGKCPRYVEQKRKSLLLATG
MRNVPEKPKPRCLFGATIAGF IENGWECLINGCWYGIRHONAQGCGECTAMADYKSTQSATIDQITCKLN
RLIGKTNQOFELIDNEFNEIEQQIGNVINWTRDAMTETWSYNART, LVAMENQIIT IDLADSEMSK
LYERVKKQLRENAEEDGTGCFEIFHKCDDQCMES TRNNTYDHTQYRTESLONRIQIDPVKLSSG

YKDIILWFSFGASCFLLLATAMGLVFICIKNGNMQCTICI (SEQ TID NO: 52)
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[0018] The present invention also particularly encompasses the recognition that HA
polypeptide variants (e.g., I11, H2, H3, H4, 115, 116, 117, 1§, 119, H10, HI 1, H12, H13, H14,
H1S, or H16 HA polypeptide variants) with alterations in the HA loop region, can show
increased (or decreased) binding to human HA receptors as compared with a reference HA
polypeptide (including, for example, an IIA polypeptide of any of SEQ ID NOs: 43-52).

[0019] In some embodiments, the present invention cncompasses the recognition that H5 HA
polypeptide variants with altered glycosylation can show increased (or decrcased) binding to
human HA receptors as compared with a reference 1A polypeptide. In some cmbodiments, the
reference polypeptide is an HA polypeptide of any of the following:

[0020] A/Hongkong/486/97

MEKIVLLLATVSLVKSDOICIGYHANNSTEQVDT IMEKNVTVTHAQDILERTHNGKLCDLNGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSYIVEKASPANDLCYPGNFNDYEELKHLLSRINHFE
KIQITPKSSWSNHDASSGVSSACPYLGRSSFFRNVVWLIKKNSAYPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTKLYQNPTTYISVGTSTLNQRLVPEIATRPKVNGQSGRMEFFWTILKPNDATIN
FESNGNF IAPEYAYKIVKKGDSTIMKSELEYGNCNTKCOTPMGAINSSMPEFHNIHPLTIGECPK
YVKSNRLVLATGLRNTPQRERRRKKRGLFGAIAGF IEGGWQGMVDGWYGYHHSNEQGSCYAADK
ESTOQKAIDGVINKVNSIINKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLM
ENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHKCDNECMESVENGTYDYPQYSEEA
RLNREEISGVKLESMGTYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICTI (SEQ ID
MNO: 53)

[0021] A/Hongkong/213/03
MEKIVLLFAIVSLVKSDOQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTANGKT.CDL.DGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSY IVEKANPANDLCYPGDENDYEELKHLLSRINHFE
KIQIIPKNSWSSHEASLGVSSACPYQGKSSEFFRNVVWLIKKNNAYPTTKRSYNNTNQEDLLVLW
GIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPKIATRSKVNGQNGRMEFFWTILKPNDAIN
FESNGNFIAPEYAYKIVKKGDSAIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTIGRECPK
YVKENRLVLATGLRNSPQRERRRKKRGLEF GATACF IEGGWQGMVDGWYGYHHSNEQGSCYAADK
ESTOKAIDGVTINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGF LDVWTYNAELLVLM
ENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHKCDNECME SVRNGTYDYPQYSEEA
RLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICTI (SEQ ID
NO: 54)

6
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[0022] A/Vietnam/1203/04
MEKIVLLFAIVSLVKSDOQICIGYHANNSTEQVDTIMEKNVIVTHAQD ILEKKHNGKLCDLDGVK
PIL.TTL.RDCSVAGWLLGNPMCDEFINVPEWSY IVEKANPVNDT.CYPGDENDYEELKHLLSRTINHFE
KIQITPKSSWSSHEASLGVSSACPYQGKSSIFFRNVVWLIKKNSTYPTIKRSYNNTNQEDLLVLW
GTHHPNDAAEQTKLYONPTIYISVGTSTLNQRLVPRIATRSKVNGOSGRMEFFWTILKPNDATN
FESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPEIINIHPLTIGECPK
YVKSNRLVLATGLRNSPOQRERRRKKRGLFGATAGF IEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTOKAIDGVINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLM
ENERTLDFHDSNVENLYDKVRLOLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALATMVAGLSLWMCSNGST.QCRICI (SEQ ID
NO: 50)

[0023] A/Indonesia/5/05

MEKIVLLLAIVSLVEKSDQICIGYHANNSTEQVDT IMEKNVIVTHAQDILEKTHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSYIVEKANPTNDLCYPGSTNDYEELKHLLSRINHFE
KIQITPKSSWSDHEASSGVSSACPYLGSPSFFRNVVWLIKKNSTYP T IKKSYNNTNQEDLLVLW
GCIHHPNDAAEQTMLYQNPTTYISICTSTLNQRLVPKIATRSKVNGQSGRMETEFWTILKPNDAIN
FESNGNE TAPEYAYKIVKKGDSATIMKSELEYGNCNTKCQTPMGA INSSMPFHNIHPLTIGECPK
YVKSNRIVTLATGTRNSPORESRERKKRCLF GALAGE [EGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTOQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDCFLDVWTYNAELLVLM
ENERTLDEFHDSNVENLYDKVRLOLRDNAKELGNGCHEFYHKCDNECMESIRNGTYNYPQY SERA
RLKREEISGVKLESIGTYQILSIYSTVASSLALAIMMAGLSLWMCSNGSLOCRICI (SEQ ID
NO: 55)

[0024] A/Egypt/2786-NAMRU3/06
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVIVTHAQD 1 LEKTHNGKLCDLDGVEK
PLILRDCSVAGWLLGNPMCDEFLNVPEWSY IVEKINPANDLCYPGNFNDYEELKHLLSRINHFE
KIQLIPKSSWSDHEASSGVSSACPYQGRSSFEFRNVVWLIKKDNAYP T LTKREYNNTNQEDLLYVLW
GINHPNDAAEQTRLYONPTTYISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWT ILKSNDAIN
FESNGNI'IAPENAYKIVKKGDSTIMKSELEYGNCNTKCOTPIGAINSSMPFIINIIHPLTIGECPK
YVKSNRLVLATGLRNSPQGRRREKKRGT.FGATAGEF IEGCWQCMVDGHWYGYHHSNEQGSGYAADK
ESTOQKATIDGVTNKVNS I IDEKMNTOQFEAVGREFNNLERRIENI NKKMEDGE LDVWITYNAELLVLM
FNERTLDFHDSNVKNLYDKVRIQILRDNAKFELGNGCFEFYHRCDNECMESVRNG TYNDYPQYSEEA

RLEKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLELWMCSNGSLQCRICTI (SEQ ID
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NO: 51)

[0025] ‘The present invention also particularly encompasses the recognition that HS HHA
polypeptide variants with alterations in the I1A loop region, can show increased (or decreased)
binding te human HA receptors as compared with a reference ITA polypeptide (including, for

cxample, an HA polypeptide of any of SEQ ID NO: 50, 51, and 53-55).

Brief Description of the Drawings

[0026] Figure 1A-1C. Alignment of exemplary sequences of wild type HA. Sequences were
obtained from the NCBI influenza virus scquence database
(http://www.ncbi.nlm.nih.gov/genomes/I'LU/FLU htmi). H1_Av (SEQ 1D NO: 1). H1_Hul
(SEQ 1D NO: 2). HI_Hu2 (SEQ ID NO: 3). H2_Av (SEQ ID NO: 4). H2_Hu (SEQ 113 NO: 5).
[H3_Av (SEQ ID NO: 6). H3 _Hul (SEQ 1D NO: 7). H3_Hu2 (SEQ 1D NO: 8). 4. Av (SEQ
1D NO: 9). 1I5_AvI (SEQ ID NO: 10). F5_Av2 (SEQ ID NO: 11). T16_Av (SEQ 11D NO: 12).
H7 _Av (SEQ 1D NO: 13). TI8_Av (SEQ ID NO: 14). H9_Av (SEQ ID NO: 15). HIO_Av (SEQ
1D NO: 16). HI1_Av (SEQ ID NO: 17). HI2_Av (SEHQ I NO: 18). HI3_Av (SHQ 1D NO:
19). 1114_Av (SEQ 1D NO: 20). IT15_Av (SEQ ID NO: 21). 1116_Av (SEQ 1D NO: 22).
[0027] Figire 24-B. Sequence alignment of HA glycan binding domain. Gray: conserved
amino acids involved in binding to sialic acid. Red: particular amino acids involved in binding
to NeuSAcw2-3/6Gal motifs. Yellow: amino acids that influence positioning of Q226 (137, 138)
and 190 (186, 228). Green: amino acids involved in binding to other monosaccharides (or
modifications) altached to NeuSAca2-3/6Gal motil. The sequence for AS130, APR34, ADUG63,
ADSYT and Viel04 were obtained from their respective crystal structures. The other sequences
were obtained from SwissProt (http://us.expasy.org). Abbreviations: ADAT76,
Alduck/Alberta/35/76 (HIIN1) (SEQ 1D NO: 23); ASI30, A/Swine/lowa/30 (F1TN1) (SHQ 1D
NO: 24); APR34, A/Pucrto Rico/8/34 (ITIN1) (SEQ 1D NO: 25); ASC't8, A/South Carolina/1/18
(ITIND) (SEQ 1D NO: 26); AT91, A/Texas/36/91 (HIN1) (SEQ 11D NO: 27); ANY 18, A/New
York/1/18 (FIN1) (SEQ 1D NO: 28); ADUG63, A/Duck/Ukraine/1/63 (FI3N8) (SEQ 11D NO: 29);
AATOS, A/Aichi/2/68 (IT3N2) (SEQ 11D NO: 30); AM99, A/Moscow/10/99 (I13N2) (SEQ 11D NO:
31): ADSY7, A/Duck/Singapore/3/97 (115N3) (SEQ 1D NO: 32); VietO4, A/Vietnam/1203/2004
(TISN1) (SEQ 1D NO: 33).


http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html
http://us.expasy.org
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[0028] Figure 3. Sequence alignment illustrating conserved subsequences characteristic of
HI HA. Figure 3A presents the same alignment that was presented in Figure | A, except that
Figure 3A indicates the presence of an additional conserved subsequence. Figure 3B presents
the same alignment that was presented in Figure 1C, except that Figure 3A indicates the presence
of an additional conserved subsequence.

[0029] Figure 4. Sequence alignment illustrating conserved subsequences characteristic of
H3 HA. Figure 4A presents the same alignment that was presented in Figure 1A, except that
Figurc 4A indicates the presence of an additional conserved subsequence. Figure 4B presents
the same alignment that was presented in Figure 1C, except that Figure 4A indicates the presence
of an additional conserved subsequence.

[0030] Figure 5A-1. Sequence alignment illustrating conserved subsequences characteristic
of H5 HA. Figure 5A-1 presents the same alignment that was presented in Figure LA, except that
Figure 5SA-1 indicates the presence of an additional conserved subscquence.

[0031] Figure 5A-2 presents the same alignment that was presented in Figure 1C, except that
Figure SA-2 indicates the presence of an additional conserved subsequence.

[0032] Figure 5B1-B5 presents additional HS HA sequence alignments. Consensus (SEQ 1D
NO: 34); AALS9142 (SEQ ID NO: 35); AAZ29963 (SEQ 1D NO: 36); ABA70758 (SEQ ID
NO: 37); ABB87042 (SEQ 1D NO: 38); ABD14810 (SEQ 1D NO: 39); ABD46740 (SEQ 1D
NO: 40); ABD85144 (SEQ ID NO: 41); and ABE97569 (SEQ 11D NO: 42).

[0033] Figure 5B-6 shows additional avian 4 (HA) HSNI viral strains.

[0034] Figure 6. Framework for understanding glycan receptor specificity. 02-3- and/or
0.2-6-linked glycans can adopt different topologies. According to the present invention, the
ability of an 1IA polypeptide to bind to certain of these topologies conlers upon it the ability to
mediate inlection of different hosts, [or example, humans. As illustrated in Panel A of this
figure, the present invention defines two particularly relevant topologies, a “cone” topology and
an “umbrella” topology. The cone topology can be adopted by a2-3- and/or 02-6-linked
alycans, and is typical of short oligosaccharides or branched oligosaccharides attached o a core
(although this topology can be adopled by certain long oligosaccharides). The umbrella topology
can only be adopted by 02-6-linked glycans (presumably due o the increased conformational
plurality afforded by the extra C5-C6 bond that is present in the a2-6 linkage), and is

predominantly adopted by long oligosaccharides or branched glycans with long oligosaccharide
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branches, particularly containing the motif NeuSAco2-6Gal1-3/4GIlcNAc-. As described
herein, ability of HA polypeptides to bind the umbrella glycan topology, confers binding to
human receptors and/or ability to mediate infection of humans. Panel B of this Iigure
specifically shows the topology of 62-3 and 02-6 as governed by the glycosidic torsion angles of
the trisaccharide motifs — NeuSAco2-3GalB1-3/4GleNAc and NeuSAco2-6GalBl-4GleNAc
respectively. A parameter (6) — angle between C2 atom of Neu5Ac and C1 atoms of the
subsequent Gal and GleNAc sugars in these trisaccharide molifs was defined Lo characterize the
topology. Superimposition of the 8 contour and the conformational maps of the a2-3 and 02-6
motifs shows that a2-3 motifs adopt 100% cone-like topology and a2-6 motifs sampled both
cone-like and umbrella-like topologics (Panel C). In the cone-like topology sampled by a2-3
and 02-6, GlcNAc and subsequent sugars are positioned along a region spanning a cone.
Interactions of ITA with cone-like topology primarily involve contacts of amino acids at the
numbered positions (based on H3 HA numbering) with Neu5Ac and Gal sugars. On the other
hand, in wumbrella-like topology, which is unique to a2-6, \ GlcNAc and subsequent sugars bend
towards the HA binding site (as obscrved in HA- a2-6 co-crystal structures). longer 02-6
oligosaccharides (e.g. at least a tetrasaccharide) would favor this conformation since it 13
stabilized by intra-sugar van der Waals contact between acetyl groups of GleNAc and NeuSAc.
HA interactions with umbrella-like topology involve contacts of amino acids at the numbered
positions (based on H3 HA numbering) with GlcNAc and subsequent sugars in addition to
contacts with NeuSAc and Gal sugars. Panel C of this Figure depicts conformational sampling
of cone- and umbrella-like topology by ¢2-3 and 02-6. Sections (A) — (D) show the
conformational (¢, W) maps of Neu5Aca2-3Gal, Neu5Aca2-6Gal, GalB1-3GleNAc, and Galf1-
4GleNAc linkages, respectively. These maps obtained from GlycoMaps DB

(http://www .glycoscicnces.de/modeling/glycomapsdb/) were gencrated using ab initio MD
simulations using MM3 force field. Energy distribution is color coded starting from dark
(representing highest energy) to light representing lowest energy. Pincircled regions | — 5
represent (¢,W) values observed for the a2-3 and a2-6 oligosaccharides in the HA-glycan co-
crystal structures. The trans conformation (encircled region 1) of Neu5Aca2-3Gal predominates
in HA binding pocket with the exceplion of the co-crystal structure of A/Aichi/2/68 N3N2 HA
with ¢2-3 where this conformation is gauche (encircled region 2). On the other hand, the cis

conformation of NeuSAca2-6Gal (encircled region 3) predominates in A binding pockel. The
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cone-like topology is sampled by encircled regions 1 and 2 and the umbrella-like topology is
sampled by encircled region 3. Sections (E) — (F) show sampling of cone-like and wmbrella-like
topologies by 02-3 and a.2-6 motifs, respectively. 'The darker regions in the conformational maps
were used as the outer boundaries to calculate the 8 parameter (angle between C2 atom of
NeuSAc and C1 atoms of subsequent Gal and GleNAc sugars) for a given set of (¢,y) values.
Based on the cnergy cutoff, the value of 8 > 110° was uscd to characterize cone-like topology
and 0 < 100° was used to characterize umbrella-like topology. Superimposition of the 8 contour
with the conformational energy map indicated that a2-3 motif adopts 100% cone-like topology
since it was energetically unfavorable to adopt umbrella-like topology. On the other hand, the
a2-6 motif sampled both the cone-like and umbrella-like topologies and this sampling was
classified based on the ® angle (O-C6-C5-HS) of Neu5Aca2-6Gal linkage.

[0035] Figure 7. Interactions of HA residues with cone vs. umbrella glycan topologies.
Analysis of HA-glycan co-crystals reveals that the position of NeuSAc relative to the HA
binding site is almost invariant. Contacts with NeuSAc involve highly conserved residues such
as 1'98, S/T136, W153, H183 and 1./1194. Contacts with other sugars involve different residues,
depending on whether the sugar linkage is 02-3 or ¢2-6 and whether the glycan topology is cone
or umbrella. For example, in the cone lopology, the primary contacts are with NeuSAc and with
Gal sugars. E190 and Q226 play particularly important roles in this binding. This Figure also
illustrates other positions (e.g., 137, 145, 186, 187, 193, 222) that can participate in binding to
conge structures. In some cascs, diflerent residues can make dilferent contacts with dilferent
glycan structures. The type of amino acid in these positions can influence ability of an HA
polypeptide to bind to receptors with different modification and/or branching patterns in the
glycan structures. In the umbrella topology, contacts are made with sugars beyond NeuSAc and
Gal. 'This I'igure illustrates residues (e.g., 137, 145, 156, 159, 186, 187, 189, 190, 192, 193, 196,
222,225, 226) that can participate in binding to umbrella structures. In some cases, different
residues can make different contacts with different glycan structures. The type of amino acid in
these positions can influence ability of an A polypeptide to bind to receptors with different
modification and/or branching patterns in the glycan structures. In some embodiments, a D
residue at position 190 and/or a D residue at position 225 contribule(s) to binding to umbrella

opologies.
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[0036] l'igure 8. Exemplary cone topologies. 'I'his Iigure illustrates certain exemplary (but
not exhaustive) glycan structures that adopt conc topologics.

[0037] Figure 9. Exemplary umbrella topologies. (A) Cerlain exemplary (but not
exhaustive) N- and O-linked glycan structures that can adopt wmbrella topologies. (1B) Certain
cxemplary (but not exhaustive) O-linked glycan structures that can adopt umbrella topologies.
[0038] Figure 10A-B. Glycan profile of human bronchial epithelial cells and human colonic
epithelial cells. 'To further investigate the glycan diversity in the upper respiratory tissues, N-
linked glycans were isolated from 1IBEs (a representative upper respiratory cell line) and
analyzed using MALDI-MS. The predominant expression of ¢2-6 in I1Blis was confirmed by
pre-treating the sample with Sialidase S (02-3 specific) and Sialidase A (clcaves and SA). "The
predominant expression of glycans with long branch topology is supported by TOI-TOF
{ragmentation analysis of representative mass peaks. T'o provide a reference for glycan diversity
in the upper respiratory tissues, the N-linked glycan profile of human colonic epithelial cells
(HT29: a representative gut cell line) was obtained. This cell line was chosen because the
current [I5N1 viruses have been shown to infect gut cells. Sialidase A and S pre-treatment
controls showed predominant expression of a2-3 glycans in the H'T-29 cells. Moreover, the Tong
branch glycan topology is not as prevalent as obscrved lor HBESs. Therefore, human adaptation
ol the HSN1 HA would involve HA mutations that would enable high alfinity binding Lo the
diverse glycans expressed in the human upper respiratory tissues (e.g., umbrella glycans).

[0039] Figure 11. Conformational map and solvent accessibility of NeuSAco2-3Gal and
NeuSAco2-6Gal motifs. Panel A shows the conformational map of NeuSAcu2-3Gal linkage.
The encircled region 2 is the trans conformation observed in the APR34_T11_23,
ADUOG3_H3_ 23 and ADSY7 _115_23 co-crystal structures. ‘T'he encircled region | is the
conformation observed in the AAIG8 H3 23 co-crystal structure. Panel B shows the
conformational map of NeuSAca2-6Gal where the cis-conformation (encircled region 3) is
obscrved in all the HA-02-6 sialylated glycan co-crystal structures. Panel C shows diflerence
between solvent accessible surface arca (SASA) of NeuSAc a2-3 and a2-6 sialylated
oligosaccharides in the respective HA-glycan co-crystal structures. 1T'he red and cyan bars
respectively indicate that NeuSAc in 02-6 (positive value) or o2-3 (negative value) sialylated
glycans makes more contacl with glycan binding site. Panel D shows difference belween SASA

ol NeuAc in a2-3 sialylated glycans bound to swine and human HI (I114;.3), avian and human
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H3 (H34.3), and of NeuAc in 012-6 sialylated glycans bound to swine and human 1 (I11;.6).
The negative bar for H34, 3 indicates lesser contact of the human H3 HA with NeuSAca2-3Gal
compared (o that of avian H3. Torsion angles — ¢: C2-C1-O-C3 (for NeuSAca2-3/6 linkage); y:
CI1-0O-C3-H3 (for Neu5Aca2-3Gal) or C1-0-C6-C5 (for NeuSAca2-6Gal); @: O-C6-C5-HS (for
Neu5Aca2-6Gal) linkages. 'The ¢, W maps were obtained from GlycoMaps DB
(http://www.glycosciences.de/modeling/glycomapsdb/) which was developed by Dr. Martin
Frank and Dr. Claus-Wilhelm von der Lieth (German Cancer Research Institute, Heidelberg,
Germany). The coloring scheme from high energy to low energy is from bright red to bright
green, respeclively.

[0040] I'igure 12A-13. Lectin staining of upper respiratory tissue sections. A co-stain of the
tracheal tissue with Jacalin (lighter) and ConA (darker) reveals a preferential binding of Jacalin
(binds specifically to O-linked glycans) to goblet cells on the apical surface of the tracheca and
ConA (binds specifically to N-linked glycans) to the ciliated tracheal epithelial eclls. Without
wishing to be bound by any particular theory, we note that this finding suggests that goblet cells
predominantly express O-linked glycans while ciliated epithelial cells predominantly express N-
linked glycans. Co-staining of trachea with Jacalin and SNA (dark: binds specifically to a2-6)
shows binding of SNA to both goblel and ciliated cells. On the other hand, co-staining of Jacalin
(lighter) and MAL (darker), which specifically binds Lo a2-3 sialylated glycans, shows weak
minimal to no binding of MAL to the pscudostratificd trachcal cpithelium but cxtensive binding
to the underlying regions of the tissue. Together, the lectin staining data indicated predominant
expression and extensive distribution of ¢:2-6 sialylated glycans as a part of both N-linked and
O-linked glycans respectively in ciliated and goblet cells on the apical side of the tracheal
cpithclium.

[0041] ligure 13 Comparison of RBS of HSNT HAs across different genetic clades. A/Hong
Kong/486/97, Genetic Clade () (HK_486_97_c0) (SEQ ID NO: 76); A/Duck/ITunan/795/02,
Genetic Clade 2.1.1 (DK_Hunan_795_02_c.2.1.1) (SEQ 1D NO: 77): A/Hong Kong/213/03,
Genetic Clade 1 (Hk_213_03_c1) (SEQ 1D NO: 78); A/Victnam/1194/04, Genetic Clade 1
(Viet_1194_04_cl) (SEQ ID NO: 79); A/Vietnam/1203/04, Genetic Clade 1 (Viet_1203 04 ¢l1)
(SEQ 1D NO: 80); A/Indonesia/5/05, Genetic Clade 2.1.3 (Ind_5_05__¢2.1.3) (SEQ ID NO: 81):
A/Anhui/1/05, Geneltic Clade 2.3.4 (Anhui_1_05_¢2.3.4) (SEQ 1D NO: 82); A/ligypl/2786-
NAMRU3/06, Genetic Clade 2.2 (Egypt_2876-N3_06_c2.2) (SEQ 1D NO: 83);
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A/goose/Guiyang/337/06, Genetic Clade 4 (Go Guiy. 337 06_c¢4) (SEQ 1D NO: 84);
A/Fgypt/2321-NAMRU3/07, Genetic Clade 2.2.1 (Iigypt_2321-N3_07_c2.2.1) (SEQ TD NO:
85); A/ligypt/3300-NAMRU3/08, Genetic Clade 2.2.1 (Egypt_3300-N3_08_c.2.2.1) (SEQ 1D
NQO: 86); A/common magpie/Hong Kong/5052/07, Genetic Clade 2.3.2
(Mag_ITK_5052_07_c.2.3.2) (SEQ ID NO: 87); A/Chicken/Victnam/NCVD-016/2008, Genetic
Clade 7 (Ck_Viet_ NCVD-016_08 ¢7) (SEQ ID NO: 88).

[0042] Figure 14: Adapted from Stevens et al., 2008, J. Mol. Biol., 381:1382-94. Viet0304:
A/Vietnam/1203/04. Ind505: A/lndoncesia/5/05. LS: Q2201 and (G2285 mutations RBS of [1A.
[0043] Figure 15: Viet0304-1.5 and VietO304-R1.S (cquivalent to Ind505-1.5) I1As were
analyzcd in a dose-dependent fashion on our glycan array comprising of representative avian and
human receptors. Both mutants showed minimal a2-6 binding (binding signals observed only at
high HA concentration), which contrasts with the high affinity a2-6 binding shared by human
adapted HAs.

[0044] Figure 16: Dose dependent analysis of HSN1 HAs that lack glycosylation at N158 in
the context of 1.S mutation. Removal of glycosylation at N158 in the context of 1.S mutation
increased human receptor binding aflinity to the same range (Kd* ~ 20pM) as obscrved for
human adapted HIN1 and H2N2 HAs. Removal of glycosylation at N158 on 15 HA template
with Q226]. mulation alonc (i.e., without (G2288S of the 7.8 mutation) showed improved
prelerence o human receplors (over avian receptors), but substantially lowered human receptor-
binding alfinily in comparison with N158-deglycosylaled 1.S mulant.

[0045] Figure 17: Comparing salient features of RBS between human adapted H2N2 HA
(AlbG_58) and HSN] (Vieti203_04) HA. liour diffcrences in [12N2 HA as compared with H5NI
HA include: (1) Composition of 130 loop in 112N2 11A which includes a deletion, (2) lack of
glycosylation at 158 position in [I12N2 1A, (3) amino acid composition of the base of the RBS
involving positions 137, 221, 226 and 228, and (4) amino acid composition at top of the RBS
involving positions 188, 192 and 193.

[0046] Figure 18 Comparison of the RBS of the H5 HA mutants wvith that of H2N2 TA.
Alb6_58_112N2 (SEQ ID NO: 89): A/Albany/6/58 112N2 HA; Viet1203 04 _1D (SEQ 1D NO:
90): modified version ol A/Vietnam/1203/04 11A; Viet1203_04_D_12RBS (SEQ ID NO: 91):
mutant ol Viet1203 04 1D with deletion at 130 and 13 amino acid substitutions;

Viet1203 04 D_H2RBSmin (SEQ ID NO: 92): mutant ol Viet1203 04 1D with deletion at 130
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and 7 substitutions; ckligy 07 (SEQ IID NO: 93): A/chicken/Egypt/R2/2007 TSN HA that
alrcady has deletion at 130; ckEgy _07_H2RBS (SEQ 1D NO: 94): mutant of ckligy_07 with 8
subslitutions; ckViet_08 (SEQ ID NO: 95): A/chicken/Vietnam/NCVD-093/2008 HSNI HA that
already has switch in charge at 192 and 193 positions; ckViet_08_H2RBS (SEQ ID NO: 96):
mutanl of ckViet 08 with deletion at 130 and 6 substitutions; ckViet_ O8H2ZRBSmin (SEQ 1D
NO: 97): mutant of ckViet_08 with deletion at 130 and 6 substitutions; ckViet_08_H2RBSmin
(SEQ ID NO: 98): mutant of ckViet_08 with deletion at 130 and 4 substitutions. The residue
positions that arc substituted arc in bold and highlighted. The deletion in 130 loop is shown in
bold highlighted. Glycosylation at 158 is highlighted.

[0047] Fligure 19: Dose dependent analysis of mutant of HSNI1 HA
(Viell203_04_D_H2RBS) designed such that the molecular composition of its RBS mimics that
of human-adapted H2N2 HA. This mutant shows highly specific high affinity binding to human
receptors that is characterislic of other human adapted HAs. The binding affinity of this mutant
to human receptor (6’SLN-LN) is quantificd by Kd’ ~ 3 pM thal is in the same range as thal ol
human adapted HIN1 and [12N2 HAs.

[0048] Figure 20: Characteristic glycan-receptor binding properties of pandemic HAs

The HAs [rom prototypic human-adapted pandemic 1918 HINI1 (57) and 1958 H2N2 ($2) and
2009 HINT (53) strains show specific high affinity binding to human receptors (6’SLN-I.N) with
minimal to substantially lower affinity binding (relative Lo human receptor affinity) to avian
receptors (3"SLN-LN). On the other hand introducing the hallmark LS mutation in Vietl203_04
HSNI HA scquenee docs not switch its receptor preferenee o the human reeeptor binding seen
with the pandemic ITAs.

[0049] Figure 21: Phylogeny tree of representative sequences from HA subtypes

Branches leading Lo clade 1 & 2 HAs are labeled and colored in red and bluc, respectively.
Closely related subtypes are located on branches close Lo one another.

[0050] Figure 22: Key structural features within the RBS of H5 HA

Shown in the [igure is the carloon rendering of RBS of Alb6_58 A (gray) and Viet0304 (green)
with side chains of amino acids that are different between these 1IAs. The four features that
distinguish the 112 and 115 RI3S as described in the text are highlighted in dotted red circles.

[0051] Figure 23: Sequence alignment of RBS of representative H2 and HS HAs



HA sequences from the pandemic H2N2 strain (A/Albany/6/58 or Alb58) (SEQ ID NO: 98),
representative human isolates from 1997-2006 (A/Hong Kong/486/97 or HK_486 97 (SEQ ID
NO: 105), A/Hong Kong/213/03 or HK_213 03 (SEQ ID NO: 104), A/Vietnam/1203/04 or
Viet1203 04 (SEQ ID NO: 103), A/Indonesia/5/05 or Ind_5_05 (SEQ ID NO: 102),
A/Egypt/2786-NAMRU3 or Egy 2786-N3_06 (SEQ ID NO: 101)) along with the chosen HS
HA template (A/chicken/Egypt/R2/07 or ckEgy 07 (SEQ ID NO: 100)) for introducing LS
mutation (ckEgy 07mutv5.3 (SEQ ID NO: 99)) are aligned.

[0052] Figure 24: Glycan receptor-binding properties of ckEgy 07 and ckEgy 07 harboring
LS amino acid changes

Dose-dependent direct glycan-binding of HAs were performed on a glycan array platform
comprising of representative human and avian receptors. A, the wild-type ckEgy 07 HA shows
the typical specific and high affinity avian-receptor binding characteristic of other wild-type
H5N1 HAs. B, Introduction of the LS mutations on this HA quantitatively shifts its specificity to
human receptor (6°’SLN-LN) and substantially reducing its avian receptor binding to a minimal
level. C, binding of ckEgy 07 LS mutant to physiological human receptors expressed
predominantly on apical surface of human tracheal tissue section. The human receptor specificity
and affinity from the dose-dependent binding profile together with the human tracheal tissue
staining of the mutant HA is such that it may be sufficient to confer aerosol transmission of
H5NI1 virus harboring this mutant HA in the context of other required changes (such as PB2).
[0053] Figure 25: Analysis of effect of loss of glycosylation at the 158 position in the context
of LS mutations on glycan receptor binding of H5 HA

A, the ckEgy 07 LS mutant shows a quantitative human receptor switch resembling other
pandemic HAs. B, the binding curve for A/California/04/2009 HIN1 HA adapted from previous
study (S3) is shown for comparison. C, the T160A mutation in Viet03 04 ALS mutant removes
glycosylation sequon at N158 leading to loss of glycosylation at this site. Although this mutant
shows dramatic improvement in human receptor-binding, it retains most of its avian receptor-
binding that is not characteristic of pandemic HAs and the ckEgy 07 LS mutant (in the fop
panel). D, LS amino acid mutations introduced in Fgy 06 HA sequence that naturally lacks
glycosylation at 158 also shows the same binding profile as Viet03 04 _ALS mutant.

[0054] Figure 26: Human-adaptive amino acid changes on HSN1 HA sequence that

naturally acquired feature 2
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A/chicken/Vietnam/NCVD-093/2008 avian HSN1 HA already acquired amino acid changes in
190-helix where 192 position typically comprising of Thr has mutated to Lys and 193 position
typically comprising of Lys/Arg has mutated to Met. Introducing 6 amino acid changes and a
deletion to match feature 1 (deletion in 130-loop + A130T) and feature 3
(S137R/S221P/Q226L/S227G/G228S) resulted in a mutant HA that quantitatively switched its
preference to human receptors even in the presence of glycosylation at 158. However,
introduction of the T160A loss of glycosylation change along with LS, without the 130-loop
deletion results in dramatic reduction in binding to human and avian receptors (data not shown).
Therefore, for these HSN1 HAs, the deletion in 130-loop is a more critical change than the loss
of glycosylation in the context of LS mutation.

[0055] Figure 27: Emergence of key features in recent avian H5 and human H5N1 isolates
A, Percentage of avian and human H5N1 isolates whose HA has acquired amino acid changes to
match features 1 and 4 of H2 HA RBS is plotted as function of year when the strain was isolated.
There has been a dramatic increase in percentage of isolates having these key features since their
initial emergence in 2007. Phylogenetic analysis of the sequences of these isolates showed that
they belonged to clade 2.2.1. B, Percentage of avian and human isolates whose HA has acquired
amino acid changes to match feature 2 of H2 HA RBS. Only a small percentage of HSN1 isolates
have acquired this feature. Full-length non-redundant HA sequences from NCBI Influenza Virus
Resource were aligned, and number of occurrences of each of the features was calculated in a
given year and expressed as percentage. A total of 2277 full-length non-redundant H5N1
sequences were employed for the analysis.

[0056] Figure 28: Expanded nomenclature of glycans used in the glycan array

Neu5Ac: N-acetyl D-neuraminic acid; Gal: D-galactose; GlcNAc: N-acetyl D-glucosamine. o, /
[3: anomeric configuration of the pyranose sugars. All the sugars are linked via a spacer to biotin
(-Sp-LC-LC-Biotin as described in

http://www.functionalglycomics.org/static/consortium/resources/resourcecoredS.shtml)
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Description of HA Sequence Elements

HA Sequence Element 1

[0057] HA Sequence Element 1 is a sequence element corresponding approximately to residues
97-185 (where residue positions are assigned using H3 HA as reference) of many HA proteins found

in natural influenza isolates. This sequence element has the basic structure:

CH/F)PXiCX2W X3 WXsHHP (SEQ ID NO.106), wherein:
X1 is approximately 30-45 amino acids long;

X; is approximately 5-20 amino acids long;

X3 is approximately 25-30 amino acids long; and

X4 is approximately 2 amino acids long.

[0058] In some embodiments, X, is about 35-45, or about 35-43, or about 35, 36, 37, 38, 38, 40,
41, 42, or 43 amino acids long. In some embodiments, X» is about 9-15, or about 9-14, or about 9,
10, 11, 12, 13, or 14 amino acids long. In some embodiments, X3 is about 26-28, or about 26, 27, or
28 amino acids long. In some embodiments, X4 has the sequence (G/A) (I/V). In some
embodiments, X4 has the sequence GI; in some embodiments, X4 has the sequence GV; in some
embodiments, X4 has the sequence Al; in some embodiments, X4 has the sequence AV. In some
embodiments, HA Sequence Element 1 comprises a disulfide bond. In some embodiments, this
disulfide bond bridges residues corresponding to positions 97 and 139 (based on the canonical H3
numbering system utilized herein).

[0059] In some embodiments, and particularly in HI polypeptides, X is about 43 amino acids
long, and/or X» is about 13 amino acids long, and/or X3 is about 26 amino acids long.

In some embodiments, and particularly in H1 polypeptides, HA Sequence Element 1 has the
structure:

CYPXiaT(A/T) (A/S)CXa W X3 W X4 HHP (SEQ ID NO.107),
wherein:

Xia is approximately 27-42, or approximately 32-42, or approximately 32-40,
or approximately 26-41, or approximately 31-41, or approximately 31-39, or approximately 31, 32,
33, 34, 35, 36, 37, 38, 39, or 40 amino acids long, and X»-X4 are as above.

[0060] In some embodiments, and particularly in H1 polypeptides, HA Sequence Element 1

has the structure:
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CYPXiaTA/T)(A/S)CXa W (/L) (T/V) Xsa WX4 HH P (SEQ ID
NO.108), wherein:

X1 1s approximately 27-42, or approximately 32-42, or approximately 32-40,
or approximately 32, 33, 34, 35, 36, 37, 38, 39, or 40 amino acids long,

X3a is approximately 23-28, or approximately 24-26, or approximately 24,

25, or 26 amino acids long, and X> and X4 are as above.

[0061] In some embodiments, and particularly in H1 polypeptides, HA Sequence Element 1
includes the scquence:

QLSSISSFEK(SEQID NO.109),

typically within X, (including within X;4) and especially beginning about residue 12 of X (as
illustrated, for example, in Figures 1-3).
[0062] In some embodiments, and particularly in H3 polypeptides, X is about 39 amino acids
long, and/or X is about 13 amino acids long, and/or X3 is about 26 amino acids long.
[0063] In some embodiments, and particularly in H3 polypeptides, HA Sequence Element 1 has
the structure:

CY P XiaS(S/N)(A/S)CXaW X3 W X4 HHP (SEQ ID NO.110),
wherein:

Xia 1s approximately 27-42, or approximately 32-42, or approximately 32-40,
or approximately 23-38, or approximately 28-38, or approximately 28-36, or approximately 28, 29,
30, 31, 32,33, 34, 35,36, 37, 38, 39, or 40 amino acids long, and X,-X4 are as above.

[0064] In some embodiments, and particularly in H3 polypeptides, HA Sequence Element 1 has
the structure:

CYPXiaS(S/N)(A/S) CX: WL (T/H) Xspo WXas HHP (SEQ ID
NO.111), wherein:

X is approximately 27-42, or approximately 32-42, or approximately 32-40,
or approximately 32, 33, 34, 35, 36, 37, 38, 39, or 40 amino acids long,

X3a 1s approximately 23-28, or approximately 24-26, or approximately 24,
25, or 26 amino acids long, and X, and X4 are as above.
[0065] In some embodiments, and particularly in H3 polypeptides, HA Sequence Element 1

includes the sequence:



(L/D) (V) ASSGTLEF (SEQ ID NO.112),

typically within X (including within X;4), and especially beginning about residue 12 of X (as

illustrated, for example, in Figures 1, 2 and 4).

[0066] In some embodiments, and particularly in HS polypeptides, X is about 42 amino
acids long, and/or X is about 13 amino acids long, and/or X3 is about 26 amino acids long.
[0067] In some embodiments, and particularly in HS polypeptides, HA Sequence Element 1
has the structure:

CYPXiaSSACX; WX3WZXsHHP (SEQ ID NO.113), wherein:

X1a is approximately 27-42, or approximately 32-42, or approximately 32-
40, or approximately 23-38, or approximately 28-38, or approximately 28-36, or approximately
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or 40 amino acids long, and X>-X4 are as.

[0068] In some embodiments, and particularly in H5 polypeptides, HA Sequence Element 1
has the structure:

CYPXiaSSACXoWLIXsa WXsHHP (SEQ IDNO.114),
wherein;

Xia 1s approximately 27-42, or approximately 32-42, or approximately 32-
40, or approximately 32, 33, 34, 35, 36, 37, 38, 39, or 40 amino acids long, and

X3 1s approximately 23-28, or approximately 24-26, or approximately 24,

25, or 26 amino acids long, and X> and X4 are as above.

[0069] In some embodiments, and particularly in H5 polypeptides, HA Sequence Element 1
is extended (i.e., at a position corresponding to residues 186-193) by the sequence:

ND A AE X X (K/R) (SEQ ID NO.115)

[0070] In some embodiments, and particularly in HS polypeptides, HA Sequence Element 1
includes the sequence:

YEELKHLXSXXNHFEK(SEQ ID NO.116),
typically within X, and especially beginning about residue 6 of X, (as illustrated, for example,

in Figures 1, 2, and 5).
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HA Sequence Element 2

[0071] HA Sequence Element 2 is a sequence element corresponding approximately to
residues 324-340 (again using a numbering system based on H3 HA) of many HA proteins found
in natural influenza isolates. This sequence element has the basic structure:

GAIAGFIE(SEQIDNO.117)
In some embodiments, HA Sequence Element 2 has the sequence:
PXiGAITAGFIE(SEQ ID NO.118), wherein:

X1 is approximately 4-14 amino acids long, or about 8-12 amino acids
long, or about 12, 11, 10, 9 or 8 amino acids long. In some embodiments, this sequence element

provides the HAO cleavage site, allowing production of HA1 and HA2.

[0072] In some embodiments, and particularly in H1 polypeptides, HA Sequence Element 2
has the structure:

PSI/V)QSRXiaAGATAGFIE (SEQ ID NO.119), wherein:
X1a is approximately 3 amino acids long; in some embodiments, Xia is G (I/I) F.

[0073] In some embodiments, and particularly in H3 polypeptides, HA Sequence Element 2
has the structure:

PXKXTRXiaAGATAGFIE (SEQ ID NO.120), wherein:

Xia 1s approximately 3 amino acids long; in some embodiments, X4 is G

(L/D) F.

[0074] In some embodiments, and particularly in HS polypeptides, HA Sequence Element 2
has the structure:

PQRXXXRXXRXiAGATAGFIE(SEQIDNO.121), wherein:

Xia is approximately 3 amino acids long; in some embodiments, X is G
(L/D) F.
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Definitions
[0075] Affinity: As is known in the art, “allinity” is a measure ol the tightness with a
particular ligand (e.g., an I1A polypeptide) binds to its partner (e.g., and HA receptor). Affinities
can be measured in different ways.
[0076] Binding: It will be understood that the term “binding”, as used herein, typically refers
to a non-covalent association between or among agents. In many embodiments herein, binding is
addressed with respect to particular glycans (e.g., umbrella topology glycans or cone topology
glycans). 1t will be appreciated by those of ordinary skill in the art that such binding may be
assessed in any of a variety of contexts. In some embodiments, binding is assessed with respect
to free glycans. In some embodiments, binding is assessed with respect Lo glycans attached (e.g.,
covalently linked to) a carrier. In some such embodiments, the carrier is a polypeplide. In some
embodiments, binding is assessed with respect to glycans attached to an HA receptor. In such
embodiments, reference may be made to receptor binding or to glycan binding.
[0077] Binding agent: In general, the term “binding agent” is used herein to refer to any
entity that binds to glycans (e.g., to umbrella-topology glycans) as described herein. Binding
agents may be of any chemical type. In some embodiments, binding agents are polypeptides
(including, e.g., antibodies or antibody fragments); in some such embodiments, binding agents
arc HA polypeplides and/or variants thereol and/or characlerislic portions thereol; in some
embodiments, binding agents are polypeptides whose amino acid sequence does not include an
HA characteristic sequence (Le., “Non-HA polypeptides™). In some embodiments, binding
agents are small molecules. In some embodiments, binding agents are nucleic acids. In some
embodiments, binding agenls are aplamers. In some embodiments, binding agents are polymers;
in some embodiments, binding agents are non-polymeric. In some embodiments, binding agents
are carbohydrates. In some embodiments, binding agents are lectins. In some embodiments,
binding agents as described herein bind to sialylated glycans having an umbrella-like topology.
In some embodiments, binding agents bind to umbrella-topology glycans with high affinity
and/or specilficity. In some embodiments, binding agents show a binding prelerence for
umbrella-topology glycans as comparcd with cone-topology glycans.  In some embodiments,
binding agenls compete with hemagglutinin for binding to glycans on hemagglutinin receptors.
In some embodiments, binding agents compele with hemagglutinin for binding to umbrella-

topology glycans. In some embodiments, a binding agent provided herein is an umbrella
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topology blocking agent. In some embodiments, a binding agent provided herein is an umbrella
topology specific blocking agent. In some embodiments, binding agents bind to umbrella
topology glycan mimics.

[0078]  Biologically active: As used herein, the phrase “biologically active” refers to a
characteristic of any agent that has activity in a biological system, and particularly in an
organism. For instance, an agent that, when administered to an organism, has a biological effect
on that organism, is considered to be biologically active. In some embodiments, where a protein
or polypeptide is biologically aclive, a portion of that protein or polypeptide that shares al least
one biological activity of the protein or polypeptide is typically referred to as a “biologically
active” portion.

[0079] Characteristic portion: As used herein, the phrase a “characteristic portion” of a
protein or polypeptide is one that contains a continuous stretch of amino acids, or a collection of
continuous stretches of amino acids, that together arc characteristic of a protcin or polypeptide.
Each such continuous stretch generally will contain at least two amino acids. TFurthermore, those
of ordinary skill in the arl will appreciate that typically at least 5, at least 10, at least 15, at least
20 or morc amino acids arc required to be characteristic of a protcin. In genceral, a characleristic
portion is one that, in addition to the sequence identity specified above, shares at least one
[unctional characteristic with the relevant intact protein.

[0080] Characteristic sequence: A “characteristic sequence” is a sequence that is found in
all members of a [amily of polypeptides or nucleic acids, and therefore can be used by those of
ordinary skill in the arl to define members of the [amily.

[0081] Cone topology: The phrase “cone topology” is used herein to refer to a 3-
dimensional arrangement adopled by certain glycans and in particular by glycans on HA
receptors. As illustrated in Figure 6, the cone topology can be adopted by a2-3 sialylated
glycans or by 02-6 sialylated glycans, and is typical of short oligonucleotide chains, though
somc long oligonuclcotides can also adopt this conformation. The cone topology is
characterized by the glycosidic torsion angles of NeuSAco2-3Gal linkage which samples three
regions of minimum energy conformations given by ¢ (C1-C2-O-C3/C6) value of about -60,
about 60), or about 180 and y (C2-O-C3/C6-H3/C5) samples -60 to 60 (Figure 11). Figure §
presents certain representative (though not exhaustive) examples of glycans that adopl a cone

topology.
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[0082] Corresponding to: As used herein, the term “corresponding to” is often used to
designate the position/identity of an amino acid residue in an TIA polypeptide. Those of ordinary
skill will appreciate that, for purposes of simplicity, a canonical numbering system (based on
wild type H3 TIA) is utilized herein (as illustrated, for example, in Figures 1-5), so that an amino
acid “corresponding to” a residuc at position 190, for example, need not actually be the 190"
amino acid in a particular amino acid chain but rather corresponds to the residue found at 190 in
wild type H3 HA; those of ordinary skill in the art readily appreciate how to identify
corresponding amino acids.

[0083] Degree of separation removed: As used herein, amino acids that are a “degree of
separation removed” are 1A amino acids that have indirect effects on glycan binding. For
example, one-degree-ol-separation-removed amino acids may cither: (1) interact with the direct-
binding amino acids; and/or (2) otherwise affect the ability of dircet-binding amino acids to
intcract with glycan that is associated with host cell HA reeeptors; such one-degree-of-
separation-removed amino acids may or may not directly bind to elycan themselves. Two-
degree-of-separation-removed amino acids either (1) interact with one-degree-of-separation-
rcmoved amino acids; and/or (2) otherwisce affect the ability of the one-degrec-of-separation-
removed amino acids Lo interact with direct-binding amino acids, etc.

[0084] Direct-binding amino acids: As used herein, the phrase “dircct-binding amino acids”
refers to TIA polypeplide amino acids which interact dircetly with one or more glycans that is
associated with host cell HA receptors.

[0085] Engineered: The term “engineered”, as used herein, describes a polypeptide whose
amino acid sequence has been selected by man. For example, an engineered HA polypeptide has
an amino acid scquence that differs from the amino acid sequences of HA polypeptides found in
natural influcnza isolates. In some embodiments, an enginecred A polypeptide has an amino
acid sequencce that dilfers [rom the amino acid sequence of A polypeptides included in the
NCBI database.

[0086] H1T polypeptide: An “H11 polypeptide”, as that term is used herein, is an THA
polypeptide whose amino acid sequence includes at least one sequence clement that is
characteristic of 11 and distinguishes HI from other HA subtypes. Representative such

scquence clements can be delermined by alignments such as, for cxample, those illustrated in

24



WO 2012/047941 PCT/US2011/054831

Figures 1-3 and include, for example, those described herein with regard to H1-specific
embodiments of HA Sequence Elements.

[0087] H3 polypeptide: An “H3 polypeptide”, as that term is used herein, is an HA
polypeptide whose amino acid sequence includes at least one sequence element that is
characteristic of I13 and distinguishes 113 from other I1A subtypes. Representative such
sequence clements can be determined by alignments such as, for example, those illustrated in
Figures 1, 2, and 4 and include, for example, those described herein with regard to H3-specific
embodiments of HA Sequence Elements.

[0088] HS5 polypeptide: An “HS5 polypeptide”, as that term is used herein, is an HA
polypeptide whose amino acid sequence includes at least one sequence element that is
characteristic of 15 and distinguishes H5 trom other HA sublypes. Representative such
sequence elements can be determined by alignments such as, for example, those illustrated in
Figures 1, 2, and 5 and include, for cxample, those described herein with regard to H5-specific
embodiments of I1A Sequence Ilements.

[0089] HX polypeptide: An “I1X polypeptide”, as that term is used herein, is an THA
polypeptide whose amino acid scquence includes at lcast one scquence clement that is
characteristic of HX and distinguishes 11X from other HA subtypes, wherein “X” refers to the
numbcring of the HA subtype (e.g., wherein when “X” =1,2,3,4,5,6,7,8,9, 10, 11, 12, 13,
14, 15, or 16, “HX” = H1, H2, H3, H4, HS5, H6, H7, 1§, H9, H10, H11, H12, H13, H14, H15, or
H16, respectively).

[0090] Hemagglutinin (HA ) polypeptide: As used herein, Lhe term “hemagglutinin
polypeptide” (or “HA polypeptide’) refers to a polypeptide whose amino acid sequence includes
at lcast onc characteristic sequence of HA. A widc varicty of HA scquences from influenza
isolates are known in the art; indeed, the National Center for Biotechnology Information (NCBI)
maintains a database (www.ncbi.nlm.nih.gov/genomes/FLU/(lu.html) that, as of the filing of the
present application included 9796 HA sequences. Those of ordinary skill in the art, referring to
this database, can readily identify sequences that are characteristic of HA polypeptides generally,
and/or of particular HA polypeptides (e.g., 11, 112, 13, H4, H5, H6, H7, H§, H9, H10, HI 1,
HI12, H13, H14, H15, or H16 polypeptides); or of HAs that mediate infection of particular hosts,
e.g., avian, camel, caninc, cat, civel, cnvironment, cquine, human, lcopard, mink, mouse, scal,

stone martin, swine, tiger, whale, efc.  For example, in some embodiments, an A polypeplide
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includes one or more characleristic sequence clements found between aboul residues 97 and
aboul 185, about 324 and aboul 340, about 96 and about 100, and/or about 130 and about 230 of
an 1A protein found in a natural isolate of an influenza virus. 1n some cmbodiments, an [A
polypeptide has an amino acid sequence comprising at least one ol HA Scquence Elements | and
2, as defined herein. In some embodiments, an I1A polypeptide has an amino acid sequence
comprising HA Sequence Elements | and 2, in some embodiments separated from one another
by about 100 to about 200, or by about 125 to about 175, or about 125 to about 160, or about 125
o about 150, or about 129 to about 139, or about 129, about 130, about 131, about 132, about
133, about 134, about 135, about 136, about 137, about 138, or about 139 amino acids. In some
embodiments, an HA polypeptide has an amino acid scquence that includes residucs at positions
within the regions 96-100 and/or 130-230 that participate in glycan binding. For example, many
HA polypeptides include one or more of the following residues: 1'yr98, Scr/Thr136, Trpl53,
1115183, and 1.cu/llc194. In some embodiments, an HA polypeptide includes at least 2, 3, 4, or
all 5 of these residucs.

[0091] Isolated: The term “isolated”, as used herein, relers 1o an agent or entity that has
cither (i) been scparated from at Ieast some ol the components with which it was associated when
initially produced (whether in nature or in an experimental setting); or (ii) produced by the hand
of man. lsolated agents or entitics may be separated from at least about 10%, at lcast about 20%,
at least about 30%, at lcast about 40%;, at least about 50%, at lecast about 60%, at Ieast aboul
70%, at least about 80)%, at leasl aboul Y0%, or more of the other components with which they
were initially associated. In some embodiments, isolated agents are more than 90%, 919, 92%,
93%, 94%, 95%, 96%, 97%, Y8%, Y9% pure.

[0092] Linkage Specific Blocking Agent (LSBA): As uscd herein, the term “linkage specific
blocking agent” refers to an agent which binds to an HA receptor having an a2-6 sialylated
glycan. In some embodiments, an LLSBA sclectively binds to an HA receptor having an 02-6
sialylated glycan with al least about 40, 50, or 75% of the aflinity of that for an HA receplor
having an a2-3 sialylated glycan. In some embodiments, an I.SBA sclectively binds to an HHA
receplor having an 02-0 sialylated glycan with at least about 2, 4, 5, or 10 times greater allinitly
than that for an IIA receptor having an 2-3 sialylated glycan. In some embodiments, an [.SBA
has an affinity for an 02-6 sialylated glycan that is at Ieast 50, 100, 150, or 200 % of its affinity

for an 02-3 sialylated glycan. In some embodiments, an L.SBA may compete with hemagglutinin
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for binding to an HA receptor. For example, an LSBA may selectively inhibit the binding of an
influenza virus particle (e.g., human or avian influenza virus) to an HA receptor based on the
linkage characteristics (e.g., 02-6 sialylated glycan or 02-3 sialylated glycan). In some
embodiments, an LSBA is a polypeptide. In some such embodiments, an LSBA polypeplide has
an amino acid sequence that is substantially identical or substantially homologous to that of a
naturally-occurring polypeptide. In some embodiments, an LSBA polypeptide is an HA
polypeptide. In some embodiments, an .SBA polypeptide is a naturally-occurring HA
polypeptide, or a fragment thereof. In some embodiments, an LSBA polypeptide has an amino
acid sequence that is not related to that of an HA polypeptide. In some embodiments, an LSBA
polypeptide is an antibody or fragment thereof. In some embodiments, an LSBA polypeptide is
a lectin (e.g., SNA-1). In some embodiments, an LSBA is not a polypeptide. In some
embodiments, an LSBA is a small molecule. In some embodiments, an LSBA is a nucleic acid.
[0093] Long oligosaccharide: For purposcs of the present disclosure, an oligosaccharide is
typically considered to be “long™ if it includes at least one linear chain that has at least four
saccharide residues.

[0094] Non-natural amino acid: 'The phrase “non-natural amino acid” refers to an cntity

HaN——CH—C——0H
having the chemical structure of an amino acid (i.e.,; R
and therefore being capable of parlicipating in at least two peptide bonds, but having an R group
that differs from those found in nature. In some embodiments, non-natural amino acids may also
have a second R group rather than a hydrogen, and/or may have one or more other substilutions
on the amino or carboxylic acid moieties.
[0095]  Polypeptide: A “polypeplide”, generally speaking, is a string ol at least lwo amino
acids attached to one another by a peptide bond. In some embodiments, a polypeptide may
include at Icast 3-5 amino acids, cach of which is attached to others by way of at Icast onc
peptide bond. Those of ordinary skill in the art will appreciate that polypeptides sometimes
include “non-natural” amino acids or other entities that nonetheless are capable of integraling
into a polypeptide chain, optionally.
[0096] Pure: As used herein, an agent or enlily is “pure’ if it is substantially free of other

components. For example, a preparation that contains more than about 90% of a particular agent
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or entity is typically considered to be a pure preparation. In some embodiments, an agent or
entity is at least 91 %, at least 92%, at least 93%, at least 94%, at least 95%, at least Y6%, at least
97%, at least 98%, or at least 99% pure.

[0097] Short oligosaccharide: Tor purposes of the present disclosure, an oligosaccharide is
typically considered to be “short” if it has fewer than 4, or certainly fewer than 3, residues in any
linear chain.

[0098] Specificity: As is known in the art, “specificity” is a measure of the ability of a
particular ligand (e.g., an HA polypeplide) to distinguish its binding partner (e.g., a human HA
receptor, and particularly a human upper respiratory tract HA receptor) from other potential
binding partners (e.g., an avian A receptor).

[0099] Substantial homology: 'The phrase “substantial homology” is used herein Lo refer to a
comparison between amino acid or nucleic acid sequences. As will be appreciated by those of
ordinary skill in the art, two sequences are generally considered to be “substantially
homologous” if they contain homologous residues in corresponding positions. Homologous
residues may be identical residues. Alternatively, homologous residues may be non-identical
residucs will appropriately similar structural and/or functional characteristics. For cxample, as is
well known by those of ordinary skill in the art, certain amino acids are typically classified as
“hydrophobic” or “hydrophilic” amino acids, and/or as having “polar” or “non-polar” side
chains. Substitution ol one amino acid for another of the same type may often be considered a

“homologous” subslitution. Typical amino acid categorizalions are summarized below:

Alanine  Ala A nonpolar ncutral 1.8
Arginine  Arg R polar positive -4.5
Asparagine Asn N polar neutral -3.5
%SLL& Asp D polar negative -3.5
Cysteine  Cys & nonpolar neutral 2.3
Glutamie Glu & olar negalive -3.5
M T. ] p >5¢ .
Glutamine Gln Q polar ncultral -3.5
Glyeine  Gly G nonpolar ncutral -0.4
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Histidine  His H polar positive -3.2
Isoleucine Tle 1 nonpolar ncutral 4.5
Leucing  Teu L nonpolar neutral 3.8
Lysine Lys K polar positive -3.9
Methionin ,
PRSI Met M nonpolar neutral 1.9
¢
Phenylulan ,
ine Phe F nonpolar neutral 2.8
Prolinc Pro P nonpolar neutral -1.6
Serine Ser S polar neutral -0.8
Threonine Thr T polar neutral -0.7
Lispiophy Trp W nonpolar neutral -0.9
n
Tyrosun: Tyr Y polar neutral -13
Vahne Val Vv nonpolar ncutral 4.2
Ambiguous Amino Acids 3-Letter 1-Letter
Asparagine or aspartic acid Asx 3
Glutamine or glutamic acid Glx 7.
I.eucine or Isoleucine Xle I
Unspecified or unknown amino acid Xaa X

As 1s well known in this art, amino acid or nucleic acid sequences may be compared using any off
a variety of algorithms, including thosc available in commercial computer programs such as
BLASTN for nucleotide sequences and BLLASTP, gapped BLAS'T. and PSI-BLAST for amino
acid sequences. Lixemplary such programs are described in Altschul, ef «l., Basic local
alignment scarch tool, J. Mol Biol., 215(3): 403-410, 1990: Alwschul, et al., Methods in
Enzymology, Altschul, et al., "Gapped BLLAST and PSI-BLAST: 4 new generation of protein
database search programs”, Nucleic Acids Res. 25:3389-3402, 1997, Baxevanis, et al.,
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Bioinformatics : A Practical Guide to the Analysis of Genes and Proteins, Wilcy, 1998; and
Misener, et al., (cds.), Bioinformatics Methods and Protocols (Methods in Molecular Biology,
Vol. 132), Humana Press, 1999; all of the foregoing of which are incorporated herein by
reference. In addition to identilying homologous sequences, the programs mentioned above
typically provide an indication of the degree of homology. In some embodiments, two sequences
arc considered to be substantially homologous if at lcast 50%, at least 55%, at least 60%, at lcast
65%, at lcast 70%, at lcast 75%, at least 80%, al lcast 85%, at least 90%, at lcast 91%, at least
92%, at least 93%, at lcast 94%, at least 95%, at lcast 96%, at Icast 97%, alt lcast 98%, at Icast
999% or more of their corresponding residues are homologous over a relevant stretch of residues.
In some cmbodiments, the relevant stretch is a complete sequence. In some cmbodiments, the
relevant stretch is at least 10, at least 15, at lcast 20, at lcast 25, at least 30, at least 35, at least 40,
at lcast 453, at Jeast 50, at least 55, at least 60, at lcast 65, at least 70, at lcast 75, at Icast 80, al
Icast 85, at lcast 90, at Icast 95, at lcast 100, at lcast 125, at Icast 150, at lecast 175, at Icast 200, at
least 225, at least 250, at least 275, at least 300, at least 325, at least 350, at least 375, at least
400, at least 425, at least 450, at lcast 475, at least 500 or more residucs.

[00100]  Substantial identity: 'Uhe phrase “substantial identity” is used herein to refer to a
comparison between amino acid or nucleic acid sequences. As will be appreciated by those of
ordinary skill in the arl, two sequences are gencerally considered to be “substantially identical” if
they conlain identical residues in corresponding positions. As is well known in this art, amino
acid or nucleie acid sequences may be compared using any of a varicty of algorithms, including
those available in commercial computer programs such as BLASTN for nucleolide sequences
and BLASTP, gapped BLLAST, and PSI-BLAST for amino acid sequences. Exemplary such
programs arc described in Altschul, ef al., Basic local alignment scarch tool, J. Mol. Biol.,
215(3): 403-410, 1990; Altschul, et al., Methods in Enzymology; Altschul, et al., "Gapped
BLAST and PSI-BILLAST: a new generation of protein database scarch programs”, Nucleic Acids
Res. 25:3389-3402, 1997 Baxcvanis, et al., Bioinformatics : A Practical Guide to the Analysis of
Genes and Proteins, Wilcy, 1998: and Misener, et al., (¢ds.), Bioinformatics Methods and
Protocols (Methods in Molecular Biology, Vol. 132), [lumana Press, 1999; all of the foregoing
ol which are incorporated hercin by reference. In addition to identifying identical sequences, the
programs mentioned above Lypically provide an indication of the degree of identity. In some

cmbodiments, lwo sequences are considered to be substantially identical il al least 50%, al leasl
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55%, at least 60%, at least 65%, at lcast 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 91 %, at lcast 92%, at lcast 93%, at lcast 94%, at least 95%, at least 96%, at least
97%, at least 98%, at least 9Y9% or more of their corresponding residues are identical over a
relevant stretch of residues. In some embodiments, the relevant stretch is a complete sequence.
In some embodiments, the relevant stretch is at least 10, at least 15, at least 20, al lcast 25, at
least 30, at least 35, at Jeast 40, at least 45, at least 50, at least 55, at least 60, at least 65, al least
70, at least 75, at least 80, at least 85, at least 90, at least 95, at least 100, at least 125, at lcast
150, at Icast 175, at Icast 200, at Icast 225, at least 250, at least 275, at least 300, at least 325, at
least 350, at least 375, at least 400, at least 425, at least 450, at least 475, at least 500 or more
residues.

[00101]  Therapeutic agent: As used herein, the phrase “therapeutic agent” refers to any agent
that elicits a desired biological or pharmacological effect.

[00102]  Treatment: As uscd herein, the term “treatment” refers to any method used to
alleviate, delay onset, reduce severity or incidence, or yield prophylaxis of one or more
symptoms or aspects of a disease, disorder, or condition. For the purposes ol the present
invenlion, treatment can be administered before, during, and/or after the onsct of symptoms.
[00103] Umbrella topology: The phrase “umbrella topology” is used herein to refer 1o a 3-
dimensional arrangement adopled by cerlain glycans and in particular by glycans on HA
receplors. ‘The present invention encompasses the recognition that binding to umbrella topelogy
glycans is characleristic of HA proteins that mediate infection of human hosts. As illustrated in
Figure 6, the umbrella topology is typically adopled only by t2-6 sialylated glycans, and is
typical of long (e.g., greater than tetrasaccharide) oligosaccharides. In some embodiments,
umbrella-topology glycans are glycans exhibiting a three-dimensional structure substantially
similar to the structure presented in Figure 6 (right panel). In some cmbodiments, umbrella-
topology glycans are glycans which contact HA polypeptides via the amino acid residues shown
in Figure 6 (right pancl). In some embodiments, umbrella-topology glycans are glycans which
are able to contact and/or specifically bind to the amino acid binding pocket shown in Figure 6
(right panel). In some embodiments, glycan structural topology is classified based on parameter
0 detined as angle between C; of Sia, C; of Gal, and C; of GleNAc. Values of § < 100°
represent cone-like topology adopled by ¢2-3 and short 02-6 glycans. Values of 0> 110°

represent umbrella-like topology, such as topology adopted by long a2-6 glycans (Figure 6). An
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example of umbrclla topology is given by ¢ angle of NcuSAca2-6Gal linkage of around -60 (sce,
for example, Figure 11). Figure 9 presents certain representative (though not exhaustive)
cxamples of glycans that can adopt an umbrella topology. The long 02-6 molifs presented in
Figure 9 includes NeuSAca2-6 linked at the non-reducing end to a long chain (e.g., at lcast a
trisaccharide) found as a part of biological N-linked glycans, O-linked glycans, and glycolipids.
The boxed insct shows examples of the umbrella-topology long a2-6 glycan moictics thal are
[ound as a part of biological glycans that bind to high affinity with HA. In somc embodiments,
umbrella-topology glycans (e.g., at a site) comprise a greater proportion of long (e.g. multiple
lactosamine units) a2-6 oligosaccharide branches than short 42-6 (e.g. single lactosamine)
branches. In some embodiments, umbrella-lopology glycans (e.g., at a site) comprise about 2-
fold, about 3-fold, about 4-fold, about 5-fold, about 10-fold, aboul 20-fold, about 50-fold, or
greater than about 50-fold more long 02-6 oligosaccharide branches than short 02-6 (e.g. single
lactosamine) branches. In some embodiments, the unique characteristic ol HA interactions with
umbrella-topology glycans and/or glycan decoys is the ITA contact with a glycan comprising
sialic acid (SA) and/or SA analogs at the non-reducing end. In some embodiments, chain length
of the oligosaccharide is at least a trisaccharide (excluding the SA or SA analog). In some
embodiments, a combination of the numbered residues shown in the right-hand pancl of Figure
6 is involved in contacts with umbrella-like topology. In some embodiments, umbrella topology
glycans are oligosaccharides of the following form:

NeuSAca2-6Sugl-Sug2-Sug3

where:

(a) NeuSAc a2-6 is typically (but not essentially) at the non-reducing end;

(h) Sugl:

6) is a hexose (frequently Gal or Gle) or hexosamine (GIeNAc or GalNAc) in
a or B configuration (frequently B- for N- and O-linked extension and o- in the case of
GalNAca- that is O-linked to glycoprolein);
(ii) no sugars other than NeuSAca2-6 are altached to any of the non-reducing

positions ol Sugl (except when Sugl is GalNAca- that is O-linked to the glycoprolein); and/or

ouanidium, amine, N-

&

(ili)  non-sugar moicties such as sulfate, phosphate,
acetyl, efc. can be altached to non-reducing positions (Lypically 6 position) of Sugl (e.g., to

improve contacls with HA);

32



WO 2012/047941 PCT/US2011/054831

(c) Sug?2 and/or Sug3 is/are:
(i) hexose (frequently Gal or Gle) or hexosamine (GleNAc or GalNAc) in o
or 3 configuration (frequently B); and/or
(ii) sugars (such as Fuc) or non-sugar moieties such as sulfate, phosphate,
guanidium, amine, N-acetyl, efc. can be attached to non-reducing positions of Sug2, Sug3, and/or
Sugd;
(d) Linkage belween any two sugars in the oligosaccharide apart [rom NeuSAca2-6
linkage can be 1-2, 1-3, 1-4, and/or 1-6 (typically 1-3 or 1-4); and/or
(e) Structure where Neu5SAca2-6 is linked GalNAca that is O-linked to the
glycoprotein and additional sugars are linked (o the non-reducing end of GalNAco for example
@) NeuSAco2-6(NeuSAca2-3GalPB1-3)GalNAcau-
(i1) NeuSAco2-6(Galp1-3)GalNAca-

[00104]  Umbrella topology blocking agent (UTBA):  As used herein, the term “umbrella
topology blocking agenl” refers to an agent which binds to an HA receptor having an umbrella
topology glycan. In some embodiments, a U'I'BA binds to an HA rcceptor having an umbrella
topology glycan found in human upper airways. A UBTA can bind Lo either an umbrella
topology glycan and/or Lo a cone topology glycan. In some embodiments, a UTBA selectively
binds to an umbrella topology elycan with 50, 100, 150, or 200% of its affinily for a cone
topology glycan. In some cmbodiments a UTBA sclectively binds to an umbrcella topology
glycan with 50-150% ol its allinity for a cone topology glycan. In some embodiments, a UTBA
binds (o an umbrella topology glycan with about the same affinity as for a cone topology glycan.
For example, in some embodiments, a UTBA binds an umbrella topology glycan (e.g., 6’SLN-
[.N) with about 50-200%, 50-150%, or about the same affinity to which it binds a cone topology
glycan (e.g., 3’'SLN-LN). In some ecmbodiments, a UTBA sclectively inhibits the binding of an
influenza virus particle (e.g., a human or avian influenza virus) to the HA receptor based on the
glycan topology of the receptor (e.g., umbrella or cone). In some embodiments, a UTIBBA is a
polypeptide. In some such embodiments, a UTBA polypeptide has an amino acid sequence that
is substantially identical or substantiaily homologous to that of a naturally-occurring polypeptide.
In some embodiments, a UTBA polypeplide is an HA polypeptide. In some embodiments, a

UTBA polypeptide is a naturally-occurring HA polypeplide, or a fragment thereof. In some
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embodiments, a UTBA polypeptide has an amino acid sequence that is not related to that of an
A polypeptide. In some embodiments, a UTBA polypeptide is an antibody or fragment
thercof. In some embodiments, a UTBA polypeptide is a lectin (e.g., SNA-1). In some
embodiments, a U'TBA is not a polypeptide. In some embodiments, a UTBA is a small
molecule. In some embodiments, a UTBA is a nucleic acid.

[00105]  Umbrella topology glycan mimic: An “umbrella topology glycan mimic” is an agent,
other than an umbrella topology glycan, that binds to binding agents as described herein. In
some cmbodiments, umbrella topology glycan mimics are agents that bind to HA polypeptides.
In some such embodiments, umbrella topology glycan mimics are agents that interact with FH1A
polypeptide residues selected from the group consisting of residues 95, 98, 128, 130, 131, 132,
133,135, 136, 137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186, 187, 188, 189, 190, 192,
193, 194, 195, 196, 219, 221, 222, 224, 225, 226, 227, 228, and combinalions thereofl. In some
such cmbodiments, umbrcella topology glycan mimics arc agents that interact with [TA
polypeptide residues selected from the group consisting of residues 130, 131, 132, 133, 135, 137,
155, 188, 192, 193, 221, 226, 227, 228, and combinations thercof. In some such embodiments,
umbreclla topology glycan mimics arc agents that interact with HA polypeptide residues sclected
from the group consisting of residues 160, 192, 193, and combinations thercof. Note that amino
acid positions stated above are based on H3 HA numbcering. In some embodiments, an [1A
topology glycan mimic is an agent that compeles with umbrella topology glycans for interaction
with an HA polypeptide.

[00106]  Umbrella topology specific blocking agent (UTSBA): As uscd herein, Lthe term
“umbrella topology specilic blocking agent” refers Lo an agent which binds to an HA receptor
having an umbrella topology glycan found in human upper airways. A UL'SBA sclectively binds
an umbrella topology glycan 1A, Tor example, a UTSBA binds an umbrella topology glycan
(e.g., 6’SLLN-LN) with about al least 2, at lcast 4, at least 5, or at least 10 times greater affinity
than il binds Lo a cone topology glycan (e.g., 3°SI.N-1.N). T'ypically, the allinity of a UU'T'SBA for
an umbrella topology glycan is greater than 1 nM. Typically the affinity of a U'T'SBA for a cone
topology glycan is less is at least within 2 to 3 orders of magnitude of the binding affinity of
umbrella topology glycans to human adapted HAs such as SC18, Mos99, '1x91, efc. and a2-6
binding plant lectins such as SNA-L. The binding affinity of UT'SBA as measured by the dose-

dependent direct binding assay (Figs 19 and 20) would Lypically be at Teast | nM. Typically the
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affinity of a UTSBA for a cone topology glycan is at most 1 to 3 orders of magnitude less than
the binding affinity of cone topology glycans to avian HAs such as Viet0405, Av1E, efc. In
some embodiments, a UI'SBA selectively inhibits binding of an influenza virus particle (e.g., a
human or avian influenza virus) to the HA receptor (e.g., an H1, H2 or H3 or a human-adapted
HS5, H7 or HY) based on glycan topology (e.g., umbrella or cone). In some cmbodiments, a
UTSBA is a polypeptide. In some such embodiments, a UTSBA polypeptide has an amino acid
sequence that is that is substantially identical or substantially homologous to that of a naturally-
occurring polypeptide. In some embodiments, a UTSBA polypeptide is an I1A polypeptide. In
some embodiments, a UTSBA polypeptide is a naturally-occurring HA polypeptide, or a
fragment thereof. In some embodiments, a UTSBA polypeptide has an amino acid sequence that
is not related to that of an HA polypeptide. In some embodiments, a UTSBA polypeplide is an
antibody or fragment thereof. In some embodiments, a UT'SBA polypeptide is a lectin (e.g.,
SNA-1). In somc embodiments, a UTSBA is not a polypeptide. In some cmbodiments, a
UTSBA is a small molccule. In some embodiments, a UTSBA is a nucleic acid.

[00107] Vaccination: As used herein, the term “‘vaccination” refers to the administration of a
composition intended to generate an immunc response, for example to a discasc-causing agent.
For the purposes of the present invention, vaccination can be administered before, during, and/or
after exposure to a discase-causing agent, and in some ecmbodiments, before, during, and/or
shortly after exposure to the agent. In some embodiments, vaccination includes multiple
administrations, appropriately spaced in time, ol a vaccinating composition.

[00108] Variant: As uscd herein, the term “variant’ is a relative term thal describes the
relationship between a particular polypeptide (e.g., HA polypeptide) of interest and a “parent”
polypeptide Lo which its scquence is being compared. A polypeptide of interest is considered to
be a *“variant” of a parent polypeptide if the polypeptide of interest has an amino acid sequence
that is identical to that of the parent bul for a small number of sequence alterations at particular
positions. Typically, lewer than 20%, |5%, 10%, 9%, 8%, 1%, 6%, 5%, 4%, 3%, 2% ol the
residues in the variant are substituted as compared with the parent. In some embodiments, a
variant has 10,9, 8,7, 6, 5,4, 3, 2, or | substituted residue as compared with a parent. Often, a
variant has a very small number (e.g., fewer than 5, 4, 3, 2, or 1) number of substituted
functional residucs (i.¢., residucs that participale in a particular biological activity).

Furthermore, a variant typically has nol more than 5, 4, 3, 2, or | additions or deletions, and
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often has no additions or deletions, as compared with the parent. Morcover, any additions or
deletions arc typically fewer than about 25, about 20, about 19, about 18, about 17, about 16,
about 15, about 14, about 13, about 10, about 9, about 8, about 7, about 6, and commonly are
fewer than about 5, about 4, aboul 3, or about 2 residues. In some embodiments, the parent
polypeptide is one found in nature. For cxample, a parent HHA polypeptide may be one found in a
natural (e.g., wild type) isolate of an influenza virus (e.g., a wild type HA).

[00109] Vector: As used herein, “vector” refers to a nucleic acid molecule capable of
transporting another nucleic acid to which it has been linked. In some cmbodiment, veclors are
capable of extra-chromosomal replication and/or expression ol nucleic acids to which they are
linked in a host cell such as a eukaryotic or prokaryotic ccll. Vectors capable of directing the
expression ol operatively linked genes are referred to herein as “expression vectors.”

[00110] Wild type: Asis understood in the art, the phrase “wild type” generally refers to a
normal form of a protcin or nucleic acid, as is found in nature. 'or example, wild type HA
polypeptides are found in natural isolates of influenza virus. A varicty of different wild type HA
sequences can be found in the NCBI influenza virus sequence database,

http://www.ncbi.nlm.nih.gov/genomes/F1LU/FLULhtml.

Detailed Description of Certain Embodiments

[00111]  ‘'The present invention provides binding agents (e.g., HA polypeptides, HA
polypeptide variants, LSBAs, U'TBAs, UTI'SBAs, etc.) that bind to umbrella topology glycans. In
somc cmbodiments, the present invention provides binding agents that bind to umbrella topology
glycans found on A receptors of a particular largel species. For example, in some
embodiments, the present invention provides binding agents that bind to umbrella topology
glycans found on human HA receptors, e.g., HA receptors found on human epithelial cells, and
particularly binding agents that bind to umbrella topology glycans found on human A receptors
in the upper respiratory tracl.

[00112] ‘The present invention provides binding agents that bind to HA receptors found on
cells in the human upper respiratory tract, and in particular provides binding agents that binds to
such receptors (and/or to their glycans, particularly to their umbrella glycans) with a designated

affinity and/or specificity.
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[00113] In some embodiments, binding agents in accordance with the present invention are or
comprise HA polypeptide sequences. In some embodiments, binding agents in accordance with
the present invention comprise an HA polypeptide sequence which differs from a parent
naturally-occurring HA polypeptide sequence at one or more of residues selected from the group
consisting of residues 130, 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, 228, and
combinations thercol. In some embodiments, binding agents in accordance with the present
invention comprise an HA polypeptide sequence which differs from a parent naturally-occurring
HA polypeptide sequence at one or more of residues selected from the group consisting of
residues 160, 192, 193, and combinations thereof.

[00114] The present invention encompasses the recognition that gaining an ability to bind
umbrella topology glycans (e.g., long a2-6 sialylated glycans), and particularly an ability to bind
with high affinity, may confer upon an HA polypeptide variant the ability to infect humans
(where its parent HA polypeptide cannot). Without wishing to be bound by any particular
theory, the present inventors propose that binding to umbrella topology glycans may be
paramount, and in particular that loss of binding to other glycan Lypes may nol be required.
[00115] The present invention further provides various reagents and methods associated with
binding agents in accordance with the invention (e.g., HA polypeptides, HA polypeptide
variants, UTBAs, UTSBAs, ¢fc.) including, for example, systems for identifying them, strategies
for preparing them, antibodies that bind to them, and various diagnostic and therapeutic methods
relating to them. Further description of certain embodiments of these aspects, and others, of the

present invention, is presented below.

Hemageolutinin (1HA)

[00116] Influenza viruses are RNA viruses which are characterized by a lipid membrane
envelope containing two glycoproteins, hemagglutinin (HA) and neuraminidase (NA), embedded
in the membrane of the virus particular. There are 16 known HA subtypes and 9 NA subtypes,
and different influenza strains are named based on the number of the strain’s HA and NA
subtypes. Based on comparisons of amino acid sequence identity and of crystal structures, the
HA subtypes have been divided into two main groups and four smaller clades. The different ITA
subtypes do not necessarily share strong amino acid sequence identity, but the overall 3D

structures of the different HA sublypes are similar to one another, with several subtle differences
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that can be used for classification purposes. For example, the particular orientation of the
membrane-distal subdomains in relation to a central a-helix is one structural characteristic
commonly used to determine HA subtype (Russell et al., 2004, Virology, 325:287; incorporated
herein by reference).

[00117] TIA exists in the membrane as a homotrimer of one of 16 subtypes, termed 1-I116.
Only three of these subtypes (H1, H2, and H3) have thus far become adapted for human
infection. One reported characteristic of HAs that have adapted to infect humans (e.g., of HAs
from the pandemic HIN1 (1918) and H3N2 (1967-68) influenza subtypes) is their ability to
preferentially bind to a2-6 sialylated glycans in comparison with their avian progenitors that
preferentially bind to 02-3 sialylated glycans (Skehel & Wiley, 2000, Annu Rev Biochen,
69:531; Rogers, & Paulson, 1983, Virology, 127:361; Rogers et al., 1983, Nature, 304:76; Sauter
et al., 1992, Biochemistry, 31:9609; Connor et al., 1994, Virology, 205:17; Tumpey et al., 2005,
Science, 310:77; all of which are incorporated herein by reference). The present invention,
however, encompasses the recognition that ability Lo infect human hosts correlates less with
binding to glycans of a particular linkage, and more with binding to glycans of a particular
topology. Thus, the present invention demonstrates that [TAs that mediate infection of humans
bind to umbrella topology glycans, often showing preference [or umbrella topology glycans over
cone topology glycans (even though cone-topology glycans may be 02-6 sialylated glycans).
[00118] Several crystal structures of HAs from H1 (human and swine), I3 (avian) and HS
(avian) subtypes bound to sialylaled oligosaccharides (of both ®2-3 and 02-6 linkages) are
available and provide molecular insights into the specific amino acids that are involved in
distinct interactions of the 11As with these glycans (Eisen et al., 1997, Virology, 232:19; Ha et
al., 2001, Proc Natl Acad Sci USA, 98:11181; Ha et al., 2003, Virology, 309:209; Gamblin et al.,
2004, Science, 303:1838; Stevens et al., 2004, Science, 303:1866; Russcll et al., 20006, Glycoconj
J 23:85; Stevens et al., 2006, Science, 312:404; all of which are incorporated herein by
reference).

[00119]  Tor example, the crystal structures of 115 (A/duck/Singapore/3/97) alone or bound Lo
an o2-3 or an o2-6 sialylated oligosaccharide identifies certain amino acids that interact directly
with bound glycans, and also amino acids that are one or more degree of separation removed
(Stevens et al., 2001, Proc Natl Acad Sei USA 98:11181; incorporaled herein by relerence). In

some cases, conformation ol these residues is different in bound versus unbound states. For
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instance, Glu190, Lys193, and GGIn226 all participate in direct-binding interactions and have
different conformations in the bound versus the unbound state. The conformation of Asn186,
which is proximal to (Glu190, is also significantly different in the bound versus the unbound
state.

Binding Agents

[00120] As noted above, the present invention encompasses the finding that binding to
umbrella topology glycans corrclates with ability to mediate infection of particular hosts,
including for example, humans. Accordingly, the present invention provides binding agents
(e.g., HA polypeptides, 1A polypeptide variants, LSBAs, UTBAs, UTSBAsS, efc.) that bind to
umbrella glycans (and/or to umbrella topology glycan mimics). In some embodiments, binding
agents in accordance with the invention bind to umbrella glycans (and/or to umbrella topology
glycan mimics) with high affinity. In some embodiments, binding agents in accordance with the
invention bind to a plurality of different umbrella topology glycans, often with high affinity
and/or specificity.

[00121]  In some cmbodiments, binding agents in accordance with the invention bind to
umbrella topology glycans (e.g., long a2-6 sialylated glycans such as, for example, Neu5Aco2-
6GalB1-4GleNAcB1-3GalB 1-4GIcNAc-) with high affinity. For example, in some ecmbodiments,
binding agents in accordance with the invention bind to umbrella topology glycans with an
affinity comparable to that observed for a wild type 1A that mediates infection of a humans
(e.g., HINI HA or H3N2 HA). In somec cmbodiments, binding agents in accordance with the
invention bind to umbrella glycans with an affinity that is at least 25%, at least 30%, at least
35%, at least 40%, at least 45%, at least 50%, at least S5%, at least 60%, at least 65%, at least
70%, al least 75%, al least 80%, al least 859%:, al least 90%, at least 95%, at leasl 96%, at least
97%, at least 98%;, at least 99%, or 100% of that observed under comparable conditions for a
wild type HA that mediatces infection of humans. In some ecmbodiments, binding agents in
accordance with the invention bind to umbrella glycans with an affinity that is greater than that
observed under comparable conditions for a wild type 11A that mediates infection of humans.
[00122]  In some embodiments, binding affinity of binding agents in accordance with the
invention is assessed over a range of concentrations. Such a strategy provides significantly more

informalion, particularly in multivalent binding assays, than do single-concentration analyses. In
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some embodiments, for example, binding affinities of binding agents in accordance with the
invention are assessed over concentrations ranging over at least 2, at least 3, at least 4, at least 5,
al lcast 6, al lcast 7, at least 8, at least 9, at least 10 or more fold.

[00123] In somc embodiments, binding agents in accordance with the invention show high
affinity if they show a saturating signal in a multivalent glycan array binding assay such as those
described herein. In some embodiments, binding agents in accordance with the invention show
high affinity if they show a signal above about 400000 or more (e.g., above about 500000, aboul
600000, about 700000, about 800000, efc.) in such studics. In some cmbodiments, binding
agents as described herein show saturating binding to umbrella glycans over a concentration
range of at least 2 fold, at least 3 fold, at least 4 fold, at least 5 fold or more, and in some
embodiments over a concentration range as large as 10 fold or more.

[00124] Turthermore, in some embodiments, binding agents in accordance with the invention
bind to umbrclla topology glycans (and/or to umbrcella topology glycan mimics) more strongly
than they bind to cone topology glycans. In some embodiments, binding agents in accordance
with the invention show a relative aflinity for umbrella glycans vs. cone glycans that is about
10, about 9, about 8, about 7, about 6, about 5, about 4, aboul 3, or about 2.

[00125] In some embodiments, binding agents in accordance with the invention bind to 02-6
sialylated glycans; in some embodiments, binding agents in accordance with the invention bind
preferentially to 0.2-6 sialylated glycans. In some embodiments, binding agents in accordance
with the invention bind to a plurality of different o2-6 sialylated glycans. In some embodiments,
binding agents in accordance with the invention arc not able to bind to a2-3 sialylated glycans,
and in some embodiments binding agents in accordance with the invention are able (o bind to
02-3 sialylated glycans.

[00126] In some embodiments, binding agents in accordance with the invention bind to
receptors found on human upper respiratory epithelial cells. In some embodiments, binding
agents in accordance with the invention bind to A receptors in the bronchus and/or trachea. In
some ecmbodiments, binding agents in accordance with the invention are not able to bind
reeeptors in the deep lung, and in some ecmbodiments, binding agents in accordance with the
invention are able to bind receptors in the deep lung.

[00127] In some cmbodiments, binding agenls in accordance with the invention bind to at

least aboul 10%, aboul 15%, aboul 20%, about 25%:, aboul 30% about 35%:, aboul 40%:, aboul
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45%, about 50%, about 55%, about 60%, about 65%, about 70%, about 75%, about 80%, about
85%, about 90%, about 95%, or more of the glycans found on HA receptors in human upper
respiratory (ract tissues (e.g., epithelial cells).
[00128] In some embodiments, binding agents in accordance with the invention bind to one or
more of the glycans illustrated in Figure 9. In some embodiments, binding agents in accordance
with the invention bind to multiple glycans illustrated in Figure 9. In some embodiments,
binding agents in accordance with the invention bind with high affinity and/or specificity Lo
glycans illustrated in Figure 9. In some embodiments, binding agents in accordance with the
invention bind to glycans illustrated in Figure 9 preferentially as compared with their binding to
glycans illustrated in Figure 8. In some embodiments, binding agents in accordance with the
invention bind to an oligosaccharide of the following form:
NeuSAco2-6Sugl-Sug2-Sug3
where:
l. NeuS5Ac a2-6 is always or almost always at the non-reducing end;
2. Sugl:

a. is a hexose (frequently Gal or Gle) or hexosamine (GleNAc or GalNAc) in o, or B
configuration (frequently B- for N- and O-linked extension and o- in the case of
GalNAca- that is O-linked to glycoprotein);

b. no sugars other than NeuSAco2-6 should be attached to any of the non-reducing
positions of Sug! (except when Sugl is GalNAca- that is O-linked to the
glycoprotein); and/or

¢. non-sugar moieties such as sullate, phosphate, guanidium, amine, N-acetyl, efc.
can be attached to non-reducing positions (typically 6 position) of Sugl to
improve contacts with HA;

3. Sug2 and/or Sug3:

a. hexose (frequently Gal or Glc) or hexosamine (GleNAc or GalNAc) in o, or B
conliguration (frequently B); and/or

b. sugars (such as Fuc) or non-sugar moieties such as sulfate, phosphate, guanidium,
amine, N-acetyl, efc. can be attached to non-reducing positions of Sug2, Sug3,

and/or Sug4;
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4. Linkage between any two sugars in the oligosaccharide apart from NeuSAco2-6 linkage
can be 1-2, 1-3, 1-4, and/or 1-6 (typically 1-3 or 1-4); and/or
5. Structure where Neu5Ac02-6 is linked GalNAca that is O-linked to the glycoprotein and
additional sugars are linked to the non-reducing end of GalNAca for example
i. NeuSAco2-6(NeuSAca2-3GalB1-3)GalNAco-
ii. NeuSAco2-6(Galf1-3)GalNAco-

[00129] The present invention provides binding agents with designated binding specificity,
and also provides binding agents with designated binding characteristics with respect to umbrella
glycans.

[00130] Certain particular binding agents provided by the present invention are described in

more detail below.

HA polypeptides

oents in accordance with the invention are 1A

=4

[00131] In some embodiments, binding a
polypeptides. For example, the present invention provides isolated HA polypeptides with
designated binding specificity, and also provides engineered HA polypeptides with designated
binding characteristics with respect to umbrella glycans.

[00132] In some embodiments, provided HA polypeptides with designated binding
characteristics are [11 polypeptides. In some embodiments, 11A polypeptides in accordance with
the invention with designated binding characteristics are H2 polypeplides. In some
embodiments, A polypeptides in accordance with the invention with designated binding
characteristics are H3 polypeptides. In some ecmbodiments, HA polypeptides in accordance with
the invention with designated binding characleristics are H4 polypeptides. In some
embodiments, HA polypeptides in accordance with the invention with designated binding
characteristics are FI5 polypeptides. In some embodiments, HA polypeptides in accordance with
the invention with designated binding characteristics are 16 polypeptides. In some
cmbodiments, HA polypeptides in accordance with the invention with designated binding
characteristics are H7 polypeptides. In some embodiments, HA polypeptides in accordance with
the invention with designated binding characteristics are H8 polypeptides. In some

embodiments, HA polypeptides in accordance with the invention with designated binding
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characteristics are H9 polypeptides. In some embodiments, HA polypeptides in accordance with
the invention with designated binding characteristics are 110 polypeptides. In some
embodiments, HA polypeptides in accordance with the invention with designated binding
characteristics are H11 polypeptides. In some embodiments, HA polypeptides in accordance
with the invention with designated binding characteristics are H12 polypeptides. In some
embodiments, HA polypeptides in accordance with the invention with designated binding
characteristics are H13 polypeptides. In some embodiments, HA polypeptides in accordance
with the invention with designated binding characteristics are H14 polypeptides. In some
embodiments, HA polypeptides in accordance wilh the invention with designated binding
characteristics are H15 polypeptides. In some embodiments, HA polypeptides in accordance
with the invention with designated binding characteristics are H16 polypeptides.

[00133] Insome embodiments, HA polypeptides in accordance with the invention do not
include the H1 protein from any of the strains: A/South Carolina/1/1918; A/Pucrto Rico/8/1934;
AlTaiwan/1/1986; AfTexas/36/1991; A/Beijing/262/1995; A/Johannesburg/92/1996; A/New
Caledonia/2(/1999; A/Solomon Islands/3/20006.

[00134] In somc cmbodiments, HA polypeptides in accordance with the invention arc not the
H2 protein from any of the strains of the Asian flu epidemic of 1957-58). In some embodiments,
HA polypeptides in accordance with the invention do not include the H2 protein {rom any of the
straing; A/Japan/305+/1957; A/Singapore/1/1957; A/Taiwan/1/1964; A/Taiwan/1/1967.

[00135] Insome embodiments, HA polypeptides in accordance with the invention do not
include the H3 prolein [rom any of the strains: A/Aichi/2/1968; A/Philippines/2/1982;
A/Mississippi/1/1985; A/Leningrad/360/1986; A/Sichuan/2/1987; A/Shanghai/11/1987;
A/Bcijing/353/1989; A/Shandong/9/1993; A/lJohannesburg/33/1994; A/Nanchang/813/1995;
A/Sydney/5/1997; A/Moscow/10/1999; A/Panama/2007/1999; A/Wyoming/3/2003;
A/Oklahoma/323/2003; A/California/7/2004; A/Wisconsin/65/2005.

Variant HA polypeptides
[00136] In some embodiments, a provided HA polypeptide is a variant of a parent HA
polypeptide in that its amino acid sequence is identical to that of the parent HA but for a small
number of particular scquence alterations. In some ecmbodiments, the parent HA is an HA

polypeptide found in a natural isolate ol an influenza virus (e.g., a wild type HA polypeptide).
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[00137] Insome cmbodiments, ITA polypeptide variants in accordance with the invention
have different glycan binding characteristics than their corresponding parent HA polypeptides.
In some embodiments, HA variant polypeptides in accordance with the invention have greater
affinity and/or specilficity for umbrella glycans (e.g., as compared with for cone glycans) than do
their cognate parent HA polypeptides. In some embodiments, such HA polypeptide variants are
engineered variants.

[00138] Insome ecmbodiments, [TA variant polypeptides in accordance with the invention
have greater affinity and/or specificity for umbrella glycans as compared with their cognate
parent HIA polypeptides. In some embodiments, [1A variant polypeptides in accordance with the
invention have reduced affinity and/or specilicity for cone topology glycans as compared with
their cognate parent HA polypeptides. In some embodiments, HA variant polypeptides in
accordance with the invention have greater alfinity and/or specilicity for umbrella glycans and
reduced affinity and/or specificity for cone topology glycans as compared with their cognate
parent HA polypeptides.

[00139] Insome embodiments, ITA variant polypeplides in accordance with the invention
have greater alfinity and/or specificity for a2-6 glycans as compared with their cognate parent
IIA polypeptides. In some embodiments, HA variant polypeptides in accordance with the
invention have reduced affinity and/or specificity for 62-3 glycans as compared with their
cognale parent HA polypeptides. In some embodiments, 11A variant polypeplides in accordance
with the invention have greater aflinity and/or specificity for 02-6 and a2-3 glycans as compared
with their cognate parent HA polypeptides. In some embodiments, HA variant polypeptides in
accordance with the invention have greater affinity and/or specificity for a2-6 glycans and
reduced aflinity and/or specilicily lor 02-3 glycans as compared with their cognate parent HA
polypeptides.

[00140] In some embodiments, HA variant polypeptides in accordance with the invention
have greater affinity and/or specificity for umbrella lopology glycans and 02-3 glycans as
compared with their cognate parent 1A polypeptides. In some embodiments, 11A variant
polypeptides in accordance with the invention have greater affinity and/or specificity for
umbrella topology glycans and reduced affinity and/or specificity for a2-3 glycans as compared

with their cognate parent HA polypeptides.
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[00141] Insome embodiments, HA variant polypeptides in accordance with the invention
have grealer allinity and/or specificity for 02-6 glycans and cone lopology glycans as compared
with their cognate parent HA polypeptides. In some embodiments, HA variant polypeptides in
accordance with the invention have greater aflinity and/or specificity for a2-6 glycans and
reduced affinity and/or specificity for cone topology glycans as compared with their cognate
parent HA polypeptides.

[00142] Insome embodiments, HA polypeptide variants in accordance with the invention
contain one or more scquence alterations that arc consistent with HA sequences found in a
different HA subtype. To give bul one particular example, in some embodiments, an H5 HA
polypeptide variant in accordance with the invention contains one or more sequence alterations
which make the H5 HA polypeptide variant more closely resemble an H2 HA polypeptide. To
give another particular example, in some embodiments, an H5 HA polypeptide variant in
accordance with the invention contains one or more sequence alterations which make the 115 HA
polypeptide varianl more closely resemble an 1 HA polypeptide.

[00143] The present invention particularly encompasses the recognition that HA polypeptide
variants (e.g., [1, 12, H3, H4, 115, 116, [17, H8, 119, TT10, [Tt 1, 1112, 113, TT14, 115, or 1116
HA polypeptide variants) with altered glycosylation can show 2-fold, 3-fold, 4-fold, 5-fold, 10-
fold, 20-fold, 50-fold, 100-fold, 1000-fold, 10,000-fold, or greater affinity to human HA
receplors as compared with a relerence HA polypeplide. The present invention also particularly
encompasses the recognition that HA polypeptide variants (e.g., HI, H2, H3, H4, HS, H6, H7,
Hg, 19, 010, 111, 1112, H13, H14, H15, or [116 1A polypeptide variants) with alterations in the
HA loop region, can show 2-fold, 3-fold, 4-fold, 5-feold, 10-fold, 20-fold, 50-fold, 100-fold,
1000-fold, 10,000-fold, or greater affinity to human I1A receptors as compared with a reference
HA polypeplide (e.g., an HA polypeplide of any of SEQ ID NOs: 43-55).

[00144] The present invention particularly encompasses the recognition that HA polypeptide
variants (e.g., H1, H2, H3, H4, HS, H6, H7, H8, HY, H10, H11, H12, H13, H14, H15, or H16
HA polypeplide variants) with altered glycosylation can show 2-fold, 3-fold, 4-fold, 5-fold, 10-
fold, 20-fold, 50-fold, 100-fold, 1000-fold, 10,000-fold, or greater specificity for human I1A
receptors as compared with a reference HA polypeptide. The present invention also particularly
encompasses the recognition that HA polypeptide variants (e.g., H1, H2, H3, H4, H5, H6, 117,
H8, H9, H10, HI1, H12, HI13, H14, H15, or H16 HA polypeplide variants) with alterations in the
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HA loop region, can show 2-fold, 3-fold, 4-fold, 5-fold, 10-fold, 20-fold, 50-fold, 100-fold,
1000-fold, 10,000-fold, or greater specificity for human HA receptors as compared with a
reference 1A polypeptide (e.g., an HA polypeptide of any of SEQ 11D NOs: 43-55).

[00145] In some embodiments, the reference [1A polypeptide is the HA from A/South
Carolina/1/18 (I11N1) (SEQ ID NO: 43). In some embodiments, the reference ITA polypeptide
is the HIA from A/Brisbane/59/07 (SEQ 11D NO: 44). In somc cmbodiments, the reference HA
polypeptide is the HA from A/California/04/09 (SEQ 11D NO: 45). In some embodiments, the
reference HA polypeptide is the HA from A/Albany/6/58 (I12N2) (SIEQ ID NO: 46). In some
embodiments, the reference HA polypeptide is the HA from A/Aichi/1/68 (SEQ ID NO: 47). In
some embodiments, the relerence HA polypeptide is the HA from A/Moscow/10/99 (SEQ 1D
NO: 48). In some embodiments, the reference HHA polypeptide is the HA from A/Perth/16/09
(SEQ IID NO: 49). In some embodiments, the refercnce ITA polypeptide is the HA from
A/Vietnam/1203/04 (SEQ 1D NO: 50). In some embodiments, the reference HA polypeptide is
the HA from A/Egypt/2786-NAMRU3/06 (SEQ 11D NO: 51). In some embodiments, the
reference 1IA polypeptide is the A from A/New York/107/03 (SEQ 11D NO: 52). In some
cmbodiments, the reference HHA polypeptide is the HA from A/Hongkong/486/97 (SEQ 11D NO:
53). In some embodiments, the reference HA polypeptide is the HA from A/llongkong/213/03
(SEQ ID NO: 54). In some ecmbodiments, the reference HA polypeptide is the HA from
A/Indonesia/5/05 (SEQ ID NO: 55).

[00146] In some embodiments, HA polypeptide variants with altered glycan binding
characleristics have one or more sequence alternations in residues within or affecting the glycan
binding site. In some embodiments, such subslitutions are of amino acids that interact directly
with bound glycan; in some embodiments, such substitutions arc of amino acids that are onc
degree of separation removed from those that interact with bound glycan, in that the one degree
of separation removed—amino acids either (1) interact with the dircet-binding amino acids; (2)
otherwise affect the ability of the direct-binding amino acids o interact with glycan, but do not
interact directly with glycan themselves; or (3) otherwise affect the ability of the direct-binding
amino acids to interact with glycan, and also interact directly with glycan themselves. T1A
polypeptide variants in accordance with the invention contain substitutions of onc or more direct-
binding amino acids, onc or morce first degree of separation—amino acids, onc or more sccond

degree ol separalion—amino acids, or any combination of these. In some embodiments, HA
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polypeptide variants in accordance with the invention may contain substitutions of one or more
amino acids with even higher degrees of separation.

[00147] In some embodiments, HA polypeptide variants with altered glycan binding
characteristics have sequence alterations in residues that make contact with sugars beyond
NeuSAc and Gal (see, for example, Figure 7).

[00148] In some embodiments, HA polypeptide variants have at least one amino acid
substitution, as compared with a wild type parent HA. In some embodiments, HA polypeptide
variants in accordancc with the invention have at least two, three, four, five or more amino acid
substitutions as compared with a cognate wild type parent HA; in some embodiments HA
polypeptide variants in accordance with the invention have two, three, or four amino acid
substitutions. In some embodiments, all such amino acid substitutions are located within the
glycan binding site.

[00149] In somc ecmbodiments, HA polypeptide variants in accordance with the invention
contain one or more amino acid substitutions as described in any of U.S. Patent Publication
Number 2009/0269342 and 2010/0004195, and in U.S. Patent Application Serial Number
12/829931, filed July 2, 2010, entitled “COMPOSITIONS AND METHODS FOR
DIAGNOSING AND/OR TREATING INFLUENZA INFECTION (all of which are
incorporaled herein by reference).

[00150] In some embodiments, HA polypeptide variants have sequence substitutions at
positions corresponding to one or more of residucs 95, 98, 128, 130, 131, 132, 133, 135, 136,
137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186, 187, 188, 189, 190, 192, 193, 194, 195,
196, 219, 221, 222, 224, 225, 226, 227, and 228. In some embodiments, HA polypeptide
variants, particularly H5 polypeptide variants, have onc or more amino acid substitutions rclative
to a wild type parent HA (e.g., HS) at residues selected from the group consisting of residues 95,
98, 128, 130, 131, 132, 133, 135, 136, 137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186,
187, 188, 189, 190, 192, 193, 194, 195, 196, 219, 221, 222, 224, 225, 226, 227, and 228. In
some embodiments, HA polypeptide variants, particularly 5 polypeplide variants, have one or
more amino acid substitutions relative to a wild type parent HA (e.g., HS5) atany |, 2, 3, 4, 5, 6,
7,8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,

34, 35, 36, or 37 residuces sclected trom the group consisting of residues 99, 98, 128, 130, 131,
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132, 133, 135, 136, 137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186, 187, 188, 189, 190,
192, 193, 194, 195, 196, 219, 221,222, 224, 225, 226, 227, and 228.

[00151] In some embodiments, HA polypeptide variants (e.g., H5 HA polypepltide variants)
have sequence substitutions that reduce or abolish glycosylation at a site corresponding to amino
acid position 158. In some embodiments, HA polypeptide variants (e.g., I15 ITA polypeptide
variants) have sequence substitutions that affect and/or alter the identity and/or structure of the
glycan linked to a site corresponding to amino acid position 158. In some embodiments, such a
sequence substitution is a mutation at a site corresponding to position 158, e.g., Asn158Xaa,
wherein Xaa is any amino acid other than Asn. In some embodiments, such a sequence
subslitution is a mutation at a site corresponding Lo position 160, e.g., Thr160Xaa, wherein Xaa
is any amino acid other than Asn. In some embodiments, such a sequence substitution comprises
the mutation Thr160Ala. In some embodiments, a sequence substitution that reduces, abolishes,
affccets, or alters glycosylation at a site corresponding (o amino acid position 158 can make a
non-H2 HA polypeptide (e.g., an H5 HA polypeptide) more closely resemble (e.g., both
structurally and functionally) an H2 HA polypeptide. In some embodiments, a mutation at a site
corresponding to position 160 (e.g., Thrl60Xaa, such as Thr160Ala) can make a non-H2 HA
polypeptide (e.g., an 5 HA polypeptide) more closely resemble (e.g., both structurally and
functionally) an H2 HA polypeptide.

[00152] In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence subslitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding Lo one or more ol residues 226, 228, and 160. In some embodiments, HA
polypeptide variants (e.g., 15 HA polypeptide variants) have sequence substitutions relative to a
wild type parent HA (e.g., HS HA) at positions corresponding to residucs 226, 228, and 160. In
some embodiments, HA polypeptide variants (e.g., H5 A polypeptide variants) have sequence
substitutions relative to a wild type parent HA (e.g., H5 HA) at positions corresponding to
residues 226 and 160. In some embodiments, HA polypeptide variants (e.g., H5 HA polypeplide
variants) have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to residues 228 and 160. In some embodiments, HA polypeplide variants (e.g.,
H5 HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g.,

HS5 I1A) at positions corresponding to residucs 226 and 228.
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[00153] Insome embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., 5 HA) at positions
corresponding to one or more of residues 226, 228, and 158. 1n some embodiments, HA
polypeptlide variants (e.g., H5 HA polypeptide variants) have sequence substitutions relative to a
wild type parent HA (e.g., H5 HA) at positions corresponding to residues 226, 228, and 158. In
some embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants) have sequence
substitutions relative to a wild type parent HA (e.g., HS HA) at positions corresponding to
residues 226 and 158. In some embodiments, HA polypeptide variants (e.g., H5 HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions
corresponding to residues 228 and 158. In some embodiments, HA polypeptide variants (e.g.,
HS HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g.,
HS5 HA) at positions corresponding to residues 226 and 228.

[00154] Insome cmbodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions that include a deletion in one or more of the loop regions of an HA
polypeptide. In some embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants)
have scquence substitutions that include a delelion at a sitc corresponding to the 128-137 loop
region of an HA polypeptide. In some embodiments, HA polypeptide variants (e.g., [IS HA
polypeptide variants) have sequence substitutions thal include a deletion at onc or more of amino
acid positions corresponding to residues 128, 129, 130, 131, 132, 133, 134, 135, 136, and/or 137
of an HA polypeptide. 1n some embodiments, IIA polypeptide variants (e.g., HS HA
polypeplide variants) have sequence substitutions that include a deletion al a site corresponding
to the 128-134 loop region of an HA polypeptide. In some embodiments, HA polypeptide
variants (e.g., H5 HA polypeptide variants) have scquence substitutions that include a deletion at
one or more of amino acid positions corresponding to residues 128, 129, 130, 131, 132, 133,
and/or 134 of an HA polypeptide. In some embodiments, HA polypeptide variants (e.g., HS HA
polypeptide variants) have sequence substlitutions thal include a deletion of an amino acid
corresponding to residue 130). In some embodiments, such loop region substitutions can make a
non-H2 HA polypeptide (e.g., an 0S5 HA polypeplide) more closely resemble (e.g., both
structurally and functionally) an H2 HA polypeptide. In some embodiments, a deletion of an

amino acid corresponding to residue 130 can make a non-H2 HA polypeptide (e.g., an HS HA
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polypeptide) more closely resemble (e.g., both structurally and functionally) an 112 HA
polypeptide.

[00155] In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence subslitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to one or more of residues 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226,
227,228, and 130. In some embodiments, HA polypeptide variants (e.g., HS5 HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., I15 HA) at positions
corresponding to any 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, or 14 of residues 131, 132, 133, 135,
137, 155, 188, 192, 193, 221, 226, 227, 228, and 130. In some embodiments, HA polypeptide
variants (e.g., H5 HA polypeptide variants) have sequence substitutions relative to a wild type
parent HA (e.g., H5 1IA) at positions corresponding to (1) 130, and (2) one or more of residues
131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228. In some embodiments, HA
polypeptide variants (e.g., HS HA polypeptide variants) have sequence subslitutions relative to a
wild type parent HA (e.g., H5 HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3, 4,
3.6, 7. 8,9, 10, 11, 12, or 13 of residues 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226,
227, and 228,

[00156] In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative Lo a wild type parent HA (e.g., HS T1A) at positions
corresponding Lo one or more of residues 131, 132, 135, 188, 192, 221, and 130. In some
embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants) have sequence
substitutions relative to a wild type parent HA (e.g., I15 TIA) al positions corresponding o any 1,
2,3,4,5,6,or 7 of residues 131, 132, 135, 188, 192, 221, and 130). In some embodiments, HA
polypeptide variants (e.g., IT15 A polypeptide variants) have scquence substitutions relative (o a
wild type parent HA (e.g., H5 HA) at positions corresponding Lo (1) 130, and (2) one or more of
residues 131, 132, 135, 188, 192, and 221. In some embodiments, HA polypeptide variants (e.g.,
HS HA polypeplide variants) have sequence substitutions relative to a wild type parent HA (e.g.,
H5 HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3, 4, 5, or 6 of residues 131, 132,
135, 188, 192, and 221.

[00157] In some embodiments, HA polypeptide variants (e.g., H5 HA polypeplide variants)
have scquence substitutions relative to a wild type parent HA (e.g., 5 HA) at positions

corresponding Lo one or more of residues 133, 137, 155, 193, 226, 227, 228, and [30. In some
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embodiments, HA polypeptide variants (e.g., 15 HA polypeptide variants) have scquence
substitutions relative to a wild type parent HA (e.g., H5 HA) at positions corresponding to any 1,
2,3,4,5,6,7, or of residucs 133, 137, 155, 193, 226, 227, 228, and 130. In some embodiments,
HA polypeptide variants (e.g., HS HA polypeptide variants) have sequence substitutions relative
to a wild type parent HA (e.g., I15 HA) at positions corresponding to (1) 130, and (2) one or
more of residues 133, 137, 155, 193, 226, 227, and 228. In some embodiments, HA polypeptide
variants (e.g., 15 HA polypeptide variants) have sequence substitutions relative to a wild type
parent [1A (e.g., FI5 HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3,4, 5, 6, or 7 of
residues 133, 137, 155, 193, 226, 227, and 228.

[00158] Insome embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., [{5 HA) at positions
corresponding to one or more of residues 130, 192, and 193. In some embodiments, HA
polypeptide variants (e.g., HS HA polypeplidc variants) have scquence substitutions relative o a
wild type parent HA (e.g., HS5 HA) at positions corresponding to any 1, 2, or 3 of residues 130,
192, 193. In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have scquence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to (1) 130, and (2) one or both of residues 192 and 193.

[00159] In some cmbodiments, HA polypeplide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to one or more of residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193,
221,226,227, 228, and 130. In some embodiments, HA polypeplide variants (e.g., H5 HA
polypeptide variants) have sequence substitutions relalive to a wild type parent HA (e.g., HS
HA) at positions corresponding to any 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, or 16 of
residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193,221, 226, 227, 228, and 130. In
some embodiments, HA polypeptide variants (e.g., I15 I1A polypeptide variants) have sequence
subslitutions relative Lo a wild lype parent HA (e.g., H5 HA) al posilions corresponding (o (1)
130, and (2) one or more of residues 131, 132, 133, 135, 137, 155, 158, 160, 185, 192, 193, 221,
226, 227, and 228. In some embodiments, [1A polypeptide variants (e.g., H5 HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to (1) 130, and (2) any 1, 2,3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, or 15 of rcsiducs
131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226, 227, and 228.
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[00160] In some cmbodiments, HA polypeptide variants (e.g., [15 HA polypeptide variants)
havc scquence substitutions relative to a wild type parent TIA (e.g., IT1S TTA) at positions
corresponding Lo onc or more of residues 137, 188, 192, 193, 226, 228, and 130. In some
embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants) have scquence
substitutions relative to a wild type parent I1A (e.g., 15 IIA) at positions corresponding to any 1,
2,3,4,5,6,0r 7 of residues 137, 188, 192, 193, 226, 228, and 130. In somc¢ ecmbodiments, HA
polypeptide variants (e.g., [15 HA polypeptide variants) have scquence substitutions relative to a
wild type parent HA (e.g., 115 IIA) at posilions corresponding to (1) 130, and (2) one or more of
residues 137, 188, 192, 193, 2206, and 228. In some embodiments, ITA polypeptide variants (e.g.,
H5 HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g.,
HS HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3, 4, 5, or 6 of residues 137, 18R,
192, 193, 226, and 228.

[00161] In some embodiments, HA polypeptide variants (e.g., HS HA polypeplide variants)
have sequence substitutions relative to a wild type parent TTA (e.g., HS HA) at positions
corresponding to onc or more of residues 137, 188, 192, 193, 226, 227, 228, 131, 132, 133, and
130. In some embodiments, HA polypeptide variants (e.g., [15 HA polypeplide variants) have
scquence subslitutions relative to a wild type parent HA (e.g., HS HA) at positions corresponding
toany 1,2,3,4,5,6,7,8,9, 10, or 11 of residucs 137, 188, 192, 193, 226, 227, 228, 131, 132,
133, and 130. In some embodiments, HA polypeptide variants (e.g., 115 1A polypeptide
variants) have scquence substitutions relative to a wild type parent HA (e.g., 115 TIA) at positions
corresponding to (1) 130, and (2) one or more of residues 137, 188, 192, 193, 226, 227, 228, 131,
132, and 133. In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., 115 [1A) at positions
corresponding to (1) 130, and (2)any 1, 2,3,4,5,6,7, 8,9, or 10 of residucs 137, 188, 192, 193,
226,227,228, 131, 132, and 133.

[00162] In some embodiments, HA polypeptide variants (e.g., 115 HA polypeplide variants)
have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to one or more of residues 227, 131, 132, 133, and 130. In some embodiments,
[TA polypeptide variants (e.g., 115 HA polypeptide variants) have sequence substitutions relative
to a wild type parent HA (e.g., 115 LIA) at positions corresponding to any 1, 2, 3, 4, or 5 of

residucs 227, 131, 132, 133, and 130. In some embodiments, 1A polypeptide variants (e.g., HS
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HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g., H5
HA) at positions corresponding to (1) 130, and (2) one or more of residues 227, 131, 132, and
133. In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants) have
sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions corresponding
to (1) 130, and (2) any 1, 2, 3, or 4 of residues 227, 131, 132, and 133.

[00163] In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to one or more of residues 131, 133, 137, 155, 188, 192, 193, 226, 227, 228, and
130. In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants) have
sequence substitutions relative to a wild type parent HA (e.g., HH5 HA) at positions corresponding
toany 1,2,3,4,5,6,7,8,9, 10, or 11 of residues 131, 133, 137, 155, 188, 192, 193, 226, 227,
228, and 130). In some embodiments, HA polypeptide variants (e.g., HHS HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions
corresponding to (1) 130, and (2) one or more of residues 131, 133, 137, 155, 188, 192, 193, 226,
227, and 228. In some embodiments, HA polypeptide variants (e.g., HS HA polypeptide
variants) have sequence substitutions relative to a wild type parent HA (e.g., HHS HA) at positions
corresponding to (1) 130, and (2) any 1, 2, 3,4, 5,6, 7, 8, 9, or 10 of residues 131, 133, 137, 155,
188, 192, 193, 226, 227, and 228.

[00164] Insome embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., 115 HA) at positions
corresponding to one or more of residues 131, 133, 137, 155, 188, 192, 193, 226, 228, and 130.
In some embodiments, A polypeptide variants (e.g., HH5 HA polypeptide variants) have
scquence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions corresponding
toany 1,2,3,4,5,6,7,8,9, or 10 of residues 131, 133, 137, 155, 188, 192, 193, 226, 228, and
130. In some embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants) have
sequence substitutions relative to a wild type parent HA (e.g., H5 HHA) at positions corresponding
to (1) 130, and (2) one or more of residues 131, 133, 137, 155, 188, 192, 193, 226, and 228. In
some embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants) have sequence
substitutions relative to a wild type parent HA (e.g., H5 HA) at positions corresponding to (1)
130, and (2) any 1, 2, 3, 4, 5,6, 7, 8, or 9 of residucs 131, 133, 137, 155, 188, 192, 193, 226, and
228.
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[00165] Insome embodiments, HA polypeptide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding to one or more of residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 227,
228, and 130. In some embodiments, HA polypeptide variants (e.g., HS5 HA polypeptide
variants) have sequence substitutions relative to a wild type parent 11A (e.g., T15 T1A) at positions
corresponding to any 1,2, 3,4, 5,6, 7,8,9, 10, 11, 12, or 13 of residues 131, 133, 137, 155, 159,
160, 188, 192, 193, 226, 227, 228, and 130. In some embodiments, HA polypeplide variants
(e.g., IS HA polypeptide variants) have sequence substitutions relative to a wild type parent HA
(e.g., H5 HA) at positions corresponding to (1) 130, and (2) one or more of residues 131, 133,
137, 155, 159, 160, 188, 192, 193, 226, 227, and 228. In some embodiments, HA polypeptide
variants (e.g., H5 HA polypeptide variants) have sequence substitutions relative to a wild type
parent HA (e.g., HS HA) at positions corresponding to (1) 130, and (2) any 1, 2,3,4,5,6,7, 8,
9,10, 11, or 12 of residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 227, and 228.
[00166] Insome embodiments, HA polypeptide variants (e.g., I15 HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions
corresponding to onc or more of residucs 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 228,
and 130. In some embodiments, HA polypeplide variants (e.g., HS HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions
corresponding o any 1,2,3,4,5,6,7,8,9, 10, 11, or 12 of residues 131, 133, 137, 155, 159,
160, 188, 192, 193, 226, 228, and 130. In some embodiments, HA polypeptide variants (e.g., H5
HA polypeplide variants) have sequence substitutions relative Lo a wild type parent HA (e.g., HS
[A) at positions corresponding to (1) 13(), and (2) one or more ol residues 131, 133, 137, 155,
159, 160, 188, 192, 193, 226, and 228. In some cmbodiments, HA polypeptide variants (e.g., HS
HA polypeptide variants) have sequence substitutions relative to a wild type parent 1A (e.g., HS
HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3,4, 5,6,7, 8,9, 10, or 11 of
residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, and 228.

[00167] In some embodiments, HA polypeptide variants (e.g., H5 A polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., H5 HA) at positions
corresponding Lo one or more of residues 137, 188, 192, 193, 226, 228, 131, 132, 133, 221, 227,
and 130. In somc embodiments, HA polypeptide variants (e.g., [15 HA polypeplide variants)

have sequence subslitutions relative Lo a wild type parent HA (e.g., HS5 HA) at positions
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corresponding to any 1, 2,3, 4,5, 6,7, 8,9, 10, 11, or 12 of residues 137, 188, 192, 193, 226,
228,131, 132, 133, 221, 227, and 130. In some embodiments, HA polypeptide variants (e.g., H5
HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g., H5
HA) at positions corresponding to (1) 130, and (2) one or more of residues 137, 188, 192, 193,
226,228, 131, 132, 133, 221, and 227. In some embodiments, HA polypeptide variants (e.g., HS
HA polypeptide variants) have sequence substitutions relative to a wild type parent HA (e.g., HS
HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3,4, 5,6,7,8,9, 10, or 11 of
residues 137, 188, 192, 193, 226, 228, 131, 132, 133, 221, and 227.

[00168] In some embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants)
have sequence substitutions relative to a wild type parent HA (e.g., HS HA) at positions
corresponding to one or more of residues 131, 132, 133, 221, 227, and 130. In some
embodiments, HA polypeptide variants (e.g., H5 HA polypeptide variants) have sequence
substitutions rclative to a wild type parent HA (e.g., H5 HA) at positions corresponding o any 1,
2,3,4, 5, or 6 of residues 131, 132, 133, 221, 227, and 130. In some embodiments, HA
polypeptide variants (e.g., H5 HA polypeptide variants) have scquence substitutions relative to a
wild type parent HA (e.g., H5 HA) at positions corresponding to (1) 130, and (2) onc or morce of
residues 131, 132, 133, 221, and 227. In some ecmbodiments, HA polypeptide variants (e.g., H5
HA polypeptide variants) have sequence substitutions relative to a wild Lype parent HA (e.g., HS
HA) at positions corresponding to (1) 130, and (2) any 1, 2, 3, 4, or 5 of residues 131, 132, 133,
221, and 227.

[00169] In some embodiments, an HA polypeptide variant, and particularly an HS polypeplide
variant, has one or more amino acid substitutions relative to a wild type parent HA at residues
sclected from amino acids located in the region of the receptor that direetly binds to the glycan,
including but not limited to residues 98, 136, 153, 155, 183, and 194. In some embodiments, an
HA polypeplide variant in accordance with the invention, and particularly an HS polypeptide
variant, has one or more amino acid substitutions relative to a wild type parent HA at residues
selected from amino acids located adjacent to the region of the receptor that directly binds the
glycan, including but not limited to (a) residues 98 and 195, (b) residues 98, 138, 186, 187, 195,
and 228), or (c¢) residues 138, 186, 187, and 228.

[00170] Insomc cmbodiments, an HA polypeplide variant in accordance with the invention,

and particularly an H5 variant has one or more of the [ollowing amino acid subslitutions:

h
n
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Serl132Thr, Alal33Thr, Ser133Thr, Ser137Ala, Serl37Arg, lle155Thr, Lys156Glu, Asnl58Xaa
(wherein Xaa = any amino acid besides Asn), Thrt60Ala, Asn186Pro, Asp187Ser, Asp187Thr,
Alal88Glu, Alal88Asp, Ala189GlIn, Alal89L.ys, Alal89Thr, Glul90Asp, Glul90Thr,
Thr192Arg/Lys, Lys193Arg, Lys193Asn, Lys193His, Lys193Ser, Lys/Argl1 93Thr/Ala/Met/Val,
Ser221Pro, Gly225Asp, GIn2261le, Gln226Leu, GIn226Val, Ser227Ala, Gly228Ser.

[00171] Insome embodiments, an HA polypeptide variant (e.g., an [15 HA polypeptide
variant) in accordance with the invention has an amino acid substitution at a position
corresponding to residue 192, which switches the charge at that position. In some embodiments,
an HA polypeptide variant (e.g., an HS HA polypeptide variant) in accordance with the invention
has an amino acid substitution at a position corresponding to residuc 193, which switches the
charge at that position. For example, in some embodiments, an HA polypeptide (e.g., an 5 HA
polypeptide) in accordance with the invention has a Thr or a hydrophobic residue (e.g., Val or
llc) at a position corresponding to residue 192, and an HA polypeptide variant (e.g., an HS HA
polypeptide variant) (e.g., a human-adapted variant) has a hydrophilic residue at a position
corresponding to residue 192. In some embodiments, an HA polypeptide variant (e.g., an 115 TIA
polypeptide variant) (e.g., a human-adapted variant) has a hydrophilic residuc at a position
corresponding to residue 192. 'T'o give another example, in some embodiments, an HA
polypeptide (e.g., an HS HA polypeptide) in accordance with the invention has a Thr or a
hydrophobic residue (e.g., Val or Ile) at a position corresponding to residue 192, and an HA
polypeptide variant (e.g., an H5 HA polypeptide variant) (e.g., a human-adapted variant) has a
basic residue (e.g., Lys or Arg) at a position corresponding (o residue 192, In some
cmbodiments, an HA polypeptide variant (e.g., an 15 HA polypeptide variant) (e.g., a human-
adapled variant) has a basic residuc (e.g., Lys or Arg) at a position corresponding to residue 192.
To give yel another example, in some embodiments, an HA polypeptide (e.g., an H5 HA
polypeptide) in accordance with the invention has a basic residue (e.g., Lys or Arg) at a position
corresponding (o residue 193, and an HA polypeptide variant (e.g., an H5 HA polypeplide
variant) (e.g., a human-adapted variant) has a neutral or acidic residue at a position
corresponding Lo residue 193. In some embodiments, an [HA polypeptide variant (e.g., an HS HA
polypeptide variant) (e.g., a human-adapted variant) has a neutral or acidic residue al a position

corresponding (o residuce 193, In some embodiments, an HA polypeptide variant (e.g., an HS HA
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polypeptide variant) (e.g., a human-adapted variant) has a Thr, Ala, Met, or Val at a position
corresponding to residue 193.

[00172] In some embodiments, human adaptation of HA polypeptides (e.g., H5S HA
polypeptides) is associated with the propert(ics) of the residue at position 188. In HS5 HA,
residue 188 is frequently Ala, which makes contacts with Thr or a hydrophobic residue at 192.

In contrast, in H2 HA, residue 188 is frequently Glu or Asp, which makes contacts with Arg or
Lys at 192. Hence, in some embodiments, an HA polypeptide variant (e.g., an H5 HA
polypeptide variant) has a Glu at position 188. In some embodiments, an HA polypeptide
variant (e.g., an H5 HA polypeptide variant) has an Asp at position 188. In some embodiments,
an HA polypeptide variant (e.g., an H5 HA polypeptide variant) has an Alal88Glu substitution.
In some embodiments, an HA polypeptide variant (e.g., an 5 HA polypeptide variant) has an
Alal88Asp substitution.

[00173] In somc cmbodiments, an HA polypeptide (e.g., an HS HA polypeptide) has an Ala at
a position corresponding to residue 188 and a Thr al a position corresponding to residue 192. In
some embodiments, an HA polypeptide (e.g., an IS5 HA polypeptide) has an Ala at a position
corrcsponding to residue 188 and a hydrophobic residuc at a position corresponding to residuc
192. In some embodiments, an HA polypeptide variant (e.g., an H5 HA polypeptide variant) has
a Glu at a position corresponding to residuc 188 and an Arg at a position corresponding to
residue 192. In some embodiments, an HA polypeptide variant (e.g., an H5 HA polypeptide
variant) has an Asp at a position corresponding o residue 188 and an Arg at a position
corresponding (o residue 192. In some embodiments, an HA polypeplide variant (e.g., an H5 HA
polypeptide variant) has a Glu at a position corresponding Lo residue 188 and a Lys at a position
corresponding to residue 192. In some cmbodiments, an HA polypeptide variant (e.g., an H5 HA
polypeptide variant) has an Asp at a position corresponding to residue 188 and a Lys ata
position corresponding to residue 192.

[00174] In some embodiments, an HA polypeplide (e.g., an H5 HA polypeptide) has an Ala al
a position corresponding to residue 188§, a Thr at a position corresponding to residue 192, and a
Lys at a position corresponding to residue 193. In some embodiments, an A polypeptide (e.g.,
an H5 HA polypeptide) has an Ala at a position corresponding to residue 188, a hydrophobic
residue at a position corresponding to residuc 192, and a Lys al a position corrcsponding to

residue 193, In some embodiments, an HA polypeplide (e.g., an HS5 HA polypeplide) has an Ala
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al a position corresponding to residuc 188, a Thr at a position corresponding to residuc 192, and
an Arg at a position corresponding to residue 193. In some embodiments, an FIA polypeptide
(e.g., an LI5 1A polypeptide) has an Ala at a posilion corresponding Lo residue 188, a
hydrophobic residue al a position corresponding to residue 192, and an Arg at a position
corresponding to residue 193. In some cmbodiments, an ITA polypeplide variant (e.g., an 115 ITA
polypeptide variant) has a Glu at a position corresponding to residue 188, an Arg at a position
corresponding to residuc 192, and a Thr at a position corresponding to residue 193. In some
cmbodiments, an HA polypeptide variant (e.g., an [15 [1A polypeptide variant) has an Asp at a
position corresponding (o residue 188, an Arg at a position corresponding to residue 192, and a
Thr at a position corresponding to residue 193. In some embodiments, an 1A polypeptide
variant (e.g., an HS5 HA polypeptide variant) has a GGlu at a position corresponding to residue
188, a Lys at a position corresponding to residuc 192, and a Thr at a posilion corresponding Lo
residue 193, In some embodiments, an A polypeptide variant (e.g., an 115 LA polypeptide
variant) has an Asp at a position corresponding to residue 188, a Lys at a position corresponding
to residue 192, and a Thr at a position corresponding to residue 193. In some embodiments, an
HA polypeplide variant (e.g., an H5 HA polypeptide variant) has a Glu at a position
corresponding to residuc 188, an Arg at a position corresponding to residue 192, and a 'T'hr, Ala,
Met, or Val at a position corresponding to residue 193. In some embodiments, an HA
polypeptide variant (e.g., an 15 IIA polypeptide variant) has an Asp at a position corresponding
Lo residue 188, an Arg at a position corresponding to residuc 192, and a Thr, Ala, Met, or Val at
a position corresponding Lo residue 193. In some embodiments, an A polypeplide variant (e.g.,
an 115 1A polypeplide variant) has a Glu at a position corresponding to residuc 188, a Lys at a
position corrcsponding to residue 192, and a Thr, Ala, Met, or Val at a position corresponding to
residuc 193. In some embodiments, an HA polypeptide variant (e.g., an 115 1A polypeptide
variant) has an Asp at a position corresponding to residue 188, a I.ys al a position corresponding
to residue 192, and a 'Thr, Ala, Met, or Val at a position corresponding (o residue 193.

[00175] Insome cmbodiments, an HA polypeplide (e.g., an 115 HA polypeptide) has an Ala at
a position corresponding to residue 131. In some embodiments, an HA polypeptide variant (e.g.,

an 115 HA polypeptide variant) has a Thr at a position corresponding to residue 131.

n
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[00176] In some embodiments, an HA polypeptide (e.g., an H5 HA polypeptide) has a Ser at a
position corresponding to residue 132. In some embodiments, an HA polypeptide variant (e.g.,
an HS HA polypeptide variant) has a Thr at a position corresponding to residue 132.

[00177] In some embodiments, an HA polypeplide (e.g., an HS HA polypeptide) has a Ser at a
position corresponding to residue 133. In some embodiments, an HA polypeptide variant (e.g.,
an HS HA polypeptide variant) has a Thr at a position corresponding to residue 133.

[00178] In some embodiments, an HA polypeptide (e.g., an HS HA polypeptide) includes Ala,
Thr, and/or Ser at any position corresponding to residucs 131, 132, and/or 133. In some
embodiments, an HA polypeptide variant (e.g., an H5 HA polypeptide variant) includes Ala, Thr,
and/or Ser at any position corresponding to residues 131, 132, and/or 133. In some
embodiments, an HA polypeptide variant (e.g., an H5 HA polypeptide variant) includes Thr at all
of positions corresopnding to 131, 132, and 133.

[00179] In some cmbodiments, an HA polypeptide (e.g., an H5 HA polypeptide) has a Val at
a position corresponding to residue 135. In some embodiments, an I1A polypeptide variant (e.g.,
an H5 HA polypeptide variant) has any amino acid other than Val at a position corresponding (o
residue 135.

[00180] In some embodiments, an HA polypeptide (e.g., an H5 HA polypeptide) has a Ser at a
position corresponding to residuc 137, In some cmbodiments, an HA polypeptide variant (e.g.,
an HS HA polypeptide variant) has an Arg at a position corresponding (o residue 137.

[00181] In some embodiments, an HA polypeptide (e.g., an 115 HA polypeptide) has an Ile at
a position corresponding (o residue 155. In some embodiments, an HA polypeplide variant (e.g.,
an H5 HA polypeptide variant) has a Thr at a position corresponding Lo residue 155. In some
cmbodiments, an HA polypeptide (e.g., an H5 HA polypeptide) includes a Thr at a position
corresponding to residue 155. In some embodiments, an HA polypeptide variant (e.g., an H5 HA
polypeptide variant) includes a Thr at a position corresponding to residue 155.

[00182] 1Insome embodiments, an HA polypeplide (e.g., an H5 A polypeptide) has a Ser al a
position corresponding to residue 221. In some embodiments, an HA polypeptide variant (e.g.,
an H5 HA polypeptide variant) has a Pro at a position corresponding (o residue 221.

[00183] Insome embodiments, an HA polypeptide (e.g., an H5 HA polypeptide) includes a
Ser at a position corresponding Lo residuc 221, In some embodiments, an HA polypeplide

variant (e.g., an HS HA polypeptide variant) includes a Pro at a position corresponding Lo residue
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221. Without wishing to be bound by any one particular theory, Pro221 might influence
conformation of 220 loop which is involved with the RBS of T12 TTA.
[00184]  In some embodiments, an HA polypeptide (e.g., an 145 HA polypeptide) has a Gln at
a posilion corresponding to residue 226. In some embodiments, an [IA polypeptide variant (e.g.,
an 115 1IA polypeptide variant) has a Leu at a position corresponding Lo residue 226.
[00185] In some embodiments, an HA polypeptide (e.g., an [15 [IA polypeptide) has a Ser at a
position corresponding to residue 227. In some embodiments, an HA polypeptide variant (e.g.,
an 115 HA polypeplide variant) has a Gly at a position corresponding Lo residuc 227.
[00186] Insome cmbodiments, an LA polypeptide (e.g., an I15 ITA polypeptide) has a Gly at
a position corresponding to residue 228. In some embodiments, an HA polypeptide variant (e.g.,
an 115 ITA polypeptide variant) has a Ser at a position corresponding (o residue 228.
[00187]  In some embodiments, an IIA polypeptide (e.g., an H5 IIA polypeptide) includes Giln,
Scr, and Gly residucs al positions corresponding to residucs 2206, 227, and 228, respectively. In
some embodiments, an ITA polypeptide variant (e.g., an 115 TIA polypeptide variant) includes a
[eu, Gly, and Scr at positions corresponding to residucs 226, 227, and 228, respectively.
[00188] Insome embodiments, an HA polypeptide variant in accordance with the invention,
and particularly an 115 variant has one or more of the following amino acids at the indicated
positions (the numbering of these positions corresponds to the numbering of H3 HA):

e GlulY0Asp, Lys193Scr, Gly225Asp, GIn2261.cu

*  GlulY0Asp, Lys193Ser, Gln2261 .cu, GGly228Ser

*  Alal89GIn, Lyst93Ser, Thrl60Ala

*  Alal89Gln, Lys193Scr, GIn226L.eu, Gly228Ser

*  Aspl87Ser/Thr, Alal89Gln, Lys193Ser, GGIn2261 eu, Gly228Ser

* Alal89Lys, Lys193Asn, GIn2261.cu, Gly228Scr

* Aspl87Ser/I'hr, Alal89Lys, 1.ys193Asn, GIn226] .cu, Gly228Ser

*  Lys156Glu, Alal89Lys, Lys193Asn, GIn2261.cu, Gly228Ser

o Lys193lis, GIn2201.cu/lle/Val, Gly228Ser

o Lysl93Arg, GIn2261.cu/lle/Val, Gly228Ser

* Alal89Lys, Lys193Asn, Gly225Asp

e Lysl56Glu, Alal89Lys, Lys193Asn, Gly225Asp

*  Serl37Ala, Lys156Glu, Alal89Lys, Lys193Asn, Gly225Asp
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*  Glul90Thr, Lys193Ser, Gly225Asp

o Aspl87Thr, Alal891hr, Glul90Asp, Lys193Ser, Gly225Asp

* Asnl86Pro, Aspl87Thr, Alal89Thr, Glul90Asp, Lys193Ser, Gly225Asp

* Asnl86Pro, Aspl87Thr, Alal 89Thr, Glul90Asp, Lys193Ser, Gly225Asp, Ser227Ala

*  (In226Leu, Gly228Ser, Thr160Ala

* (In226Lcu, Gly228Ser, Thr160Ala

* (ly228Ser, Thr160Ala

*  (In226Leu, Thr160Ala

*  GIn226]1.eu, Gly228Ser

* Thr160Ala

*  (GIn226Leu, Gly228Ser, Asnl58Xaa (whercin Xaa = any amino acid besides Asn)

o (Gly228Ser, Asnl58Xaa

o  (In2261.cu, Asnl58Xaa

¢ (In2261cu, Gly228Ser

* Asnl58Xaa

* A130 (wherein “A130” indicates a deletion at an amino acid corresponding to position
130) plus any possible combination of mutations at positions corresponding to residues
131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228§

* Al30 plus any possible combination of mutations at positions corresponding to residucs
131, 132, 135, 188, 192, and 221

* A130 plus any possible combination of mulations at positions corresponding Lo residues
133,137, 155, 193, 226, 227, and 228

® A130 plus any possible combination of mutations at positions corresponding to residues
131,132,133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226, 227, and 228

* Al130 plus any possible combination of mutations at positions corresponding to residucs
131, 133, 137, 155, 188, 192, 193, 226, 227, and 228

* A]30 plus any possible combination of mutations at positions corresponding (o residues
131, 133, 137, 155, 188, 192, 193, 226, and 228

* A130 plus any possible combination of mutations at positions corresponding to residues

131,133, 137, 155, 159, 160, 188, 192, 193, 226, 227, and 228
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* AI30 plus any possible combination of mutations at positions corresponding to residues
131, 133, 137, 155, 159, 160, 188, 192, 193, 226, and 228

* Al130 plus any possible combination of mutations at positions corresponding Lo residucs
137, 188, 192, 193, 226, 228, 131, 132, 133, 221, and 227

e Al30 plus any possible combination of mutations at positions corresponding to residues
131, 132, 133, 221, and 227

* AI30 plus any possible combination of mutations at positions corresponding to residues
137, 188, 192, 193, 226, and 228

* AI30 plus any possible combination of mutations at positions corresponding to residucs
137, 188, 192, 193, 226, 227, 228, 131, 132, and 133

s A130 plus any possible combination of mutations at positions corrcsponding Lo residues
227,131,132, and 133

*  (In220l.cu, Gly228Ser, Thrl160Ala, A130

e (In2201.cu, Gly228Ser, A130

e  (GIn226Lcu, Thr160Ala, A130

»  (ly228Ser, Thr160Ala, A130

e  GIn2261.eu, A130

e (ly228Ser, A130

* Thr160Ala, A130

e Al30

* Al30, Alal31Thr, L.eul33Thr, Serl37Arg, lle155Thr, Alal88Glu, Thr/lle192Arg/Lys,
Arg/Lys193Thr/Ala, GIn2261.eu, Ser227Gly, Gly228Ser

e Al130, Alal31Thr, Leul33Thr, Ser137Arg, lle155Thr, Alal88Glu, Thr/llc192Arg/Lys,
Arg/lys193Thi/Ala, GIn2261 .eu, Gly228Ser

* AI30, Alal31'Thr, I.eul33Thr, Ser137Arg, lle155Thr, Asnl59Asp (or Thr160Ala or
both), Ala188Glu, Thr/lle192Arg/Lys, Arg/Lys193Thr/Ala, GIn2261 .cu, Ser227Gly,
Gly228Ser

* A130, Alal31Thr, Leul33Thr, Scr137Arg, lle155Thr, Asnl59Asp (or Thrl60Ala or
both), Alal88Glu, Thi/llc192Arg/Lys, Arg/Lys193Thr/Ala, GIn226Lecu, Gly228Ser
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* A130, Ser137Arg, Alal88Glu, Thr192Arg/Lys, Arg/Lys193Thr/Met/Ala/Val,
Gln226L.eu, Gly228Ser

o A130, Serl37Arg, Alal88Glu, Thr192Arg/Lys, Arg/Lys193Thr/Met/Ala/Val,
GIn226Leu, Gly228Ser, Xaal31Ser/Thr, Xaal32Ser/Thr, Xaal33Ser/Thr, Ser221Pro,
Ser227Gly (whercin Xaa = any amino acid)

* Al30, Xaal31Ser/Thr, Xaal32Ser/Thr, Xaal33Ser/Thr, Ser221Pro, Ser227Gly (wherein
Xaa = any amino acid)

* A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa’ = any
hydrophilic amino acid)

¢ A130), Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue)

e Al130, Xaal93Xaa’ (wherein Xaa = a basic residue, e.g., Lys or Arg, and Xaa’ = a neutral
or acidic residue)

e Al130, Lys/Argl93Thr/Ala/Mel/Val

* A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa’ = any
hydrophilic amino acid), Xaal93Xaa® (wherein Xaa = a basic residue, e.g., Llys or Arg,
and Xaa’ = a neutral or acidic residue)

e A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Xaal93Xaa” (wherein
Xaa = a basic residue, e.g., Lys or Arg, and Xaa’ = a neutral or acidic residuc)

»  Al130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa™ = any
hydrophilic amino acid), Lys/Argl93Thr/Ala/Mel/Val

* Al30, Xaal92].ys/Arg (whercin Xaa = any hydrophobic residue),
Lys/Arg193Thr/Ala/Met/Val

e Al130, Alal88Glu

o Al30, Alal88Asp

o A130, Xaal92Xaa' (wherein Xaa = any hydrophobic amino acid, and Xaa™ = any
hydrophilic amino acid), Alal88Glu

e A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Alal88Glu

e Al130, Xaal93Xaa’ (wherein Xaa = a basic residue, e.g., Lys or Arg, and Xaa® = a neutral
or acidic residue), Alal88Glu

o Al130, Lys/Argl 93 Thr/Ala/Met/Val, Alal88Glu
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e Al30, Xaal92Xaa" (whercin Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Alal 88 Asp
*  A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Alal88Asp
*  Al30, Xaal93Xau (wherein Xaa = a basic residue, e.g.. Lys or Arg, and Xaa’” = a ncutral
or acidic residue), Alal88Asp
o AL30, Lys/Argl 93Thi/Ala/Met/Val, Alal88Asp
e Al30, Xaal92Xaa" (whercin Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Xaal93Xaa” (wherein Xaa = a basic residue, e.g., Lys or Arg,
and Xaa’ = a neutral or acidic residue), Alal88Glu
e A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Xaal93Xaa® (wherein
Xaa = a basic residue, e.g., [ys or Arg, and Xaa™ = a ncutral or acidic residue),
Alal88Glu
o AI30, XaalV2Xua' (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Lys/Argl 93 Thr/Ala/Met/Val, Alal 88Cilu
* AlI30, Xaal92l.ys/Are (wherein Xaa = any hydrophobic residuce),
Lys/Arg193Thr/Ala/Met/Val, Alal 88GIn
e A130, Xaal92Xaa™ (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Xaal93Xaa™ (wherein Xaa — a basic residue, e.g., Lys or Aro,
and Xaa® = a ncutral or acidic residuc), Alal88Asp
*  A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue). Xaal93Xaa™ (wherein
Xua = a basic residue, e.g.. Lys or Arg, and Xaa™ = u ncutial or acidic residue),
Ala188Asp
o Al30, Xaal92Xaa" (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Lys/Argl 93 Thr/Ala/Met/Val, Alal 88Asp
e A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residuc),
Lys/Arg193Thr/Ala/Mel/Val. Alal 88Asp
[00189]  In some embodiments, the present invention provides TA polypeptides (e.g.. A
palypeptide variants, engineered TTA polypeptides, and/or engineered HA polypeplide variants)
whose amino acid sequence includes an element as set forth below:
* X190, X193, X225 and X220
o X190, X193, X226 and X228
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e X189, X193, X160

* X189, X193, X226, X228

o X187, X189, X193, X226, X228

o X189, X193, X226, X228

* X187, X189, X193, X226, X228

e X156, X189, X193, X226, X228

» X193, X226, X228

o X193, X226, X228

* X189, X193, X225

e X156, X189, X193, X225

* X137, X156, X189, X193, X225

e X190, X193, X225

e X187, X189, X190, X193, X225

o X186, X187, X189, X190, X193, X225

* X186, X187, X189, X190, X193, X225, X227

e X226, X228, X160

o X226, X228, X160

X228, X160

* X226, X160

o X226, X228

e X160

o X226, X228, Xaal58 (wherein Xaa = any amino acid besides Asn)

e X228, Xaal58 (wherein Xaa = any amino acid besides Asn)

e X226, Xaal58 (whercin Xaa = any amino acid besides Asn)

o X226, X228

e X158 (wherein Xaa = any amino acid besides Asn)

e X130 plus any possible combination of X131, X132, X133, X135, X137, X155, X188,
X192, X193, X221, X226, X227, and X228

e X130 plus any possible combination of X131, X132, X135, X188, X192, and X221
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e X130 plus any possible combination of X133, X137, X155, X193, X226, X227, and
X228

e X130 plus any possible combination of X131, X132, X133, X135, X137, X155, Xaal58
(wherein Xaa = any amino acid besides Asn), X160, X188, X192, X193, X221, X226,
X227, and X228

e X130 plus any possible combination of X131, X133, X137, X155, X188, X192, X193,
X226, X227, and X228

e X130 plus any possible combination of X131, X133, X137, X155, X188, X192, X193,
X226, and X228

* X130 plus any possible combination of X131, X133, X137, X155, X159, X160, X188,
X192, X193, X226, X227, and X228

* X130 plus any possible combination of X131, X133, X137, X155, X159, X160, X188,
X192, X193, X226, and X228

e X130 plus any possible combination of X137, X188, X192, X193, X226, X228, X131,
X132, X133, X221, and X227

o X130 plus any possible combination of X131, X132, X133, X221, and X227

e X130 plus any possible combination of X137, X188, X192, X193, X226, and X228

e X130 plus any possible combination of X137, X188, X192, X193, X226, X227, X228,
X131, X132, and X133

¢ X130 plus any possible combination of X227, X131, X132, and X133

e X226, X228, X160, X130

s X226, X228, X130

o X226, X160, X130

s X228, X160, X130

o X226, X130

o X228, X130

e X160, X130

o X130

e X130, X131, X133, X137, X155, X188, X192, X193, X226, X227, X228

e X130, X131, X133, X137, X155, X188, X192, X193, X226, X228
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e X130, X131, X133, X137, X155, X159, X160, X188, X192, X193, X226, X227, X228

o X130, X131, X133, X137, X155, X159, X160, X188, X192, X193, X226, X228

e X130, X137, X188, X192, X193, X226, X228

e X130, X137, X188, X192, X193, X226, X228, X131, X132, X133, X221, X227

e X130, X131, X132, X133, X221, X227

o X130, X192

e X130, X193

e X130, X192, X193

e X130, X188

* X130, X192, X188

e X130, X193, X188

o X130, X192, X193, X188

wherein X = any amino acid (unless otherwise specified above), and/or X = a missing

amino acid. The numbering of these positions corresponds to the numbering of 113 HA.
[00190] In somc cmbodiments X130 is a deletion at position 130. In some embodiments,
X160 is an Ala. In some embodiments, X158 is any amino acid other than Asn.
[00191] In some such embodiments, the 15 HA polypeptide variant has at least one further
substitulion as compared with a wild type HS HA, such that aflinity and/or specificity of the
variant for umbrella glycans is increased.
[00192] In some such cmbodiments, the HA polypeptide has at lcast onc further substitution
as compared with a wild type HA, such that affinity and/or specificity of the variant for umbrella
glycans is increased.
[00193] In some embodiments, HA polypeplides in accordance with the invention (including
HS5 HA polypeptide variants) have sequences that include 1.226, S228, and A160). In some
cmbodiments, HA polypeptides in accordance with the invention (including 15 HA polypeptide
variants) have sequences that include 1.226 and A160. In some embodiments, HA polypeptides
in accordance with the invention (including H5 HA polypeptide variants) have sequences that
include S§228 and A160. In some embodiments, I1A polypeptides in accordance with the
invention (including HS HA polypeptide variants) have sequences that include A160).
[00194] In some embodiments, HA polypeptides in accordance with the invention (including

S5 HA polypeptide variants) have sequences that include 1,226, S228, and X158 (wherein X =
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any amino acid besides Asn). In some embodiments, HA polypeptides in accordance with the
invention (including HS HA polypeptide variants) have sequences that include 1.226 and X158.
In some embodiments, HA polypeptides in accordance with the invention (including H5 HA
polypeptide variants) have sequences that include 8228 and X158. In some embodiments, HA
polypeptides in accordance with the invention (including HS A polypeptide variants) have
sequences that include X158.

[00195] Insome embodiments, ITA polypeptides in accordance with the invention (including
HS5 HA polypeptide variants) have sequences that include A130 and any possible combination of
mutations at positions corresponding to residues 131, 132, 133, 135, 137, 155, 158, 160, 188,
192, 193, 221, 226, 227, and 228.

[00196] In some embodiments, IHA polypeptides in accordance with the invention (including
HS5 HA polypeptide variants) have sequences that include A130), 1.226, S228, A160) and any
possible combination of mutations at positions corresponding to residues 131, 132, 133, 135,
137, 155, 158, 188, 192, 193, 221, and 227. In some embodiments, HA polypeptides in
accordance with the invention (including HS HA polypeptide variants) have sequences that
include A130, L226, A160, and any possible combination of multations at positions
corresponding to residues 131, 132, 133, 135, 137, 155, 158, 188, 192, 193, 221, 227, and 228.
In some embodiments, HA polypeptides in accordance with the invention (including 1S HA
polypeptide variants) have sequences that include A130, S228, A160, and any possible
combination of mutations at positions corresponding to residues 131, 132, 133, 35, 137, 155,
158, 188, 192, 193,221, and 227. In some embodiments, HA polypeptides in accordance with
the invention (including H5 HA polypeptide variants) have sequences that include A130), 1.226,
S228, and any possiblc combination of mutations at positions corresponding to residues 131,
132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, and 227.

[00197] In some embodiments, HA polypeptides in accordance with the invention (including
HS HA polypeptide variants) have sequences that include A130, A160, and any possible
combination of mutations at positions corresponding to residues 131, 132, 133, 135, 137, 155,
158, 188, 192, 193, 221, 226, 227, and 228. In some embodiments, ITA polypeptides in
accordance with the invention (including H5 HA polypeptide variants) have sequences that
include A130), 1.226, and any possible combination of mutations at positions corresponding to

residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, and 227, and 228. In some
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embodiments, HA polypeptides in accordance with the invention (including HS HA polypeptide
variants) have sequences that include A130, S228, and any possible combination of mutations at
positions corresponding to residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221,
226, and 227.

[00198] In some embodiments, HA polypeptides in accordance with the invention (including
HS HA polypeptide variants) have sequences that include A130, L.226, $228, X158 (wherein X =
any amino acid besides Asn) and any possible combination of mutations at positions
corresponding to residues 131, 132, 133, 135, 137, 155, 160, 188, 192, 193, 221, and 227. In
some embodiments, HA polypeptides in accordance with the invention (including HS5 HA
polypeptide variants) have sequences that include A130, L226, X158, and any possible
combination of mutations at positions corresponding to residues 131, 132, 133, 135, 137, 155,
160, 188, 192, 193, 221, 227, and 228. In some embodiments, HA polypeptides in accordance
with the invention (including HS HA polypeptide variants) have sequences that include A130,
$228, X158, and any possible combination of mutations at positions corresponding to residues
131, 132, 133, 135, 137, 155, 160, 188, 192, 193, 221, and 227. In some embodiments, HA
polypeptides in accordance with the invention (including HS HA polypeptide variants) have
sequences that include A130), 1.226, S228, and any possible combination of mutations at
positions corresponding to residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221,
and 227.

[00199] Insome embodiments, IIA polypeptides in accordance with the invention (including
HS HA polypeplide variants) have sequences thal include A130, X158 (wherein X = any amino
acid besides Asn), and any possible combination of mulations at positions corresponding Lo
residues 131, 132, 133, 135, 137, 155, 160, 188, 192, 193, 221, 226, 227, and 228.

[00200] In some embodiments, 115 HA polypeptide variants (e.g., H5 HA polypeptide
variants) in accordance with the invention have an open binding site as compared with a parent
HA, and parlicularly with a parent wild type HAs.

[00201] Insome embodiments, ITA polypeptides (e.g., 1S HA polypeptides) in accordance

;s . .
with the invention bind to the following 02-6 sialylated glycans: (""(‘)7'7' ) ('~§: b), - ..),
e . @

K2R, 2=, -3 oS, . A s
(0_‘—_"{‘)-__)’ (0_‘__d______'§_‘___), ("‘{}“‘\.0{8)’ (_...\§.....'_\.‘._“--C{’}§Q)’ (A--U----t-ﬂ:«-“(.»c)i&?), Elnd

combinations thereof. In some embodiments, HS HA polypeptides in accordance with the
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[00202] In somc embodiments, ITA polypeptides (e.g., HS HA polypeptides) in accordance
with the invention bind to umbrella topology glycans. In some embodiments, 115 HA
polypeptides in accordance with the invention bind to at least some of the glycans (e.g., #2-6
sialylaled glycans) depicled in Figure 9. In some embodiments, HA polypeptides (e.g., H5 HA
polypeptides) in accordance with the invention bind to multiple glycans depicted in Figure 9.
[00203] In some embodiments, ITA polypeptides (e.g., HS HA polypeptides) in accordance
with the invention bind to al least about 10%, about 15%, about 20%, aboul 25%:, about 30%
about 35%, about 40%, about 45%, about 50%, about 55%, about 60%, about 65%, about 70%,
about 75%:; aboul 80%:, aboul 85%, about 90% about 95%, or more of the glycans found on HA
receplors in human upper respiratory tract tissues (e.g., epithelial cells).

[00204] 1In one aspect, the present invention provides the particular recognition that high
aflinity binding to umbrella-topology glycans alone may not be sufficient to confer effective
transmission Lo/infectivity of humans. The present invention provides the insight that reduced
binding Lo cone-topology glycans may also be important. In some embodiments, high affinity
binding Lo umbrella-topology glycans and reduced alfinity binding to cone-topology glycans
may be involved in conferring effective transmission to/infectivity of humans. In some
embodiments, high affinity binding Lo umbrella-topology glycans is sufficient to confer effective
transmission to/infectivity of humans. In some embodiments, high affinity binding to umbrella-
topology glycans is sufficient to confer effective transmission to/infectivity of humans, even if

the alTinity of binding to cone-topology elycans is not reduced (e.g., unchanged, increased, etc.).
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[00205] In some embodiments, increased affinity and/or specificity of binding of an HA
polypeptide variant (e.g., an H5 HA polypeptide variant) to umbrella-topology glycans and
reduced affinity and/or specificity binding to cone-topology glycans may be involved in
increasing or enhancing transmission to/infectivity of humans relative to a reference polypeptide
(e.g., the HA polypeptide variant’s cognate parent HA polypeptide). In some embodiments,
increased affinity and/or specificity of binding of an HA polypeptide variant (e.g., an 5 HA
polypeptide variant) to umbrella-topology glycans is sufficient Lo increase or enhance
transmission to/infectivity of humans relative to a reference polypeptide (e.g., the HA
polypeptide variant’s cognate parent HA polypeptide). In some embodiments, increased aftinity
and/or specificity of binding of an HA polypeptide variant (e.g., an H5 HA polypeptide variant)
to umbrella-topology glycans is sufficient to increase or enhance transmission to/infectivity of
humans relative to a reference polypeptide (e.g., the HA polypeptide varianl’s cognate parent HA
polypeptide), even if the aflinity and/or specificily of binding to cone-topology glycans is not
reduced (e.g., unchanged, increased, et¢.). In some embodiments, increased affinity and/or
specilicily of binding of an A polypeptide variant (e.g., an H5 HA polypeptide variant) to
umbrella-topology glycans is sufficicnt to increase or cnhance transmission to/infectivity of
humans relative to a relerence polypeptide (e.g., the HA polypeptide variant’s cognate parent HA
polypeptide), even if the affinity and/or specificity of binding to cone-topology glycans is cqual
to and/or greater than that of the affinity and/or specificity of binding to umbrella-topology

glycans.

Portions or fragments of HA polypeptides
[00206] The present invention further provides characteristic portions (which may or may not
be binding agents) of HA polypeptides in accordance with the invention and nucleic acids that
encode them. In general, a characteristic portion is one that contains a continuous stretch of
amino acids, or a collection ol conlinuous strelches ol amino acids, that together are
characleristic of the HA polypeptide. Each such continuous stretch generally will contain al least
two amino acids. Furthermore, those of ordinary skill in the art will appreciate that typically at
least 5, at least 10, at least 15, at least 20 or more amino acids are required to be characteristic of
a H5 HA polypeptide. In gencral, a characteristic portion is once that, in addition to the scquence

identily specilied above, shares al least one [unclional characleristic with the relevant intact 1A
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polypeptide. In some cmbodiments, characteristic portions of HA polypeptides in accordance
with the invention share glycan binding characteristics with the relevant full-length TTA

polypeptides.

Non-HA polypeptides
[00207] In some embodiments, binding agents provided in accordance with the present
invention arc polypeptides whose amino acid sequence does not include a characteristic ITA
sequence. Such polypeptides are referred to herein as “Non-I1IA polypeplides”. In some
embodiments, a Non-IIA polypeptide has an amino acid sequence sclected in advance (e.g., via
rational design, including for example, introduction of strategic amino acid allerations [e.g.,
additions, deletions, and/or substitutions| as compared with a reference sequence). In some
embodiments, a Non-IIA polypeplide has an amino acid sequence that is determined
stochastically and, for example, identificd on the basis of the desirable binding characteristics

deflined herein.

Antibodies

[00208] In some embodiments, binding agents provided in accordance with the present
invention arc antibodics (e.g., that bind to umbrella topology glycans and/or to umbrella
topology elycan mimics). Antibodies suitable for the invention include antibodies or fragments
ol antibodies that bind immunospecilically to any umbrella topology glycan epitope. As used
herein, the term “antibodies” is intended to include immunoglobuling and [ragments thereol
which are specilically reactive o the designated protein or peptide, or [ragments thereol.
Suitable antibodics include, but are not limited Lo, human antibodics, primatized antibodics,
chimeric antibodies, bi-specific antibodies, humanized antibodies, conjugated antibodies (i.¢.,
antibodies conjugated or fused to other proteins, radiolabels, cytotoxins), Small Modular
ImmunoPharmaceuticals (“SMI]-"S'IM“), single chain antibodies, cameloid antibodices, and
antibody [ragments. As used herein, the term “antibodies” also includes intact monoclonal
anlibodics, polyclonal antibodies, single domain antibodics (e.g., shark single domain antibodies
(e.g., ITeNAR or fragments thercof)), multispecific antibodies (e.g. bi-specific antibodics) formed

from al lcast two intact antibodics, and antibody fragments so long as they exhibit the desired
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biological activity. Antibody polypeptides [or use herein may be of any type (e.g., IgA, IgD,
IgE, 1gG, IgM).

[00209]  As used herein, an “antibody fragment” includes a portion of an intact antibody, such
as, for example, the antigen-binding or variable region of an antibody. Examples of antibody
fragments include Iab, Fab’, I'(ab”)2, and Fv fragments; triabodies; tetrabodies; linear
antibodies; single-chain antibody molecules; and multi specific antibodies formed from antibody
fragments. The term “antibody fragment” also includes any synthetic or genetically engineered
protein that acts like an antibody by binding to a specific antigen to form a complex. For
example, antibody fragments include isolated fragments, “Fv” fragments, consisting of the
variable regions of the heavy and light chains, recombinant single chain polypeptide molecules
in which light and heavy chain variable regions are connected by a peptide linker (“ScFv
proteins™), and minimal recognition units consisting of the amino acid residues that mimic the
hypcrvariable region.

[00210] Antibodies can be generated using methods well known in the arl. For example,
protocols [or antibody production are described by Harlow and Lane, 1988, Antibodies: A
Laboratory Manual; incorporated herein by reference. ‘T'ypically, antibodics can be generated in
mouse, rat, guinea pig, hamster, camel, llama, shark, or other appropriate host. Alternatively,
antibodics may be made in chickens, producing IgY molecules (Schade et al., 1996, ALTEX
13(5):80-85; incorporated herein by reference). In some embodiments, antibodies suitable for
the present invention are subhuman primate antibodies. For example, general techniques for
raising therapeutically uselul antibodies in baboons may be found, for example, in Goldenberg et
al., international patent publication number WO 91/11465, 1991; and in Losman et «l., 1990, Int.
J. Cancer 46:310; both of which arc incorporated herein by referenee). In some cmbodiments,
monoclonal antibodies may be prepared using hybridoma methods (Milstein and Cuello, 1983,
Nature 305(5934):537-40; incorporated herein by reference). In some embodiments, monoclonal
anlibodies may also be made by recombinant methods (U.S. Patent Number 4,166,452, 1979;
incorporated herein by reference).

[00211]  In some embodiments, antibodies suitable for the invention may include humanized
or human antibodies. Humanized forms of non-human antibodies are chimeric Igs, Ig chains or
fragments (such as Fv, Fab, Fab', Ii(ab')2 or other antigen-binding subscquences of Abs) that

conlain minimal sequence derived [rom non-human Ig. Generally, a humanized antibody has
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one or more amino acid residues introduced from a non-human source. ‘T'hese non-human amino
acid residues are often referred to as “import” residuces, which are typically taken from an
“import” variable domain. Humanization is accomplished by substituting rodent
complementarity determining regions (CDRs) or CDR sequences for the corresponding
sequences of a human antibody (Ricchmann er al., 1988, Nwtire 332(06102):323-7: Verhoeyven er
al . TUBR. Seience. 239(4847):1534-0: both of which are incorporated herein by reference). Such
“humanized™ antibodics are chimeric Abs (TS Patent Number 4,816,567, 198Y; incorporated
herein by reference), wherein substantially less than an intact human variable domain has been
substituted by the corresponding sequence from a non-human species. In some embodiments,
humanized antibodies are typically human antibodies in which some CDR residues and possibly
some PR restdues are substituted by residues [rom analogous sites in rodent Abs. Humanized
antibodics include human lgs (recipient antibody) in which residues from a CDR of the recipient
are replaced by residucs from a CDR ol a non-human species (donor antibody) such as mouse,
rat o rabbit, having the desired specilicity, affinity and capacity. In some instances,
corresponding non-human residuces replace 'y framework residues of the human Ig. Humanized
antibodics may comprise residues that are found ncither in the recipient antibody nor in the
imported CDR or framework sequences. In general, the humanized antibody comprises
substantially all of at least one, and typically two, variable domains. in which most if not all of
(the CDR regions eorrespond Lo those of o non-human Ie and most il not all of the 'R regions are
(hose ol whuman lg consensus sequence.  The humanized antibody optimally also comprises uat
Jeast a portion ol an Ig constant region (I-¢), Lypically that ol a human [g (Ricchmann er al..
FORN. Neture 332(6162):323-7. Verhoeyen ef al., 1988, Science. 239(1847):1534-6; both of
which are incorporated herein by reference).

[00212] Ifuman antibodics can also be produced using various techniques, including
phagc display libraries (Hoogenboom ef al., 1991, Mol Inimunol. 28(9):1027-37; Marks et al..
19T, Mol Biol. 222(3):581-97: both ol which are incorporated herein by reference) and the
preparation of human monoclonal antibodies (Reisteld and Sell. TORS. Ceeer Surv, 4010:271-90:
incorporated herein by relference). Similarly, introducing human lg genes into transgenic
animals in which the endogenous e genes have been partially or completely inactivated can be
exploited to synthesize human antibodics. Upon challenge, human antibody production is

o

obscerved, which closely resembles that seen in humans in all respects, including gene
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rearrangement, assembly, and antibody repertoire (Fishwild et al., 1996, Nat Biotechnol.
14(7):845-51; Lonberg et al., 1994, Nature 368(6474):856-9; Lonberg and Huszar, 1995, Int.
Rev. Immunol. 13(1):65-93; Marks et al., 1992, Biotechnology (N Y). 10(7):779-83; all of which

are incorporated herein by reference).

Lectins
[00213] In some embodiments, binding agents provided in accordance with the present
invention arc lecting. Lectins are sugar-binding proteins which may bind to a soluble
carbohydrate or to a carbohydrate moiety which is a part of a glycoconjugate (e.g., a
elycopeptide or glycolipid). Lectins typically agglutinate certain animal cells and/or precipitate
alycoconjugates by recognizing a particular sugar moiety. For example, SNA-1 is a lectin that
has a high affinity for a2-6 sialic acids. As yet another example, polyporus squamosus lectins
(PSl.1a and PSL1b) have high affinity for binding sialylated glycoconjugates containing
Neu5Aco2,6Galf1,4Gle/GleNAc trisaccharide sequences of asparagine-linked glycoproteins.
Non-limiting exemplary lectins that may act as binding agents include SNA-I, SNA-1°, PSL1a,
PSL1b, and polypeptides derived therefrom.
[00214] Amino acid sequences of exemplary lectins are provided below:
[00215]  Sambucus Nigra Lectin 1 (Genbank Accession No. U27122):
MRLVAKLLYLAVLATCGLGIHGALTHPRVIPPVYPSVSENLTGADTYEPFLRALQEKVILGNHTA
FDLPVLNPESQVSDSNRFVLVPLTNPSGDTVTLAIDVVNLYVVAFSSNGKSYFFSGSTAVQORDNL
FVDTTQEELNFTGNYTSLERQVGFGRVY IPLGPKSLDQAISSLRTYTLTAGDTKPLARGLLVVIQ
MVSEAARFRYIELRIRTS ITDASEFTPDLLMLSMENNWS SMSSEIQQAQPGGIFAGVVQLRDERN
NSIEVINFRRLEFELTYIAVLLYGCAPVISSSYSNNAIDAQITKMPVIRGGEYEKVCSVVEVTRRI
SGWDGLCVDVRYGHY IDGNPVQLRPCGNECNQLWTFRTDGTIRWLGKCLTASSSVMIYDCNTVPP
EATKWVVSTDGTITNPHSGLVLTAPQAAEGTALSLENNTHAARQGWIVGDVEPLVTF IVGYKQMC
LRENGENNFVWLEDCVLNRVQOEWALYGDGTIRVNSNRSLCVTSEDHEPSDLIVILKCEGSGNQR
WVENTNGTISNPNAKLLMDVAQRDVSLRKIILYRPTGNPNQOWITTTHPA (SEQ ID NO:
86 )

[00216]  Sambucus Nigra Lectin 1’ (Genbank Accession No. U66191):
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MKVVATILYLVVLAICGLGIHGAHPTHSAPPTVYPSVSEFNLTEANSNEYRHFLOELRGKVILGSH
RAFDLPVLNPESKVSDSDREVLVRLTNPSRKKVILAIDVVTFYVVAFAQNDRSYFFSGSSEVQRE
NLEVDTTQEDLNFKGDYTSLEHQVGFGRVYIPLGPKSLAQSISSLSTYKSSAGDNKRLARSLLVV
IQMVSEAARFRYIQLRIQASITDAKEFTPDLLMLSMENKWSSMSSEIQQAQPGGAFAQVVKLLDQ
RNHPIDVTNFRRLEQLTSVAVLLHGCPTVTKMPAY I IKMPVENGGEDEERCSVVEEVTRRIGGRD
GECAEVKNGDEKDGTPVQLSSCGEQSNQOWTFSTDGTIQSLGKCLTTSSSVMIYNCKVVPPESTK
WVVSIDGTITNPRSGLVLTAPKAAEGTLVSLEKNVHAARQGWIVGNVEPLVTF1IVGYEQMCLETN
PGNNDVSLGDCSVKSASKVDQKWALYGDGTIRVNNDRSLCVTSEGKSSNEPIITILKCLGWANQRW
VENTDGTISNPDSKLVMHVDONDVPLRKIILSHPSGTSNQQWIASTHPA (SEQ ID NO: 57)

[00217]  Polyporous squamosus lectin 1a (UniProt Q75WT9)
MSFQGHGIYYIASAYVANTRLALSEDSSANKSPDVIISSDAVDPLNNLWLIEPVGEADTYTVRNA
FAGSYMDLAGHAATDGTAIIGYRPTGGDNQKWIISQINDVWKIKSKETGTFVTLLNGDGGGTGTV
VGWONITNNTSONWTFQKLSQTGANVHATLLACPALROQDFKSYLSDGLYLVLTRDQISSIWQASG
LGSTPWRSE IFDCDDFATVFKGAVAKWGNENFKANGFALLCGLMEGSKSSGAHAYNWFVERGNE S
TVIFFEPQNGTYSANAWDYKAYFGLF (SEQ ID NO: 58)

[00218]  Polyporous squamosus lectin 1b (UniProt Q75WT8)
MSFEGHGTYHIPHAHVANIRMALANRGSGONGTPVIAWDSNNDAFDHMWLVEPTGEADTYTTHNV
STGTYMDVTASAVADNTPIIGYQRTGNDNQKWIIRQVQTDGGDRPWKIQCKATGTFATLYSGGGS
GTAIVGWRLVNSNGNQDWVFQKLSQTSVNVHATLLACGATVGQDFKNYLYDGLYLVLPRDRISAT
WKASGLGETARRDGIYDSDEFAMTFKSAAATWGKENFKADGFAILCGMMEGTKASTNRHAYNWVV
ERGSFSTVTFFEPOQNGTYSDDAWGYKAYFGLE (SEQ ID NO: 59)

Aptamers

[00219] In somc cmbodiments, binding agents provided in accordance with the present
invention are aptamers. Aptamers are macromolecules composed of nucleic acid (e.g., RNA,
DNA) that bind tightly to a specilic molecular target (e.g., an umbrella topology glycan). A
particular aptamer may be described by a linear nucleotide sequence and is typically about 15 (o
about 60 nucleotides in length. Without wishing to be bound by any theory, it is contemplated
that the chain of nucleotides in an aptamer form intramolecular interactions that [old the
molecule into a complex three-dimensional shape, and this three-dimensional shape allows the
aplamer to bind tightly to the surface of'its target molecule. Given the extraordinary diversity of

molccular shapes that exist within the universe ol all possible nucleotide sequences, aplamers
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may be obtained for a wide array of molecular targels, including proteins and small molecules.
In addition to high specificity, aptamers have very high affinities for their targets (e.g., affinitics
in the picomolar to low nanomolar range for proteins). Aptamers are chemically stable and can
be boiled or frozen without loss of activity. Because they are synthetic molecules, they are
amenable to a variety of modifications, which can optimize their function for particular
applications. For example, aptamers can be modified to dramatically reduce their sensitivity to
degradation by enzymes in the blood for use in in vivo applications. In addition, aptamers can be
modificd to alter their biodistribution or plasma residence time.

[00220] Sclection of aptamers that can bind umbrella topology glycans (and/or to umbrella
topology glycan mimics) can be achieved through methods known in the art. For example,
aptamers can be selected using the SELEX (Systematic Evolution of L.igands by Exponential
Enrichment) method (Tuerk and Gold, 1990, Science 249:505-510; incorporated herein by
reference). In the SELEX method, a large library of nucleic acid molccules (e.g., 10" different
molecules) is produced and/or screened with the target molecule (e.g., an umbrella topology
glycan of umbrella topology glycan epitope). The target molecule is allowed to incubalte with
the library of nuclcotide sequences for a period of time. Several methods, known in the art, can
then be used to physically isolate the aptamer target molecules from the unbound molecules in
the mixture, which can be discarded. The aptamers with the highest affinity for the target
molecule can then be purified away from the target molecule and amplified enzymatically to
produce a new library of molecules that is substantially enriched for aptamers that can bind the
target molecule. The enriched library can then be used Lo initiale a new cycle ol selection,
parlitioning, and amplification. After 5-15 cycles of this iterative selection, partitioning and
amplification process, the library is reduced to a small number of aptamcrs that bind tightly to
the target molecule. Individual molecules in the mixture can then be isolated, their nucleotide
sequences determined, and their properties with respect to binding affinity and specificity
measured and compared. Isolated aptamers can then be [urther relined Lo climinate any
nucleotides that do not contribute Lo targel binding and/or aptamer structure, thereby producing
aptamers (runcated to their core binding domain. See Jayasena, 1999, Clin. Chem. 45:1628-50
for review of aptamer technology; the entire teachings of which are incorporated herein by

rclerence).
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Production of Polypeptides

[00221]  Polypeptides in accordance with the invention (e.g., HA polypeptides and/or Non-11A
polypeptides), and/or characteristic portions thereof, or nucleic acids encoding them, may be
produced by any available means.

[00222]  Polypeptides in accordance with the invention (or characteristic portions thereof) may
be produced, for example, by utilizing a host cell system engineered to express a polypeptide-
encoding nucleic acid in accordance with the invention.

[00223] Any system can be used to produce polypeptides (or characteristic portions), such as
egg, baculovirus, plant, yeast, Madin-Darby Canine Kidney cells (MDCK), or Vero (African
green monkey kidney) cells. Alternatively or additionally, polypeptides (or characleristic
portions) can be expressed in cells using recombinant techniques, such as through the use of an
expression vector (Sambrook et al., Molecular Cloning: A Laboratory Manual, CSHL Press,
1989; incorporated herein by reference).

[00224]  Alternatively or additionally, polypeptides in accordance with the invention (or
characteristic portions thereof) can be produced by synthetic means.

[00225]  Alternatively or additionally, polypeptides in accordance with the invention (or
characteristic portions thercof), and particularly HA polypeptides, may be produced in the
context of intact virus, whether otherwise wild type, attenuated, killed, efc. Polypeplides in
accordance with the invention (e.g., HA polypeptides), or characteristic portions thereof, may
also be produced in the context of virus like particles.

[00226] In some embodiments, HA polypeptides (or characteristic portions thereof) can be
isolated and/or purified from influenza virus. For example, virus may be grown in eggs, such as
cmbryonated hen cggs, in which case the harvested material is typically allantoic fluid.
Alternatively or additionally, influenza virus may be derived from any method using tissue
culture to grow the virus. Suitable cell substrates for growing the virus include, for example, dog
kidney cells such as MDCK or cells [rom a clone of MDCK, MDCK-like cells, monkey kidney
cells such as AGMK cells including Vero cells, cultured epithelial cells as continuous cell lines,
293T cells, BK-21 cells, CV-1 cells, or any other mammalian cell type suitable for the
production of influenza virus for vaccine purposes, readily available from commercial sources

(e.g., ATCC, Rockville, MD). Suitable cell substrates also include human cclls such as MRC-5
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cells. Suitable cell substrates are not limited to cell lines; for example primary cells such as
chicken embryo fibroblasts are also included.

[00227] Also, it will be appreciated by those of ordinary skill in the art that polypeptides, and
particularly variant HA polypeptides as described herein, may be generated, identified, isolated,
and/or produced by culturing cells or organisms that produce the polypeptide (whether alone or
as part of a complex, including as part of a virus particle or virus), under conditions that allow
ready screening and/or selection of polypeptides capable of binding to umbrella-topology
glycans. To give bul one example, in some embodiments, it may be useful to produce and/or
study a collection of polypeptides (e.g., HA variant polypeptides) under conditions that reveal
and/or [avor those variants that bind to umbrella topology glycans (e.g., with particular
specificily and/or affinity). In some embodiments, such a collection of polypeptides (e.g., HA
variant polypeptides) results from evolution in nature. In some embodiments, such a collection
of polypeptides (e.g., HA variant polypeptides) results from cnginecring. In some embodiments,
such a collection of polypeptides (e.g., HA variant polypeptides) results from a combination of

engineering and natural evolution.

A Receptors

[00228] HA intcracts with the surface of cells by binding to a glycoprotein receptor. Binding
of HA to HA receplors is predominantly mediated by N-linked glycans on the HA receptors.
Specilically, HA on the surface of flu virus particles recognizes sialylated glycans that are
associated with HA receptlors on the surface ol the cellular host. Afler recognition and binding,
the host cell engulfs the viral cell and the virus is able to replicate and produce many more virus
particles to be distributed to neighboring cells. Some crystal structures of exemplary HA-glycan
inleractions have been identified and are presented in Table 1:

Table 1. Crystal Structures of HA-Glycan Complexes

Abbreviation (PDB ID) Virus Strain Glycan (with assigned coordinates)
ADKALB76_HI 26 A/duck/Alberta/76 (HIN1) NeuSAc
(2WRII)
ASI30_H1_23 (IRV()) AlSwine/lowa/30 (HIN1) NecuSAc
ASI30 _H1_26 (IRVT) A/Swine/lowa/30 (HIN1) NeuSAca6GalB4GleNAcB3GalpaGle
ASCI8_H1_26 (2WRG() A/South Carolina/1/18 (HIN1) NeuSAca6GalpAGleNAcp3Gal
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Abbreviation (PDB 1D) Virus Strain

Glycan (with assigned coordinates)

APR34_I11_23 (IRVX) A/Puerto Rico/8/34 (I11N1)

NeuSAca3GalB4GleNAc

APR34_H1_26 (1RVZ) A/Puerto Rico/8/34 (H1N1)

Neu5Aca6Galpf4GleNAc

ACKNY91_H2_23 (2WR2) | A/chicken/NY/29878/91 (H2N2)

NeuSAca3GalB3GleNAc

AckNY91_H2_26 (2WR1) | A/chicken/NY/29878/91 (H2N2)

NeuSAca6GalB4GleNAc

AdKONT7_112_23 2WR3) | A/duck/Ontario/77 (H2N2)

Neu5Aca3Galp4GleNAc

AdkON77_H2_26 (2WR4) | A/duck/Ontario/77 (FH2N2)

Neu5Aca6Galp4GleNAc

AckPD84_12_26 (2WRL) Al/chicken/Potsdam/475/84 (H2N2)

NeuSAco6Gal

ASINGS57_H2_23 (2WRB) | A/Singapore/1/57 (H2N2)

NeuSAc

ASINGS7_H2 26 (2WR7) | A/Singapore/1/57 (I12N2)

NeuSAca6GalB4GleNAcp3Gal

AJAPST_H2_26(2WRI)

A/Japan/305/57 (112N2)

NeuSAca6Gal

ADU63_H3 23 (IMQM) A/Duck/Ukraine/1/63 (113N8) NeuSAca3Gal
ADUG63_H3_26 (IMQN) A/Duck/Ukraine/1/63 (H3N8) NeuSAca6(al

AAI68 H3_23 (1HGG) AJAichi/2/68 (H3N2) NeuSAca3Galp4Gle
ADS97_H5_23 (1JSN) A/Duck/Singapore/3/97 (H5N3) NecuSAca3GalB3GleNAc
ADSY97 15 _26(1150) A/Duck/Singapore/3/97 (H5N3) NeuSAc

Viet1203_04 _HS5 (21FK0) A/Vietnam/1203/2004 (H5N1)

Viet1194_04_HS (21BX) A/Vietnany/1194/2004 (115N1)

ASI30_111 23 (1RV0) A/Swine/Towa/30 (HINT) NeuSAc

ASI30_1_26 (IRVT)

A/Swine/lowa/30 (HINI)

NeuSAca6GalB4GIeNAcB3GalB4Gle

APR34_HI_23 (1RVX)

A/Puerto Rico/8/34 (HINT1)

NeuSAca3GalB4GleNAc

APR34_111_26 (IRVZ)

A/Puerto Rico/8/34 (111N1)

NeuSAca6Galp4GleNAc

ADUG3 113_23 (IMQM) A/Duck/Ukraine/1/63 (113N8) NeuSAca3Gal
| ADUG63_113_26 (IMQN) A/Duck/Ukraine/1/63 (113N8) NeuSAca6Gal
AAI68_H3_23 (1HGG) A/Aichi/2/68 (H3N2) NeuSAca3GalB4Gle
ADS97_15_23 (1JSN) A/Duck/Singapore/3/97 (HSN3) NeuSAca3Galp3GlcNAc
| ADS97_115_26(11S0) A/Duck/Singapore/3/97 (115N3) NeuSAc

VietO4_HS (2FFK0)

A/Vietnan/1203/2004 (H5N1)

HA - a2-6 sialylated glycan complexes were generated by superimposition of the CA trace of the
A1 subunit of ADUG3 _H3 and AIDS97_HS and Viet04 H5 on ASI30 H1 26 and
APR34_H1_26 (H1). Although the structural complexes of the human A/Aichi/2/68 (H3N2)

with a2-6 sialylated glycans are published (Eisen et «l., 1997, Virology, 232:19; incorporated

herein by reference), their coordinates were nol available in the Protein Data Bank. The SARF2
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(http://123d.nciferf.gov/sarf2.html) program was used to obtain the structural alignment of the

different HA1 subunits for superimposition.

[00229] HA rcceptors are modified by cither ¢2-3 or a2-6 sialylated glycans near the
receplor’s HA-binding site, and the type of linkage of the receptor-bound glycan can affect the
conformation of the receptor’s [A-binding site, thus affecting the receptor’s specificity for
different HAs.

[00230] For example, the glycan binding pockel of avian HA is narrow. According to the
present invention, this pocket binds to the trans conformation of o2-3 sialylated glycans, and/or
Lo cone-lopology glycans, whether a2-3 or 02-6 linked.

[00231] HA receptors in avian tissues, and also in human deep lung and gastrointestinal (GI)
tract tissues are characterized by 02-3 sialylated glycan linkages, and furthermore (according to
the present invention), are characterized by glycans, including o2-3 sialylated and/or a2-6
sialylated glycans, which predominantly adopt cone topologies. HA receptors having such cone-
topology glycans may be referred to herein as C'THATs.

[00232] By contrast, human HA receptors in the bronchus and trachea of the upper respiratory
tract are modified by o2-6 sialylated glycans. Unlike the a2-3 motlif, the o2-6 motif has an
additional degree of conformational freedom due to the C6-CS5 bond (Russell e/ al., 20006,
Glycoconj J 23:85; incorporaled herein by reference). HAs that bind to such o2-6 sialylated
elycans have a more open binding pocket to accommodate the diversity of structures arising
[rom this conformational freedom. Moreover, according to the present invention, HAs may
need Lo bind to glycans (e.g., a2-6 sialylated glycans) in an umbrella topology, and particularly
may nced Lo bind to such umbrella topology glycans with strong affinity and/or spccificity, in
order to effectively mediate infection of human upper respiratory tract tissues. HA receptors
having umbrella-topology glycans may be referred to herein as UTIIArs.

[00233]  As a result of these spatially restricted glycosylation profiles, humans are not usually
infected by viruses containing many wild type avian HAs (e.g., avian HS). Specifically, because
the portions of the human respiratory tract that are most likely to encounter virus (i.e., the trachea
and bronchi) lack receptors with cone glycans (e.g., 02-3 sialylated glycans, and/or short
¢lycans) and wild type avian HAs typically bind primarily or exclusively to receplors associated

with cone glycans (e.g., 02-3 sialylated glycans, and/or short glycans), humans rarely become
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infected with avian viruses. Only when in sufficiently close contact with virus that it can access
the deep lung and/or gastrointestinal tract receplors having umbrella glycans (e.g., long 02-6

sialylated glycans) do humans become infected.

Glycan Arrays

[00234] 'To rapidly expand the current knowledge of known specific glycan-glycan binding
protein (GBP) interactions, the Consortium for Functional Glycomices (CHG;
www.functionalglycomics.org), an international collaborative rescarch initiative, has developed
alycan arrays comprising several glycan structures that have cnabled high throughput screening
of GBPs [or novel glycan ligand specilicities. The glycan arrays comprise both monovalent and
polyvalent glycan molifs (i.e. attached to polyacrylamide backbone), and each array comprises
264 glycans with low (10 uM) and high (100 pM) concentrations, and six spots lor cach
concentration (see
hilp://www.functionalglycomics.org/static/consortium/resources/resourcecorchS.shimti).
[00235] ‘the arrays predominantly comprise synthetic glycans thal capture the physiological
diversity of N- and O-linked glycans. In addition to the synthelic glycans, N-linked glycan
mixtures derived from different mammalian glycoproleins are also represented on the array.
[00236] As used herein, a glycan “array” relers (o a set of one or more glycans, optionally
immobilized on a solid support. In some embodiments, an “array” is a collection of glycans
present as an organized arrangement or paltern al two or more locations that are physically
separated in space. Typically, a glycan array will have at least 4, at least 8, at Jeast 16, at least
24, at least 48, at least 96, or several hundred or thousand discrete locations. In general, glycan
arrays in accordance with the invention may have any of a varicty of formats. Various different
array formats applicable Lo biomolecules are known in the art. For example, a huge number of
protein and/or nucleic acid arrays are well known. Those of ordinary skill in the art will
immediately appreciate standard array formats appropriate [or glycan arrays of the prescnt
invention.

[00237] In some embodiments, elycan arrays in accordance with the invention are present in
“microarray” formats. A microarray may typically have sample locations separated by a distance

of about 50 pt to aboul 200 p or less and immobilized sample in the nano to micromolar range or
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nano to picogram range. Array formats known in the art include, for example, those in which
each discrete sample location has a scale of, for example, ten .

[00238] Insome embodiments, glycan arrays in accordance with the invention comprise a
plurality of glycans spatially immobilized on a support. The present invention provides glycan
molecules arrayed on a support. As used herein, “support” refers to any material which is
suitable to be used to array glycan molecules. As will be appreciated by those of ordinary skill
in the art, any of a wide variety of materials may be employed. To give but a few examples,
support materials which may be of use in the invention include hydrophobic membranes, for
example, nitrocellulose, PVDF or nylon membranes. Such membranes are well known in the art
and can be obtained from, for example, Bio-Rad, Hemel Hempstead, UK.

[00239]  In some embodiments, the support on which glycans are arrayed may comprise a
melal oxide. Suitable metal oxides include, but are not limited to, titanium oxide, tantalum
oxide, and aluminum oxide. Examplcs of such matcrials may be obtained from Sigma-Aldrich
Company Ltd, Fancy Road, Poole, Dorset. BI112 4QH UK.

[00240] Insome embodiments, such a support is or comprises a metal oxide gel. A metal
oxide gel is considered to provide a large surface arca within a given macroscopic arca to aid
immobilization of the carbohydrate-containing molccules.

[00241]  Additional or alternative support materials which may be used in accordance with the
present invention include gels, for example silica gels or aluminum oxide gels. Examples ol such
malerials may be obtained from, for example, Merck KGaA, Darmstadt, Germany.

[00242] In some embodiments, glycan arrays are immobilized on a support that can resist
change in size or shape during normal use. For example a support may be a glass slide coated
with a component material suitable to be used to array glycans. Also, some composile materials
can desirable provide solidity to a support.

[00243]  As demonstrated herein, arrays in accordance with the invention are useful for the
identilication and/or characlerization ol different HA polypeplides and their binding
characteristics. In some embodiments, HA polypeptides in accordance with the invention are
tested on such arrays to assess their ability to bind to umbrella topology glycans (e.g., to a2-6
sialylated glycans, and particularly to long a2-6 sialylated glycans arranged in an umbrella

topology).
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[00244]  Indced, the present invention provides arrays of (2-6 sialylated glycans, and
optionally a2-3 sialylated glycans, that can be used to characterize [TA polypeptide binding
capabilitics and/or as a diagnostic to detect, for example, human-binding ITA polypeptides. In
some embodiments, arrays in accordance with the invention contain glycans (e.g., 02-6
sialylated glycans, and particularly long a2-6 sialylated glycans) in an umbrella topology. As
will be clear to those of ordinary skill in the art, such arrays are uscful for characterizing or
detecting any A polypeptides, including for example, those found in natural influenza isolates
in addition to those designed and/or prepared by researchers.

[00245] In some embodiments, such arrays include glycans representative of about 10%,
aboul 15%, aboul 20%:, aboul 25%, about 30% about 35%, about 40%, about 45%, aboul 50%,
about 55%, about 60)%, about 65%, about 7()%, about 75%, about 80%, aboul 85%, about 90%
about 95%, or more of the glycans (e.g., lhe umbrella glycans, which will often be 02-6
sialylated glycans, particularly long 02-6 sialylated glycans) found on human A receptors, and
particularly on human upper respiratory tract I1A receptors. In some embodiments, arrays in
accordance with the invention include some or all of the glycan structures depicted in Figure 10
In some embodiments, arrays include at least about 10%, about 15%, about 20%, about 25%,
about 30% aboul 35%, aboul 40%, aboul 45%, aboul 50%, about 55%, about 60%, aboul 65%,
about 70%, about 75%, about 80%, aboul 85%, about 90%, about 95%, or more of these depicted
glycans.

[00246] The present invention provides methods for identilying or characlerizing TTA proleins
using glycan arrays. In some embodiments, for cxample, such methods comprisc steps of (1)
providing a samplc containing 1A polypeptide, (2) contacting the sample with a glycan array
comprising, and (3) detecting binding of HA polypeplide to one or more glycans on the array.
[00247]  Suitable sources for samples containing [TA polypeptides to be contacted with glycan
arrays according to the present invention include, but are not limited to, pathological samples,
such as blood, serum/plasma, peripheral blood mononuclear cells/peripheral blood lymphocytes
(PBMC/PBL.), sputum, urine, {eces, throat swabs, dermal lesion swabs, cerebrospinal fluids,
cervical smears, pus samples, food matrices, and Lissues [tom various parts of the body such as
brain, spleen, and liver. Alternatively or additionally, other suitable sources for samples
containing LA polypeptides include, but are not limited (o, environmental samples such as soil,

water, and flora. Yel other samples include laboratory samples, for example of engineered HA
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polypeptides designed and/or prepared by researchers. Other samples that have not been listed
may also be applicable.

[00248] A wide variety of detection systems suitable for assaying HA polypeptide binding to
glycan arrays in accordance with the invention are known in the art. For example, HA
polypeptides can be detectably labeled (directly or indirectly) prior to or after being contacted
with the array; binding can then be detected by detection of localized label. In some
embodiments, scanning devices can be utilized to examine particular locations on an array.
[00249]  Alicrnatively or additionally, binding to arrayed glycans can be measured using, for
example, calorimetric, fluorescence, or radioactive detection systems, or other labeling methods,
or other methods that do not require labeling. In general, fluorescent detection typically involves
directly probing the array with a fluorescent molecule and monitoring fluorescent signals.
Alternatively or additionally, arrays can be probed with a molecule that is tagged (for example,
with biolin) for indircet fluorcscence detection (in this case, by testing for binding of
[luorescently-labeled streptavidin). Alternatively or additionally, {luorescence quenching
methods can be utilized in which the arrayed glycans are fluorescently labeled and probed with a
test molecule (which may or may not be labeled with a different fluorophore). In such
embodiments, binding to the array acts to squelch the fluorescence emitted from the arrayed
glycan, therefore binding is detected by loss of fluorescent emission. Alternatively or
additionally, arrayed glycans can be probed with a live tissue sample that has been grown in the
presence of a radioactive substance, yiclding a radioactively labeled probe. Binding in such
embodiments can be detected by measuring radioactive emission.

[00250]  Such methods are usetul to determine the fact of binding and/or the extent of binding
by HA polypceptides Lo glycan arrays in accordance with the invention. In some embodiments,
such methods can further be used to identily and/or characterize agents that interfere with or
otherwise alter glycan-HA polypeptide interactions.

[00251] Methods described below may be of particular use in, [or example, identilying
whether a molecule thought to be capable ol interacting with a carbohydrate can actually do so,
or Lo identify whether a molecule unexpectedly has the capabilily of interacting with a
carbohydrate.

[00252]  'T'he present invention also provides methods of using arrays in accordance with the

invention, for example, Lo delecl a particular agent in a lest sample. For instance, such methods
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may comprise steps of (1) contacting a glycan array with a test sample (e.g., with a sample
thought to contain an HA polypeptide); and, (2) detecling the binding of any agent in the test
sample to the array.

[00253]  Yet further, binding to arrays in accordance with the invention may be utilized, for
cxample, to determine kinetics of interaction between binding agent and glycan. T'or example,
methods in accordance with the invention for determining interaction kinetics may include steps
of (1) conlacting a glycan array with the molecule being tested; and, (2) measuring kinetics of
interaction between the binding agent and arrayed glycan(s).

[00254]  'The kinetics of interaction of a binding agent with any of the glycans in an array in
accordance with the invention can be measured by real time changes in, for example,
colorimetric or fluorescent signals, as detailed above. Such methods may be of particular use in,
for example, determining whether a particular binding agent is able to interact with a specific
carbohydrate with a higher degree of binding than docs a different binding agent interacting with
the same carbohydrale.

[00255] It will be appreciated, of course, that glycan binding by HA polypeptides in
accordance with the invention can be cvaluated on glycan samples or sourcces not present in an
array formal per se. For example, HA polypeptides in accordance with the invention can be
bound to tissuc samples and/or cell lines (o asscss their glycan binding characteristics.
Appropriate cell lines include, for example, any of a variety of mammalian cell lines, particularly
those expressing HA receptors containing umbrella topology glycans (e.g., at least some of
which may be t2-6 sialylated glycans, and particularly long 02-6 sialylated glycans). In some
embodiments, utilized cell lines express individual glycans with umbrella topology. In some
embodiments, ulilized cell lines express a diversity ol glycans. In some embodiments, cell lines
are obtained [rom clinical isolates; in some they are maintained or manipulated to have a desired
glycan distribution and/or prevalence. In some embodiments, tissue samples and/or cell lines

express glycans characteristic of mammalian upper respiratory epithelial cells.

Nucleic Acids
[00256] In some embodiments, the present invention provides nucleic acids which encode an
HA polypeplide or a characteristic or biologically active portion of an HA polypeptide. In some

embodiments, the invention provides nucleic acids which are complementary to nucleic acids
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which encode an HA polypeptide or a characteristic or biologically active portion of an HA
polypeptide.

[00257]  In some embodiments, the invention provides nucleic acid molecules which hybridize
to nucleic acids encoding an HA polypeptide or a characteristic or biologically active portion of
an A polypeptide. Such nucleic acids can be used, for example, as primers or as probes. To
give but a few examples, such nucleic acids can be used as primers in polymerase chain reaction
(PCR), as probes for hybridization (including in sifu hybridization), and/or as primers for reverse
transcription-PCR (RT-PCR).

[002581 In some embodiments, nucleic acids can be DNA or RNA, and can be single stranded
or double-stranded. In some embodiments, nucleic acids in accordance with the invention may
include one or more non-natural nucleotides; in some embodiments, nucleic acids in accordance

with the invention include only natural nucleotides.

Antibodies 1o Polypeptides

[00259] The present invention provides antibodies to binding agent polypeptides in
accordance with the invention (e.g., HA polypeptides). These may be monoclonal or polyclonal
and may be prepared by any of a variety of techniques known to those of ordinary skill in the art
(e.g., scc Harlow and Lane, 1988, Antibodies: A Laboratory Manual, Cold Spring Harbor
Laboratory; incorporated herein by reference). For example, antibodies can be produced by cell
culture techniques, including the generation of monoclonal antibodies, or via transfection of
anlibody genes into suilable baclerial or mammalian cell hosts, in order to allow [or the

production of recombinant antibodies.

Testine Bindine Agents in Animal Models

[00260] The present invention provides methods for testing binding agents in accordance with
the invention (e.g., HA polypeplides, LSBAs, USBAs, UTSBAS, efc.) in an animal host. As
used herein, an “animal host” includes any animal model suitable for influenza research. For
example, animal hosts suitable for the invention can be any mammalian hosts, including
primates, ferrets, cats, dogs, cows, horses, rodents such as, mice, hamsters, rabbits, and rats. In
some cmbodiments, an animal host used for the invention is a ferret. In particular, in some

embodiments, an animal host is naive Lo viral exposure or infection prior Lo administration ol a
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binding agent in accordance with the invention (optionally in a composition in accordance with
the invention). In some embodiments, the animal host is inoculated with, infected with, or
otherwise exposed to virus prior to or concurrent with administration ol a binding agent in
accordance with the invention. An animal host used in the practice of the present invention can
be innoculated with, infected with, or otherwise exposed to virus by any method known in the
art. In some embodiments, an animal host may be innoculated with, infected with, or exposed to
virus intranasally.

[00261] In somc embodiments, a suitable animal host may have a similar distribution of
umbrella vs. conce topology glycans and/or a2-6 glycans vs. o 2-3 glycans to the distribution
[ound in the human respiratory tract. For example, it is contemplated that a ferrel as an animal
host may be more representative than a mouse when used as model of disease caused by
influcnza viruses in humans (Tumpey et al., 2007, Science 315; 655-59; incorporated herein by
reference). Withoul wishing to be bound any theories, the present invention encompasses the
idea that ferrets may have a more similar distribution of glycans in the respiratory tract to those
in the human respiratory tract than mouse does to human.

Naive and/or innoculated animals may be used for any of a variety of studics. For example, such
animal models may be used for virus transmission studies as in known in the art. It is
contemplated that the use of ferrets in virus transmission studies may serve as a reliable predictor
for virus transmission in humans. Tor example, air lransmission of viral influenza [rom
innoculated animals (e.g., lerrets) Lo naive animals is known in the art (Tumpey ef al., 2007,
Science 315; 655-59; incorporated herein by refercnce). Virus transmission studies may be used
to test binding agent polypeptides in accordance with the invention (e.g., HA polypeptides). IFor
example, binding agents in accordance with the invention may be administered to a suitable
animal host before, during or alter virus transmission studies in order to determine the efficacy of
said binding agent in blocking virus binding and/or infectivity in the animal host. Using
information gathered from virus transmission studies in an animal host, one may predict the

efficacy of a binding agent in blocking virus binding and/or infectivity in a human host.

Pharmaceutical Compositions

[00262] In some embodiments, the present invention provides for pharmaceutical

g agents in accordance with the invention (e.g., IIA polypeptides,

compositions including binding ag
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LSBAs, UI'BAs, UTBSAs, etc.) and/or related entities. For example, in some embodiments,
binding agent polypeptide(s) (e.g., HA polypeptides), nucleic acids encoding such polypeptides,
characteristic or biologically active fragments of such polypeptides or nucleic acids, antibodics
that bind to and/or compete with such polypeptides or fragments, small molecules that interact
with or compete with such polypeptides or with glycans that bind Lo them, etc. are included in
pharmaceutical compositions in accordance with the invention.

[00263] The invention encompasses treatment of influenza infections by administration of
such pharmaccutical compositions in accordancc with the invention. In some embodiments,
pharmaccutical composilions in accordance with the invention are administered to a subject
suffering from or susceptible to an influenza infection. In some embodiments, a subject is
considered (o be suffering from an influenza infection in the subject is displaying one or more
symptoms commonly associated with influenza infection. In some embodiments, the subject is
known or believed to have been exposced Lo the influenza virus. In some cmbodiments, a subject
is considered to be susceptible to an influenza infection if the subject is known or believed to
have been exposed to the influenza virus. In some embodiments, a subject is known or believed
to have been exposed to the influenza virus if the subject has been in contact with other
individuals known or suspected to have been infected with the influenza virus and/or if the
subject is or has been present in a location in which influenza infection is known or thought to be
prevalent.

[00264] In some embodiments, subjects sulfering from or susceptible to influcnza infection
are lesled for antibodies to binding agents in accordance with the invention prior Lo, during, or
after administration of pharmaceutical compositions in accordance with the invention. In some
cmbodiments, subjeets having such antibodics arc not administered pharmaccutical compositions
comprising binding agents in accordance with the invention. In some embodiments, an
appropriate dose of pharmaceulical composition and/or binding agent is selected based on
delection (or Jack thereofl) of such antibodies.

[00265] Insome embodiments, sclection of a particular subject for treatment, particular
binding agent or composition for administration, and/or particular dose or regimen for
administration, is memorialized, for example in a wrillen, printed, or eleclronic storage form.
[00266] Compositions in accordance with the invention may be administered prior to or after

development of one or more symptoms ol influenza inleclion.
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[00267] The invention cncompasses treatment of influenza infections by administration of
compounds described herein. In some embodiments, treatment of influenza infections according
to the present invention is accomplished by administration of a vaccine. 'To dale, although
significant accomplishments have been made in the development of influenza vaccines, there is
room for further improvement. ‘T'he present invention provides vaceines comprising binding
agents in accordance with the invention (e.g., LIA polypeptides, 1.SBAs, UTBAs, UTBBSAs, etc.),
and particularly comprising binding agents that bind Lo umbrella glycans (e.g., 02-6 linked
umbrella glycans such as, for example, long 02-6 sialylated glycans).

[00268] 'l'o give bul one example, allempls Lo generale vaceines specilic [or the TISN1 strain
in humans have generally not been successlul due, at least in part, to low immunogenicity of 15
I1As. In onc study, a vacceine directed at the HSNL strain was shown to yicld antibody titers of
1:40, which is not a titer high enough Lo guarantee protection from inlection. Furthermore, the
dosage required to generate even a modest 1:40 antibody titer (two doses ol 90 ug of purified
killed virus or antigen) was | 2-times that normally used in the case of the common scasonal
influenza virus vaccine (lreanor ef al., 2006, N Eng J Med, 354:1343; incorporated herein by
relerence). Other studics have similarly shown that current I15 vaccines are not highly
immunogenic (Bresson er al., 2006, Lancet, 367:1657; incorporated herein by reference). In
some embodiments, vaccines in accordance with the invenlion are formulated utilizing one or
more stralegies (see, [or example, Enserink, 2005, Science, 309:996; incorporaled herein by
reference) intended to allow use of lower dose of 5 HA protein, and/or to achieve higher
immunogenicity. For example, in some embodiments, multivaleney is improved (e.g., via usc of
dendrimers); in some embodiments, one or more adjuvants is utilized, etc.

[00269] In some embodiments, the present invention provides [or vaceines and the
administration of these vaccines Lo a human subjectl. In some embodiments, vaceines are
composilions comprising one or more ol the following: (1) inactivated virus, (2) live attenuated
influenza virus, for example, replication-defective virus, (3) binding agent in accordance with the
invention (e.g., T1A polypeptides, 1L.SBAs, UTBAs, UTBSAS, efc.), (4) nucleic acid encoding
binding agent polypeptide (e.g., [1A polypeptide) or characteristic or biologically aclive portion
thereof, (5) DNA vector that encodes binding agent polypeptide in accordance with the invention

(e.g., IIA polypeplide) or characteristic or biologically active portion thereol , and/or (6)
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expression system, for example, cells expressing one or more influenza proteins to be used as
antigens.

[00270] 'Thus, in some embodiments, the present invention provides inactivated flu vaccines.
In some embodiments, inactivated flu vaccines comprise one of three types of antigen
preparation: inactivated whole virus, sub-virions where purified virus particles are disrupted with
detergents or other reagents to solubilize the lipid envelope (“split” vaccine) or purified HA
polypeptide (“subunit” vaccine). In some embodiments, virus can be inactivated by treatment
with formaldchyde, beta-propiolactone, cther, cther with detergent (such as TWEEN-80), cetyl
trimethyl ammonium bromide (CTAB) and Triton N101, sodium deoxycholate and tri(n-butyl)
phosphate. Inactivalion can occur after or prior to clarification of allantoic fluid (from virus
produced in eggs); the virions are isolated and purified by centrifugation (Nicholson ez al., eds.,
1998, Textbook of Influenza, Blackwell Science, Malden, MA; incorporated herein by reference).
To asscss the poteney of the vaceine, the single radial immunodiffusion (SRD) test can be used
(Schild et al., 1975, Bull. World Health Organ., 52:43-50 & 223-31; Mostow et al., 1975, J.
Clin. Microbiol., 2:531; both of which are incorporated herein by reference).

[00271] 'The present invention also provides live, attenuated flu vaccines, and methods for
attenuation are well known in the art. In some embodiments, attenuation is achieved through the
usc of reverse genctics, such as site-directed mutagenesis.

[00272] In some embodiments, influenza virus for use in vaccines is grown in eggs, for
example, in embryonated hen eggs, in which case the harvested material is allantoic fluid.
Allernatively or additionally, inlluenza virus may be derived [rom any method using lissue
culture to grow the virus. Suitable cell substrates for growing the virus include, for example, dog
kidney cells such as MDCK or cclls from a clone of MDCK, MDCK-like cells, monkey kidncy
cells such as AGMK cells including Vero cells, cultured epithelial cells as continuous cell lines,
293 cells, BK-21 cells, CV-1 cells, or any other mammalian cell type suitable for the
produclion ol influenza virus (including upper airway epithelial cells) [or vaceine purposes,
readily available from commercial sources (e.g., ATCC, Rockville, Md.). Suitable cell
substrates also include human cells such as MRC-5 cells. Suitable cell substrates are not limited
to cell lines; for example primary cells such as chicken embryo [ibroblasts are also included.
[00273] In somc embodiments, vaccines in accordance with the invention further comprise

one or more adjuvants. For example, aluminum salts (Baylor et al., 2002, Vaccine, 20:S18;
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incorporated herein by reference) and monophosphoryl lipid A (MPL; Ribi et al., 1986,
Immunology and Immunopharmacology of Bacterial Endotoxins, Plenum Publ. Corp., NY,
p.407; incorporated herein by reference) can be used as adjuvants in human vaccines.
Alternatively or additionally, new compounds are currently being tested as adjuvants in human
vaccines, such as MI'S9 (Chiron Corp.,

http://www .chiron.com/investors/pressreleases/2005/051028.html), CPG 7909 (Cooper et al.,
2004, Vaccine, 22:3136; incorporaled herein by reference), and saponins, such as QS21
(Ghochikyan ef al., 20006, Vaccine, 24:2275; incorporated herein by reference).

[00274]  Additionally, some adjuvants are known in the art to enhance the immunogenicity of
influenza vaccines, such as poly[di(carboxylatophenoxy)phosphazene] (PCCP; Payne et al.,
1998, Vacceine, 16:92; incorporated herein by reference), interferon-y (Cao et al., 1992, Vaccine,
10:238; incorporated herein by reference), block copolymer P1205 (CRL1005; Katz et al., 2000,
Vaccine,. 18:2177; incorporated herein by reference), interleukin-2 (I1.-2; Mbwuike ez al., 1990,
Vaccine, 8:347; incorporated herein by reference), and polymethyl methacrylate (PMMA;
Kreuter e al., 1981, J. Pharm. Sci., 70:367; incorporated herein by reference).

[00275]  Insome cmbodiments, compositions in accordance with the invention, e.g.,
compositions of binding agents, do not include adjuvants (e.g., provided compositions are
essentially [ree of adjuvants). In some embodiments, compositions in accordance with the
invention do not include an alum adjuvant (e.g., provided compositions are essentially [ree of
alum).

[00276] In addition to vaccines, the present invention provides other therapeutic compositions
useful in the treatment of viral infections. In some embodiments, treatment is accomplished by
administration of an agent that interferes with expression or activity of an HA polypeptide.
[00277]  Insome embodiments, the present invention provides pharmaceutical compositions
comprising antibodies or other agents related to provided polypeptides. For example, the
invention provides compositions containing antibodies recognize virus particles conlaining a
particular HA polypeptide (e.g., an A polypeptide that binds to umbrella glycans), nucleic acids
(such as nucleic acid sequences complementary to HA sequences, which can be used for RNA1),
elycans that compete [or binding to HA receptors, small molecules or glycomimetics that
compcte the glycan-HA polypeptide intcraction, or any combination thereof. In some

embodiments, collections of different agents, having diverse structures are utilized. In some
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embodimenlts, therapeutic compositions comprise one or more multivalent agents. In some
embodiments, treatment comprises urgent administration shortly after exposure or suspicion of
exposure.

[00278] In some embodiments, any of the vaccines described herein offer broad cross-
protection against different varieties of influenza viruses. For example, in some embodiments,
vaccines described herein offer cross-protection against both avian and human-adapted HS
viruses. In some embodiments, any of the vaccines described herein offer cross-protection
against any IS5 influcnza virus strain or variant. In some embodiments, any of the vaccines
described herein offer cross-protection against any H2 influenza virus strain or variant. In some
embodiments, any of the vaccines described herein offer cross-protection against any H1, H2,
H3, H4, HS, H6, H7, HE, HY, H10, H1 1, H12, H13, 14, HI15, or H16 influenza virus strain or
variant.

[00279] In general, a pharmaceutical composition will include a therapeutic agent in addition
to one or more inactive agents such as a sterile, biocompatible carrier including, but not limited
to, sterile water, saline, buffered saline, or dextrose solution. Alternatively or additionally, the
composition can contain any of a varicty of additives, such as stabilizers, butfers, excipicnts
(e.g., sugars, amino acids, efc.), or preservatives.

[00280] In somc cmbodiments, the therapeutic agent present in a pharmaceutical composition
in accordance with the invention will consist of one or more binding agents as described herein.
In some embodiments, a pharmaceutical composition in accordance with the invention contains a
binding agent (e.g., an HA polypeptide, LSBA, UTBA, UTSBA, etc.) that binds to umbrella
topology glycans (and/or to umbrella topology glycan mimics). In some such embodiments, the
composition in accordance with the invention is substantially free of rclated agents (e.g., of other
HA polypeptides, efc.) that do not bind to umbrella-topology elycans. In some such
embodiments, pharmaceutical compositions in accordance with the invention contains not more
than 50%, 40%, 30%, 20%, 10%, 5%, or 1% ol an agenl thal binds to HA receplor glycans other
than umbrella topology elycans.

[00281]  In some embodiments, a pharmaceutical composition will include a therapeutic agent
that is encapsulaled, trapped, or bound within a lipid vesicle, a bioavailable and/or biocompatible

and/or biodcgradable matrix, or other microparticle.
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[00282] Insome embodiments, a provided pharmaccutical composition will include a binding
agent (e.g., an A polypeptide, I.SBA, UTBA, UT'SBA, etc.) that is not aggregated. lor
example, in some embodiments, less than 1%, 2%, 5%, 10%, 20%, or 30%, by dry wcight or
number, of the binding agent is present in an aggregate.

[00283] In some embodiments, a provided pharmaccutical composition will include a binding
agent (e.g., an HA polypeptide, LSBA, UTBA, UI'SBA, etc.) that is not denatured. T'or
cxample, in some embodiments, less than 1%, 2%, 5%, 10%, 20%, or 30%, by dry weight or
numbcr, of the UTSBA administered is denatured.

[00284] In some embodiments, a provided pharmaceutical composition will include a binding
agent (e.g., an HA polypeptide, LSBA, UTBA, UT'SBA, etc.) that is not inactive. For cxample,
in some embodiments, less than 1%, 2%, 5%, 10%, 20%, or 30%, by dry weight or number, of
the UTSBA administered is inaclive.

[00285] In some embodiments, pharmaccutical compositions in accordance with the invention
are formulated to reduce immunogenicity of provided binding agents. For example, in some
embodiments, a provided binding agent is associated with (e.g., bound to) an agent, such as
polycthylene glycol and/or carboxymcethyl cellulose, that masks its immunogenicity. In some
cmbodiments, a provided binding agent has additional glycosylation that reduces
immunogenicity.

[00286] Pharmaceutical compositions of the present invention may be administered either
alone or in combination with onc or more other therapeutic agents including, but not limited to,
vaceines and/or antibodies. By “in combination with,” it is not intended o imply that the agenls
must be administered at the same time or formulated for delivery Logether, although these
methods of delivery are within the scope of the invention. In gencral, cach agent will be
administered at a dose and on a time schedule determined for that agent. Additionally, the
invention encompasscs the delivery of pharmaceutical compositions in accordance with the
invenlion in combination with agents that may improve their bioavailability, reduce or modily
their metabolism, inhibit their excretion, or modify their distribution within the body. Although
the pharmaceutical compositions of the present invention can be used for trcatment of any
subject (e.g., any animal) in nced thereol, they are most preferably used in the treatment of

humans. In some cmbodiments, pharmaccutical compositions in accordance with the invention
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and/or binding agents are administered in combination with one or more of an anti-viral agent
(e.g., Oseltamivir [TAMIFI ,U®], Zanamavir [REI ,H'/,A®I, etc.) and/or a sialidase.

[00287] Pharmaceutical compositions of the present invention can be administered by a
variety of routes, including oral, intravenous, intramuscular, intra-arterial, subcutaneous,
intraventricular, transdermal, interdermal, rectal, intravaginal, intraperitoneal, topical (as by
powders, ointments, creams, or drops), mucosal, nasal, buccal, enteral, sublingual; by
intratracheal instillation, bronchial instillation, and/or inhalation; and/or as an oral spray, nasal
spray, and/or acrosol. In gencral the most appropriate route of administration will depend upon a
variety of factors including the nature of the agent (e.g., its stability in the environment of the
gastrointestinal tract), the condition of the patient (e.g., whether the patient is able to tolerate oral
administration), efc.

[00288] At present the oral or nasal spray or aerosol route (e.g., by inhalation) is most
commonly used to deliver therapeutic agents directly to the lungs and respiratory system.
However, the invention encompasses the delivery of the pharmaceutical composition in
accordance with the invention by any appropriate route taking into consideration likely advances
in the scicnees of drug delivery.

[00289] In some embodiments, preparations for inhaled or aerosol delivery comprise a
plurality of particles. In some embodiments, such preparations have a mean particle size of
aboul 1, about 2, about 3, about 4, aboul 5, about 6, aboul 7, about 8§, about 9, about 10, about 11,
about 12, or about 13 microns. In some embodiments, preparations for inhaled or aerosol
delivery are lormulated as a dry powder. In some embodiments, preparations [or inhaled or
acrosol delivery are formulated as a wel powder, for example through inclusion of a wetling
agent. In some embodiments, the welting agent is sclected from the group consisting of water,
saline, or other liquid of physiological pH.

[00290] In some embodiments, compositions in accordance with the invention are
administered as drops to the nasal or buccal cavily. In some embodiments, a dose may comprise
a plurality of drops (e.g., 1-100, 1-50, 1-20, 1-10, 1-5, etc.)

[00291] In some embodiments, compositions in accordance with the invention are
administered using a device that delivers a metered dosage of composition (e.g., of binding

agent).
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[00292]  Suitable devices for use in delivering intradermal pharmaceutical compositions
described herein include short needle devices such as those described in U.S. Pat. No. 4,886,499,
U.S. Pat. No. 5,190,521, U.S. PalL. No. 5,328,483, U.S. Pat. No. 5,527,288, U.S. Pat. No.
4,270,537, U.S. Pat. No. 5,015,235, U.S. Pat. No. 5,141,496, U.S. Pat. No. 5,417,662 (all of
which are incorporated herein by reference). Intradermal compositions may also be administered
by devices which limit the effective penetration length of a needle into the skin, such as those
described in W099/34850), incorporated herein by reference, and functional equivalents thereof.
Also suitable are jet injection devices which deliver liquid vaccines to the dermis via a liquid jet
injeclor or via a needle which pierces the stratum corneum and produces a jet which reaches the
dermis. Jet injection devices are described for example in U.S. Pat. No. 5,480,381, U.S. Pat. No.
5,599,302, U.S. Pat. No. 5,334,144, U.S. PaL. No. 5,993,412, 1.S. Pat. No. 5,649,912, U.S. Pat.
No. 5,569,189, U1.S. Pat. No. 5,704,911, U.S. Pat. No. 5,383,851, UL.S. Pat. No. 5,893,397, 1.S.
Pat. No. 5,466,220, 1).S. Pat. No. 5,339,163, U.S. Pat. No. 5,312,335, U.S. Pat. No. 5,503,627,
U.S. Pat. No. 5,064,413, U.S. PaL. No. 5,520,639, U.S. Pat. No. 4,596,556, U.S. Pat. No.
4,790,824, U.S. Pat. No. 4,941,880, U.S. Pat. No. 4,940,460, WO 97/37705, and WO 97/13537
(all of which are incorporated herein by reference). Also suitable are ballistic powder/particle
delivery devices which use compressed gas to accelerate vaceine in powder form through the
ouler layers of theskin to the dermis. Additionally, conventional syringes may be usced in the
classical mantoux method of intradermal administration.

[00293]  General considerations in the [ormulation and manufacture of pharmaceutical agents
may be [ound, for example, in Remington’s Pharmaceutical Sciences, 19 ed., Mack Publishing
Co., Easton, PA, 1995: incorporated herein by reference.

[00294] Pharmaccutical composilions in accordance with the invention may be administered
in any dose appropriate (o achieve a desired outcome. In some embodiments, the desired
outcome is reduclion in intensily, severity, and/or {requency, and/or delay of onset of one or
more symptoms ol inffuenza infection.

[00295] In some embodiments, pharmaceutical compositions in accordance with the invention
are formulated to administer a dose of binding agent effective to compete with influenza HA for
binding to umbrella topology glycans. In some embodiments, such binding by influenza HA is
reduced after administration ol one or more doses of a composition in accordance with the

invention as compared with its level absent such administration. In some embodiments,
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pharmaceutical compositions in accordance with the invention are formulated to administer a
dose of binding agent effective to saturate at least 10%, at least 15%, at least 20%, at least 25%,
at least 30%, at least 35%, at least 40%, at least 45%, at lcast S0%, at lcast 55%, at lcast 60%, al
least 65%, at least 709, at least 75%, at lcast 80%;, at least 85%, at least 90%, at least 91 %, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or more HA binding sites (e.g., HA binding sites containing umbrella topology
glycans) present in the subject (e.g., in the respiratory tract of the subject) receiving the
composition.

[00296] In some embodiments, pharmaceutical compositions in accordance with the invention
are formulated to deliver a unit dose of binding agent within the range of 0.0001 to 1000 mg/kg.
{00297] Insome embodiments, pharmaceutical compositions in accordance with the invention
are administered in multiple doses. In some embodiments, pharmaceutical compositions in
accordance with the invention are administered in multiple doses/day. In some embodiments,
pharmaceutical compositions in accordance with the invention are administered according to a
continuous dosing regimen, such that the subject does not undergo periods of less than
therapeutic dosing interposed belween periods of therapeutic dosing. In some embodiments,
pharmaceutical compositions in accordance with the invention are administered according to an
intermittent dosing regimen, such that the subject undergoces at least one period of less than

therapeutic dosing interposed between two periods of therapeutic dosing.

Dhagnostics/Kits

[00298] The present invention provides kits for detecting binding agents (e.g., HA
polypeptides, LSBAs, UTBAs, UTSBAs, efc), and particular for detecting binding agents with
particular glycan binding characteristics (e.g., binding to umbrella glycans, to o2-6 sialylated
glycans, o long 02-6 sialylated glycans, efc.) in pathological samples, including, but not limited
to, blood, scrum/plasma, peripheral blood mononuclear cclls/peripheral blood lymphocytes
(PBMC/PBL.), sputum, urine, feces, throat swabs, dermal lesion swabs, cerebrospinal fluids,
cervical smears, pus samples, food matrices, and tissues from various parts of the body such as
brain, spleen, and liver. The present invention also provides kits [or detecting binding agents

(e.g., HA polypeptides, LSBAs, UTBAs, UTSBAS, etc) of interest in environmental samples,
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including, but not limited to, soil, water, and flora. Other samples that have not been listed may
also be applicable.

[00299] In some embodiments, the present invention provides Kits for detecting HA
polypeptides as described herein whether or not such polypeptides are binding agents.

[00300] In some embodiments, kits in accordance with the invention may include one or more
agents that specifically detect binding agents (e.g., HHA polypeptides, L.SBAs, UTBAs, UTSBAs,
etc) with particular glycan binding characteristics. Such detecting agents may include, for
cxample, antibodics that specifically recognize certain binding agents (e.g., binding agents that
bind to umbrella glycans and/or to 02-6 sialylated glycans and/or to long 02-6 sialylated
glycans), which can be used Lo specilically detect such binding agents by ELISA,
immunofluorescence, and/or immunoblolling.

[00301] Antibodics thal bind to HA polypeptides can also be used in virus neutralization tests,
in which a sample is treated with antibody specific to HA polypeptides of interest, and tested for
its ability to infect cultured cells relative to untreated sample. If the virus in that sample contains
such A polypeplides, the antibody will neutralize the virus and prevent it from inlecting the
cultured cells. Alternatively or additionally, such antibodies can also be used in HA-inhibition
tests, in which the HA protein is isolated from a given sample, treated with antibody specific to a
particular HA polypeptide or set of HA polypeptides, and tested for its ability to agglutinate
erythrocytes relative o untreated sample. I the virus in the sample contains such an [1A
polypeptide, the antibody will neutralize the aclivity of the HA polypeptide and prevent it [rom
agglutinating erythrocytes (Harlow & Lane, 1988, Antibodies: A Laboratory Manual, CSHL,
Press;
www.who.int/csi/resources/publications/influenza/WHO_CDS_CSR_NCS_2002_5/en/index.ht
ml; www.who.int/csr/discase/avian_influenza/guidelines/labtests/en/index.html). In some
embodiments, such agents may include nucleic acids that specifically bind to nucleotides that
encode particular HA polypeptides and that can be used to specifically detect such HA
polypeptides by RT-PCR or in siti hybridization
(www.who.int/cst/resources/publications/influenza/WI10_CDS_CSR_NCS_2002_5/en/index.ht
ml; www.who.int/csr/discase/avian_inlluenza/guidelines/labtests/en/index.html). In some
embodiments, nucleic acids which have been isolated from a sample are amplified prior to

detection. In some embodiments, diagnostic reagents can be deteclably labeled.
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[00302] The present invention also provides Kits containing reagents according to the
invention for the gencration of influenza viruses and vaccines. Contents of the kits include, but
are not limited to, expression plasmids containing HA nucleotides (or characteristic or
biologically active portions) encoding HA polypeptides of interest (or characteristic or
biologically active portions). Alternatively or additionally, kits may contain expression plasmids
that express HA polypeptides of interest (or characteristic or biologically active portions).
Expression plasmids containing no virus genes may also be included so that users are capable of
incorporating HA nucleotides from any influenza virus of interest. Mammalian cell lines may
also be included with the kits, including but not limited to, Vero and MDCK cell lines. In some
embodiments, diagnostic reagents can be detectably labeled.

[00303] In some embodiments, kits for use in accordance with the present invention may
include, a reference sample, instructions for processing samples, performing the test, instructions
for interpreting the results, buffers and/or other reagents necessary for performing the test. In
some embodiments the kit can comprise a panel of antibodies.

[00304] In some embodiments of the present invention, glycan arrays, as discussed above,
may be utilized as diagnostics and/or Kits.

[00305] In some embodiments, glycan arrays and/or kits in accordance with the invention are
used to perform dose response studics Lo assess binding of HA polypeptides Lo umbrella glycans
at multiple doses (e.g., as described herein). Such studies give particularly valuable insight into
the binding characteristics ol tested HA polypeptides, and are particularly useful (o assess
specilic binding. Dose response binding studies ol this type [ind many uselul applications. To
give but one example, they can be helpful in tracking the evolution of binding characteristics in a
related serics of HA polypeptide variants, whether the series is gencrated through natural
evolution, intentional engineering, or a combination of the two.

[00306] In some embodiments, glycan arrays and/or kits in accordance with the invention are
used Lo induce, identify, and/or select binding agents (e.g., HA polypeptides, and/or 1A
polypeptide variants) having desired binding characteristics. For instance, in some
embodiments, glycan arrays and/or kits in accordance with the invention are used to exert
evolutionary (e.g., screening and/or selection) pressure on a population of polypeptide binding

agents (e.g., HA polypeptides).
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[00307] The present invention provides kits for administration of pharmaceutical
compositions in accordance with the invention. For example, in some embodiments, the
invention provides a kit comprising at least onc dose of a binding agent. In some embodiments,
the invention provides a kit comprising an initial unit dose and a subsequent unit dose of a
binding agent. In some such embodiments, the initial unit dose is greater than the subsequent
unit dose or wherein the two doses are equal.

[00308] In some embodiments, kits in accordance with the invention (particularly those for
administration of pharmaccutical compositions in accordance with the invention) comprise at
least one component ol a delivery device, e.g., an inhaler. In some such embodiments, the
invention provides a kit comprising al least onc component ol a delivery device, e.g., an inhaler
and a dose of a binding agent.

[00309] In some embodiments, provided kits comprise instructions for use.

Exemplification

Example 1: Identification of Molecular Determinants of Broad Spectrum Human Binding HA

Polypeptides

Introduction
[00310] The II5NI avian influenza virus (“bird (lu” or “avian {lu™) is a highly infectious and
deadly pathogen. Since 1996, several HSNI outbreaks have oceurred across three continents
killing millions of poultry. Since its emergence, the virus has also shown potential to infect
humans with a mortality rate exceeding 60%. Humans have virtually no immunity to the HSN1
virus, but this virus has not yet adapted (o the human host to be able to efficiently infect and
transmit between humans. The virus would acquire mutations that allow it to gain a foothold in
the human population.
[00311] Hemagglutinin (HA), the surface glycoprolein of influenza A virus, is responsible for
initialing viral enlry into the host cell. HA binds Lo sialylated glycan receptors (complex glycans

terminated by 02—3 or 02—06 —linked sialic acid). The H5N1 HA preferentially binds to glycan
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receptors lerminated by o2—3 linked sialic acid. The present inventors have demonstrated that
the glycan receptors in the human host for human-adapted influenza A viruses are 02—6
sialylated glycans that adopt a characteristic wmnbrella-like topology (referred to henceforth as
human receptors) in the glycan receptor-binding site (RBS) of HA (Chandrasekharan et al.,
2008, Nat Biotech, 26:107; incorporated herein by reference). The present inventors have also
shown that high affinity binding to these human glycan receptors is a characteristic of human
adapted HA and correlates with the efficient airborne transmissibility of the human-adapted
HINI and H3N2 viruses (Chandrasekharan et al., 2008, Nat Biotech, 26:107; Srinivasan et al.,
2008, PNAS, 105: 2800; both of which are incorporated herein by relerence. In the present
study, the present inventors have provided an H5N1 virus in which A has sequence

substitutions in the RBS that allow it to bind with high affinity to human rceeptors.

Experimental Design
[00312] Influenza HA is a homolrimeric protein, wherein a monomer contains 552 amino
acids. Each monomer is composed of two disulphide-linked moieties, HA1 and HA2. HALI
comprises the glycan-receptor binding site (RI3S), whereas 11A2 is involved in the fusion of the
viral and cellular membranes. The RBS pocket involves [TA positions 95, 131, 133, 136, 137,
138, 145, 153, 155, 156, 158, 159, 183, 186, 187, 189, 190, 192, 193, 194, 195, 196, 219, 222,
224, 225, 226, 227, 228 (113 numbering used).
[00313] The present inventors have conducted a detailed analysis of molecular contacts
between HSN1 and a representative human reeeptor and have compared these contacts with
those between the human-adapted pandemic HIN1, H2N2 and H3N2 HAs and human receptors.
Through this approach, the present inventors have delined strategies for generating mutant forms
ol H5NI HA. The mutations Q2261. and G228S (or LS) have been introduced across several
genetic clades of H5N1 HA. These mutations are based on the characteristic amino acid
substitutions at the 226 and 228 positions of H2N2 and H3N2 HAs that have led to their human
adaptation, respectively.
[00314] These mutations have been introduced in the conlext of the RBS of different genetic
clades of TISNT HA (Figure 13). Previous studies (e.g., Stevens ef al., 2008, J. Mol. Biol.,
381:1382-94; and Stevens et al., 2000, Science, 312:404; both of which are incorporated herein

by reference) have analyzed both recombinant HA and whole viruses comprising the LS
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mutations in different HSNT1 strains on glycan array platforms and have shown that some of these
strains have acquired binding Lo a2—6 sialylated glycans (Figure 14). However, the goal of
these studies was to screen for binding at high protein concentration or viral titers to determine
how many 02—3 or 02—6 glycans showed binding signals.

[00315] In contrast, the present inventors performed a dose-dependent analysis on
recombinant ITAs carrying the LS mutation in the RBS from several HSN1 strains (Figure 15).
The present data demonstrate that none of these mutants showed the characteristic high binding
affinity to human receptors that is shared by human-adapted HAs. The present results also
correlated with the inellicient transmission ol HSNI viruses carrying just the LS mutation in the
RBS. However, none of these mutants showed high affinity human receptor binding. Therefore
additional strategics were needed to deline mutant forms of HSNT HA.

Mutations that Abrogate Glyveosylation

[00316] Thus, the present inventors introduced 5 amino acid substitutions at 128, 133, 145,
159, 193 (bold and underlined residues below) into the Viet_1203 04 ¢l (A/Viel Nam/1203/04
which is a clade | strain) HA in order to make its RBS similar to that of the more recent genetic
clades (which includes strains such as A/Indonesia/5/05).

[00317]  The present inventors recognized that glycosylation at amino acid position N158
might interfere with the umbrella-like topology of human receptor in the RBS of [I5N1 TTA.
Thus, the inventors’ [irst strategy involved generating mutant forms of FISN1 HA that contained
Q2281 and/or G228S substitutions and an additional T160A mutation that abrogates
glycosylation at N158.

[00318] ‘l'his glycosylation site is not conserved across all genetic clades. If the absence of
glycosylation at N158 improves human receptor binding of I[ISN1 1TA with LS mutations, then
the LS mutations alone might suffice to achieve human adaptation of viruses belonging Lo genelic
clades that naturally lack this glycosylation site (¢2.2, ¢2.2.1, etc.; see Figure 13). The template
sequence for these clades was chosen as Lgypt 2876-N3_06_¢2.2 (A/Egypt/2786-N3/06
belonging to clade 2.2). The present inventors have also defined mutant forms that carry the
Q2261 mutation alone (in the context ol deglycosylation at 158 position) to check the extent of
improvement of the human receptor binding affinity, given that in H2 HA, the Q2261 mutation

is sufficient Lo substantially improve the affinity.
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[00319] Dose-dependent analysis of the above mutants (Figure 16) showed that removing the
glycosylation al Asn-158 by mulaling Thr-160—Ala in the contexl of LS mutalion substantially
improves binding to human receptors. This was observed for both the 'T160A/Q2261./(G228S
mutant on Viet1203_04_D as well as LS mutation on Egypt_2876-N3_06_c2.2 HA. The present
inventors further demonstrated that the Q2261 mutation alone (without (G2288) is not sufficient
to provide the high human receplor-binding affinity in the context of the removal of
glycosylation at N158. "The present invention, howevcer, encompasses the recognition that a
mutation at Q226 (e.g., Q226L) alone might suffice to provide the high human receptor-binding
affinity in the context of the removal of glycosylation at N158 in the context of some particular
virus strains. The present invention also encompasses the recognilion thal a multation at G228
(e.g., G228S) alone might suffice to provide the high human receptor-binding affinity in the
context of the removal of glycosylation at N158 in the context of some particular virus strains.
The present invention also encompasses the recognition that mutations at both Q226 and G228
(e.g., Q2261 and (G2288) might be required to provide the high human receptor-binding affinity
in the context of the removal ol glycosylation at N158 in the context of some particular virus
strains.
[00320] In addition, the inventors discovered that binding of the above mutants to avian
receptors (particularly to 3°SLN-LN-LN and 3’SLN-LLN) was also quite high, which is not
typical of human adapled [1As. l‘or example, even in the case of the prototypic pandemic [12N2
HA (A/Albany/6/58) which showed both human and avian receplor binding, the human receplor
binding affinity was orders of magnitude higher than that of avian receptor-binding affinity.
Ao Acid Deletton ne tee oo Regron
[00321]  The present inventors have designed mutant forms of HSNIT HA such that the
molecular contacts between its RBS and human receptor closely mimics that of contacts between
human-adapted H2N2 HAs and human receptors. Based on the inventors’ previous work in
understanding the molecular composition of the RBS of H2ZN2 HA and how it governs glycan
receptor specificity, the inventors first performed a detailed molecular comparison of the RBS of
HS5NL HA with that of a prototypic human-adapted H2N2 HA from a 1957-58 pandemic strain
(A/Albany/6//58 or AIb6_58) (Figure 17). In order to minimize the differences in the molecular
composition of RBS between 1S HA and Alb6_58 HA, the inventors generated a mutant on the

Viet1203_04_D template (“Vier1203_04_D_H2RBS; SEQ 1D NQO: 61) that comprised 13 amino

103



WO 2012/047941 PCT/US2011/054831

acid substitutions at 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228, and a
deletion at 130. The present study, for the very first time, focuses on design and testing of
mutations in the HSN1 HA RBS that represent a combination of deletion and substitutions based
on a comprehensive comparison between H2 and [15 HA. The deletion was made at position
130. Although I12N2 ITA lacks glycosylation at 158 position, the N158 ¢glycosylation site (of
Viet/203_04 D) in the mutant HA was retained. 'Thus, the present invention encompasses the
recognition that mutations that abrogate glycosylation at the 158 site in addition to the
aforcmentioncd mutations might enhance human binding cven [urther. ‘The present inventors
also designed another version of this mutant (“Viet1203_04_D_H2RBSmin™; S1Q 1D NO: 63)
with [ewer mutations based on conservative substilutions.

[00322] 'I'he present inventors also searched for A sequences [rom other HSNT1 straing which
might naturally be closer Lo AlbG_58 H2N2 HA in terms of molecular composition of the RBS.
The inventors identificd two scts of exemplary templates: (1) with the switch in charge
properties of positions 192 and 193 (A/chicken/Vietnam/NCVD-093/2008 or ckViet_08), and (2)
with a deletion in the 130 loop (A/chicken/Egypt/R2/2007 or ckligy_07). Additional mutant
forms with fewer mutations in the above-mentioned positions on these new HS5N1 HA templales
were designed to make the 1ISN1 [1A RBS mimic that of human-adapted FI2N2 HA RBS.
[00323] Mutant human-receptor binding alfinity using dose-dependent glycan array were
tested. The Viet1203 04 D H2RBS mutant showed highly specific high affinity binding to
human receptors that is characteristic of human adapted HINT and H2N2 HAs (Figure 19). The
present invention encompasses the recognition that additional multations can be designed Lo
understand the relationship between (1) the 130 loop composition and deletion, (2) switch in the
charged residucs at the 192 and 193 positions, and (3) glycosylation at 158 position and how this
relationship governs the human receptor binding affinity of the mutant FISN1 HAs.

Fxemplory segircic s of ONT remplaies nsed aud cxempdary ninaant potypepiides
dostgred waccordaiee witl the above prociples aid e predscipdes set forth o Bacigide 2
[00324] An alignment of exemplary HSNT templates and exemplary mutant H5 HA
polypeptides designed in accordance with the above principles and the principles set forth in
Iixample 2 are presented in Figure 18 and below:

[00325] Viet1203_04_D: bold, underlined residues denote substitution sites

104



WO 2012/047941 PCT/US2011/054831

MEKIVLLFATVSLVKSDQICIGYHANNSTEQVDT IMEKNVTIVTHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSY IVEKANPVNDLCYPGDFNDYEELKHLLSRINHFE
KIQIIPKSSWSDHEASSGVSSACPYQGKPSFFRNVVWLIKKNNTYPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGQSGRMEFFWTILKPNDAIN
FESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTIGECPK
YVKSNRLVLATGLRNSPOQRERRRKKRGLF GATIAGF TEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTOQKAIDGVINKVNSI IDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLM
ENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ ID
NO: 60)

[00326] In the following sequences, italics and highlighting denote the region where the
mutations are made, and boldface and underlining indicate the residues that were mutated.
[00327] Viet1203_04 D _H2RBS:

MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVIVIHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDELI'INVPEWSYIVEKANPVNDLCYPGDENDYEELKHLLSRINHFEFE
KIQIIPKSSWSDH_ZPY
G THHPNDEAFOR

GSRACPYQOGKP SFFRNVVHETFKKNNTYPTIKRSYNNTNQEDLLVLW
NPTTYISVGTSTLNQRLVPRIATRE

GSRMEFFWTILKPNDAIN
FESNGNFIAPEYAYKIVKKGDSTTMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLT IGECPK
YVKSNRLVLATGLRNSPORERRRKKRGLFGATAGE IEGGWQGMVDGWYGYHIISNEQGSGYAADK
ESTQKAINDGVINKVNSI IDKMNTQFEAVGREFNNLERR I ENLNKKMEDGE LDVWIYNAELLVLM
ENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCIFEFYIIKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLOCRICI (SEQ ID
NO: 61)

[00328] Viet1203_04_D_H2RBS N158deglyc
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEFINVPEWSY LVEKANPVNDLCYPGDENDYEELKHLLSRINHFE
KIQIIPKSSWSDH_ZFPTGGESRACPYQCKP SFFRNVVHEPAKNNAYPT TKRSYNNTNQEDLLVLW
GUHHENDEAEORA

NPTTYISVGTSTLNQRLVPRIATREBAVNGLGSRMETTWT ILKPNDATIN
FESNGNFIAPEYAYKIVKKGDSTTMKSELEYGNCNTKCQTPMGAINSSMPFHNTHPLT IGECPK
YVKSNRLVLATGLRNSPQRERRRKKRGLFGATAGF TEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTQKAIDGVINKVNSIIDKMNTQFEAVGREFNNLERRI ENLNKKMEDGFLDVWTYNAELLVLM

ENERTLDTIDSNVKNLYDKVRLOLRDNAKELGNGCFEF YHKCDNECMESVRNGTYDYPQYSEEA
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RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ ID
NO: 62)

[00329] Viet1203_04_D_ H2RBSmin): Deletion + 7 mutations
MEKIVLLFAIVSLVKSDOQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSYIVEKANPVNDLCYPGDFNDYEELKHLLSRINHFE
KIQITIPKSSWSD

SSGVSEACPYQGKPSFFRNVVWLIKKNNTYPTIKRSYNNTNQEDLLVLW

GIHHPNDEAEQ ONPTTYISVGTSTLNQRLVPRIATRSKVNGEGERMEFFWT ILKPNDAIN

FESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTIGECPK
YVKSNRLVLATGLRNSPQRERRRKKRGLFGAIAGEF IEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTQKATIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLM
ENERTLDEFHDSNVENLYDKVRLOLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ ID
NO: 63)

[00330] Viet1203_04_D (T'160A/Q226L/G228S) mutant:
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVIVTHAQDILEKKHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEF INVPEWSY IVEKANPVNDLCYPGDFNDYEELKHLLSRINHFE
KIQTIPKSSWSDHEASSGVSSACPYQGKPSFFRNVVWLIKKNN%YPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPRIATRSKVNG%SERMEFFWTILKPNDAIN
FESNGNF IAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNTIHPLTIGECPK
YVKSNRLVLATGLRNSPQRERRRKKRGLEFGATAGF IEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTQKATIDGVTNKVNSITIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLM
ENERTLDFHDSNVENLYDKVRLOLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALATMVAGLSTWMCSNGSLQCRICI (SEQ ID
NO: 64)

[00331] Egypt 2876-N3_06_c2.2: Lack of glycosylation at 158 is indicated by larger font
MEKIVLLLATIVSLVKSDQICIGYHANNSTEQVDT IMEKNVIVTHAQDILEKTHNGKLCDLDGVK
PLILRDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFE

KIQIIPKSSWSDHEASSGVSSACPYQGRSSFFRNVVWLIKK@A@%YPTIKRSYNNTNQEDLLVL

WGIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAT
NFESNGNF IAPENAYKIVKKGDSTIMKSELEYGNCNTKCQTPIGAINSSMPIHINIHPLTIGECP
KYVKSNRLVLATGLRNSPQGERRRKKRGLFGATAGF IEGGWQGMVDGWY CYHHSNEQGSGYAAD
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KESTQKAIDGVINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGF LDVWTYNAELLVL
MENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEF YHRCDNECMESVRNGTYDYPQYSEE
ARLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICI (SEQ
ID NO: 65)

[00332] Egypt 2876-N3_06_c2.2 HA with LS mutation: Lack of glycosylation at 158 is
indicated by larger font

MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVIVTHAQDILEKTHNGKLCDLDGVK

PLILRDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFE

KIQIIPKSSWSDHEASSGVSSACPYQGRS SFFRNVVWL IKKINAYPT IKRSYNNTNQEDLLVL

WGIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPKIATRSKVNG£S§RMEFFWTILKSNDAI
NFESNGNFIAPENAYKIVKKGDSTIMKSELEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECP
KYVKSNRLVLATGLRNSPQGERRRKKRGLFGAIAGF IEGGWQGMVDGWYGYHHSNEQGSGYAAD
KESTQKAIDGVTINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVL
MENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNECME SVRNGTYDYPQYSEE
ARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLELWMCSNGSLQCRICI (SEQ
ID NO: 66)

[00333] Egypt_2876-N3_06_c2.2 HA with a single Q226L mutation: [.ack of glycosylation
at 158 is indicated by larger font
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTIVTHAQD LLEKTHNGKLCDLDGVK

PLILRDCSVAGWLLGNPMCDEFLNVPEWSY IVEKINPANDLCYPGNEFNDYEELKHLLSRINHFE

KIQIIPKSSWSDHEASSGVSSACPYQGRSSFFRNVVWLIKK?IE%YPTIKRSYNNTNQEDLLVL

WGIHHPNDAAEQTRLYONPTTYISVGTSTLNQRLVPKIATRSKVNGLSGRMEFFWTILKSNDAI
NEESNGNFIAPENAYKIVKKGDSTIMKSELEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECP
KYVKSNRLVLATGLRNSPQGERRRKKRGLFCAIAGF IEGCGWQGMVDGWYGYHHSNEQGSGYAAD
KESTQKAIDGVTINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVL
MENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNECMESVRNGTYDYPQYSEE
ARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICI (SEQ
ID NO: 67)

[00334] Viet1203_04_D with T160A / Q2261. double mutation:
MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVIVTHAQDILEKKHNGKLCDLDGVK

PLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKANPVNDLCYPGDEFNDYEELKIILLSRINHFE
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KIQIIPKSSWSDHEASSGVSSACPYQGKPSFFRNVVWL IKKNNAYPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGLSGRMEFFWTILKPNDAIN
FESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTIGECPK
YVKSNRLVLATGLRNSPQRERRRKKRGLFGAIAGE IEGGWQGMVDGWYGYHHSNEQGSGYAADK
ESTOKAIDGVINKVNSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWIYNAELLVLM
ENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEA
RLKREEISGVKLESIGIYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ ID
NO: 68)

[00335] ckViet_08: WT HA that already possesses the Lys192 and Met193 charge
combination as observed in H2N2 (indicated by larger font)
MEKIVLLLAITIGLVKSDQICVGYHANNSTEQVDTIMEKNITVITHAQDILEKTHNGKLCNLNGVK
PLILKDCSVAGWLLGNPMCDEFLNVSEWSYIVEKASPANGLCYPGDFNDYEELKHLLSRINHFE
KIKIIPKSYWSNHETSLGVSSACSYLENPSFFRNVVWLTKKNNTYPPIKVNYTNANQKDLLVLW

GIHHPNNEAEQKI4IYQNLNTYVSVGTSTLNQRLVPKIATRSKVNGQSGRMDFFWTILKPNDTI

NEDSNGNFIAPEYAYKIVKKGDSAIMKSELEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECP
KYVKSNRLVLATGLRNAPQIEGRRRKRGLFGATAGF IEGGWQGMVDGWYCYHHSNEQGSGYAAD
KESTQKAIDGITNKINSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVL
MENERTLDFHDSNVKNLYEKVRLQOQLRDNAKELGNGCFEFYHKCDNECMESVKNGTYDYPQYSEE
ARLNREEISGVKLESIVTYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ
ID NO: 69)

[00336] ckViet_08_H2RBS: Deletion + 6 mutations
MEKIVLLLAIIGLVKSDQICVGYHANNSTEQVDTIMEKNITVTHAQDILEKTHNGKLCNLNGVK
PLILKDCSVAGWLLGNPMCDEFLNVSEWSYIVEKASPANGLCYPGDFNDYERLKHLLSRINHFE

KIKITPKSYWSNH: SﬁGVSgACSYLENPSFFRNVVWLTKKNNTYPPIKVNYTNANQKDLLVLW

GIHHPN@EAEQKMIYQNLNTYVSVGTSTLNQRLVPKIATRSKVNG RGSRMDFFWTILKPNDTI

f—toclis
NFDSNGNFIAPEYAYKIVKKGDSAIMKSELEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECP
KYVKSNRLVLATGLRNAPQIEGRRRKRGLFGATIAGE IEGGWQGMVDGWYGYHHSNEQGSGYAAD
KESTQKAIDGITNKINSIIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVL
MENERTLDFHDSNVKNLYEKVRLQLRDNAKELGNGCFEF YHKCDNECME SVKNGTYDYPQYSEE
ARLNREEISGVKLESIVTYQILSIYSTVASSLALAIMVAGLSLWMCSNGSLQCRICI (SEQ
ID NO: 70)

108




WO 2012/047941 PCT/US2011/054831

[00337] ckViet_08_H2RBS: Deletion + 5 mutations
MEKIVLLLAIIGLVKSDQICVGYIANNSTEQVDTIMEKNITVTHAQDILEKTHNGKLCNLNGVK
PLTLKDCSVAGWLTLGNPMCDEFLNVSEWSY TVEKASPANGLCYPGDENDYEELKHLLSRINHEFE

KIKIIPKSYWSNH TSZGVSRACSYLENP SFFRNVVHLTKKNNTYPPIKVNY TNANQKDLLVLW

GIHHPNNEAEQKMIYONLNTYVSVGTSTLNQRLVPKIATRSKVNGEESRMDFFWT ILKPNDTI

NEDSNGNF TAPEYAYKIVKKGDSAIMKSELEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECP
KYVKSNRLVLATGLRNAPQIEGRRRKRGLIFGATIAGF IEGGWQGMVDGWYGYHHSNEQGSGYAAD
KESTQKAIDGITNKINSIIDKMNTQFEAVGREFNNI/ ERRIENT NKKMEDGEFLDVWTYNAELLVL
MENERTLDFHDSNVEKNLYEKVRLQLRDNAKELGNGCFEFYHKCDNECMESVKNGTYDYPQYSEE
ARLNREEISGVKLESIVITYQILSTIYSTVASSTLALAIMVAGLSLWMCSNGSLQCRICI (SEQ
ID NO: 71)

[00338] ckViet 08 H2RBSmin: Deletion + 4 mutations
MEKIVLLLATTIGLVKSDQICVGYHANNSTEQVDTIMERKNTTVTHAQDILEKTHNGKLCNLNGVK
PLILKDCSVAGWLLGNPMCDEFLNVIEWSY IVEKASPANGLCYPGDINDYEELKHLLSRINHEE

KIKIIPKSYWSN

SQGVS?ACSYLENPSFFRNVVWLTKKNNTYPPIKVNYTNANQKDLLVLW

GIHHPNNEAEQKﬁqlYQNLNIYVSVGTSTLNQRLVPKIATRSKVNG:_GRMDFFWTILKPNDTI

NEDSNGNF 1IAPEYAYKIVKKGDSAIMKSELEYCNCNTKCOQTPIGAINSSMPEFHN THPLT LGECP
KYVKSNRLVLATGLRNAPQITEGRRRKRGLFGATAGI IEGCWQOGMVDGWYGYHIISNEQGSGYAAD
KESTQKAIDGITNKINST IDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVL
MENERTLDFHDSNVKNLYEKVRLOLRDNAKETL.GNGCFEFYHKCDNECME SVKNGTYDYPQYSEER
ARLNREEISGVKLESIVTYQIIL.SIYSTVASSLALAIMVAGLSTWMCSNGSLQCRICI (SEQ
ID NO: 72)

[00339] ckEgy 07: Already possesses the deletion in the 130 loop
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVIVTHAQDILEKTHNGKLCNLDGVK
PLILRDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNENDYEELKHLLSRINHFE
KIQIIPKNSWSDHEASGVSSACPYQGRSSEFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWG
THHPNDAAEQTRLYONPTTQISVGTSTLNOQRLVPKIATRSKVNGCQSGRMEITWT I LKSNDAINF
FSNGNEFIAPENAYRTVKKGDSTTIMKSELEYGNCNTKCQTPTGATNSSMPFHNTHPT. TTGECPKY
VKSNRLVLATGLRNSPOGCERRRKRRGLEGATAGF IEGGWQCMVDGWYGYHHSNEQGSGYAADKE
STOQRKATDGVTNKVNSTTDKMNTQFEAVGREFNNLERRIENT,NKKMEDGH TL.DVWTYNARTLLVI.ME

NERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNECMESVRNGTYDYPQYSEEAR
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ASLOURICT (B3RQ I

[00340]  ckEgy 07 _LS: LS mutation on ckEgy_07
MEKIVLLLATVELY

INSTEQVDT IMEENVTVT

PLILRE

KIQIIFT HSDHERS EC SEPTRNVVWLTEEDHAYRT L LWL

THHPHNDAAREOTRLY CSHDATINE

PERNTHPLTIGECPEY

A DEE

YHHSH

ST
3L

NERTLDFHDSNVELN

LEREBEISGVELESTE

[0341]  ckEgy_07_ _HZRBS: 8 motations
MEKTVLTLATVELVESDO

LERTHHEE

Discussion

[00342] Scveral experimental studics have attempted to identify determinants of human
reeeptor specificity of H5 HA. However, these studies focused on replacement of amino acids at

the RBS sites dircctly without considering the influence of the neighboring positions. Turther,
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no prior study has even considered insertions or deletions as possible determinants of host
specificity. Structure-based investigations have also fallen short ol identifying the key
determinants of 15 1A mainly because the structural cifects of a deletion cannot be accurately
evaluated using in silico analysis. In contrast, the present inventors, for the first time, have
recognized the importance of and have employed a sequence alignment approach to engineering
proteins with novel properties. The present invention encompasses the recognition that a similar
approach can be used for identifying determinants of host specificity of other HA subtypes that

have shown potential to infect humans in recent years (H7, HY, etc.).

Materials and Methods

13ose response direel bindine ol wild type TTA polvpeplides o olyveans ol dilferent topoloey

[00343] Dirccl binding assays typically utilize glycan arrays in which defined glycan
structures (e.g., monovalent or multivalent) arc presented on a support (e.g., glass slides or well
plates), often using a polymer backbone. In so-called “sequential” assays, trimeric HA
polypeptide is bound to the array and then is detected, for example using labeled (e.g., with FITC
or horse radish peroxidase) primary and sccondary antibodies. In “multivalent’ assays, trimeric
HA is first complexed with primary and secondary antibodies (typically in a 4:2:1

HA :primary:sccondary ratio), such that there are 12 glycan binding siles per pre-complexed HA,
and is then contacted with the array. Binding assays are typically carried out over a range of HA
concentrations, so that information is obtained regarding relative affinities for different glycans
in the array.

[00344] TFor example, direct binding studies were performed with arrays having dilferent
glycans such as 3°SLN, 6°SLN, 3'SLN-LN, 6’'SLN-LN, and 3’SLN-LN-LN, where LN
represents GalB1-4GleNAc, 3° represents NeuSAca2-3, and 67 represents NeuSAco2-06).
Specifically, biotinylated glycans (50 pl of 120 pmol/ml) were incubated overnight (in PBS at 4
°C) with a streptavidin-coated High Binding Capacity 384-well plate that was previously rinsed
three times with PBS. The plate was then washed three times with PBS to remove excess
elycan, and was used without further processing,.

[00345]  Appropriate amounts of His-tagged HA protein, primary antibody (mouse anti 6x His
tag) and secondary antibody (HRP conjugated goat anti-mouse 1gGG) were incubated in a ratio of

4:2:1 HA:primary:sccondary for 15 minutes on ice. The mixture (i.e., precomplexed HA) was
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then made up to a final volume of 250 pl with 1% BSA in PBS. 50 pl of the precomplexed HA
was then added to the glycan-coated wells in the 384-well plate, and was incubated at room
temperature for 2 hours. The wells were subsequently washed three times with PBS containing
0.05% TWEEN-20, and then three times with PBS. HRP activity was estimated using Amplex
Red Peroxidase Kit (Invitrogen, CA) according Lo the manufacturer’s instructions. Serial
dilutions of HA precomplexes were studied. Appropriate negative (non-sialylated glycans) and

background (no glycans or no HA) controls were included, and all assays were done in triplicate.

Example 2: Exemplary Human Bindine 115 HA Polypeptide Variants

[00346] In some embodiments, HA polypeptides are HS polypeptides. In some such
embodiments, H5 polypeptides in accordance with the invention show binding (e.g., high affinity
and/or specificity binding) to umbrella glycans. In some such embodiments, HS polypeptides in
accordance with the invention show either comparable (to umbrella topology binding) high
affinity-binding to cone topology glycans or reduced binding (e.g., lower affinity and/or
speeilicity relative to umbrella-topology glycans) Lo cone topology glycans.

[00347] In some embodiments, 15 HA polypeptides in accordance with the invention bind to
reeeptors found on human upper respiratory epithelial cells. Turthermore, 115 HA polypeptides
in accordance with the invention bind to a plurality of different o2-6 sialylated glycans. In some
embodiments, HS5 HA polypeptides bind o umbrella glycans.

[00348]  In some embodiments, [15 HA polypeptides in accordance with the invention bind to
HA receptors in the bronchus and/or trachea. In some embodiments, H5 TA polypeptides are
not able to bind receptors in the deep lung, and in some embodiments, 15 IIA polypeptides are
able to bind receptors in the deep lung. In some embodiments, H5 HA polypeptides are not able
to bind to a2-3 sialylated glycans, and in some embodiments HS HA polypeptides are able to
bind to a2-3 sialylated glycans.

[00349] In some embodiments, 15 ITA polypeptides in accordance with the invention are
variants of a parent HS HA (e.g., an [15 HA found in a natural influenza isolate). For example,
in some embodiments, HS A polypeptides in accordance with the invention have at least one
amino acid substitution, as compared with wild type HS HA, within or affecting the glycan

binding site. In some embodiments, such subslitutions are of amino acids that interact directly
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with bound glycan; in some embodiments, such substitutions are of amino acids that are one
degree of separation removed from those that interact with bound glycan, in that the one degree
of separation removed—amino acids either (1) interact with the direct-binding amino acids; (2)
otherwise affect the ability of the direct-binding amino acids to interact with glycan, but do not
interact directly with glycan themselves; or (3) otherwise affect the ability of the direct-binding
amino acids to interact with glycan, and also interact directly with glycan themselves. H5 HA
polypeptides in accordance with the invention contain substitutions of onc or more dircct-binding
amino acids, onc or more first degree of scparation—amino acids, one or morce sccond degree of
separation—amino acids, or any combination of these. In some embodiments, H5 HA
polypeptides in accordance with the invenlion may contain substitutions of one or more amino
acids with even higher degrees of separation.

[00350] In some embodiments, 5 HA polypeptide variants in accordance with the invention
have at Jeast two, three, four, five or more amino acid substitutions as compared with wild type
HS HA; in some embodiments HS HA polypeptide variants in accordance with the invention
have two, three, or four amino acid substitutions. In some embodiments, all such amino acid
substitutions arc located within the glycan binding site.

[00351] In some embodiments, HA polypeptide variants in accordance with the invention
conlain onc or morc amino acid substitutions as described in any of U.S. Patent Publication
Number 2009/0269342 and 2010/0004 195, and in UL.S. Patent Application Serial Number
12/82993 1, filed July 2, 2010, entitled “COMPOSITIONS AND METHODS FOR
DIAGNOSING AND/OR TREATING INFLUENZA INFECTION” (all of which are
incorporated herein by reference).

[00352] Insomc cmbodiments, [15 HA polypeptide variants have scquence substitutions at
positions corresponding to one or more of residues 95, 98, 128, 130, 131, 132, 133, 135, 136,
137, 138, 145, 153, 155, 156, 158, 159, 160), 183, 186, 187, 188, 189, 190, 192, 193, 194, 195,
196, 219, 221, 222, 224, 225, 226, 227, and 228. In some embodiments, H5 HA polypeplide
variants have one or more amino acid substitutions relative to a wild type parent HS HA at
residues selecled from the group consisting ol residues 95, 98, 128, 130, 131, 132, 133, 135, 136,
137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186, 187, 188, 189, 190, 192, 193, 194, 195,
196, 219, 221, 222, 224, 225, 226, 227, and 228. In somc cmbodiments, HS5 HA polypeptide

variants have one or more amino acid substitutions relative Lo a wild type parent HS HA at any |,
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2,3,4,5,6,7,8,9,10,11,12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 306, or 37 residucs selected {rom the group consisting of residues 95, 98,
128, 130, 131, 132, 133, 135, 136, 137, 138, 145, 153, 155, 156, 158, 159, 160, 183, 186, 187,
188, 189, 190, 192, 193, 194, 195, 196, 219, 221, 222, 224, 225, 226, 227, and 228.

[00353] In some embodiments, [15 I1A polypeptide variants have sequence substitutions that
reduce or abolish glycosylation a site corresponding to position 158. In some embodiments, 115
HA polypeptide variants have sequence substitutions that affect and/or alter the identity and/or
structure of the glycan linked (o a site corresponding to position158. In some embodiments, such
a sequence substitution is a mutation at a site corresponding to position 158, e.g., AsnlS58Xaa,
wherein Xaa is any amino acid other than Asn. In some embodiments, such a sequence
substitution is a mutation at a site corresponding to position 160, e.g., Thrl60Xaa, wherein Xaa
is any amino acid other than Asn. In some embodiments, such a sequence substitution comprises
the mutation Thrl60Ala. In some embodiments, a sequence substitution that reduccs, abolishes,
affects, or alters glycosylation at a site corresponding Lo position 158 can make an [15 HA
polypeptide more closely resemble (e.g., both structurally and functionally) an [12 TTA
polypeptide. In some embodiments, a mutation al a site corresponding to position 160 (e.g.,
Thr160Xaa, such as Thr160Ala) can make an HS5 1A polypeptide more closely resemble (e.g.,
both structurally and [unctionally) an 112 T1A polypeptide.

[00354]  In some embodiments, an [15 TIA polypeptide variant has one or more sequence
substitutions rclative to a wild type parent [15 HA al positions corresponding to one or more of
residues 226, 228, and 160. In some embodiments, an [15 [TA polypeptide variant has one or
more scquence substitutions relative Lo a wild type parent I15 A at positions corresponding to
residucs 226, 228, and 160. In some embodiments, an FHS 1A polypeptide variant has onc or
more scquence substitutions relative to a wild type parent 115 TTA at positions corresponding to
residues 226 and 160. In some embodiments, an HS HA polypeptide variant has onc or more
sequence substitutions relative to a wild type parent HS HA at positions corresponding Lo
residues 228 and 160. In some embodiments, an H5 HA polypeptide variant has one or more
sequence substitutions relative to a wild type parent I15 HA at positions corresponding Lo
residues 226 and 228.

[00355]  In some cmbodiments, an 115 1A polypeplide variant has onc or more sequence

substitutions relative to a wild type parent 115 TIA al positions corresponding to onc or more of
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residues 220, 228, and 158, In some embodiments, an H5 HA polypeptide variant has one or
more sequence substitutions relative to a wild type parent HS HA at positions corresponding Lo
residucs 226, 228, and 158. In some cmbodiments, an 115 HA polypeptide variant has one or
more sequence substitutions relative to a wild type parent H5 [1A at positions corresponding to
residucs 220 and 158. In some embodiments, an HS TIA polypeptide variant has one or more
sequence substitutions relative to a wild type parent I18 HA at positions corresponding to
residues 228 and 158, In some embodiments, an HS HA polypeptide variant has one or more
sequence substitutions relative o a wild type parent HS LA at positions corresponding to
residues 226 and 228.

[00356] Tn some embodiments, an H5 IIA polypeptide variant has one or more sequence
substitutions that include a deletion in one or more of the loop regions of an 1A polypeptide. In
some cmbodiments, an HS TTA polypeptide variant has one or more sequence substitutions that
include a deletion at a site corresponding (o the 128-137 loop region of an [IA polypeptide. In
some embodiments, an HS LA polypeptide variant has one or more sequence substitutions that
include a deletion at one or more of amino acid positions corresponding Lo residues 128, 129,
130,131,132, 133, 134, 135, 136, and/or 137 of an HA polypeptide. In some embodiments, an
H5 1A polypeplide variant has one or more sequence substitutions that include a deletion at a
site corresponding to the 128-134 oop region of an HA polypeptide. In some embodiments, an
HS A polypeptide variant has one or more sequence substitutions that include a deletion al one
or more of amino acid positions corresponding Lo residues 128, 129, 130, 131, 132, 133, and/or
|34 of an HA polypeptide. In some cmbodiments, an HS HA polypeptide variant has one or
more sequence substitutions that include a deletion of an amino acid corresponding (o residue
130. In some embodiments, such loop region subslitutions can make an U5 HA polypeplide
more closcly resemble (e.g., both structurally and functionally) an 12 HA polypeptide. In some
cmbodiments, a deletion of an amino acid corresponding Lo residuce 130 can make an [5 HA
polypeplide more closely resemble (e.g.. both structurally and lunctionally) an H2 [TA
polypeptide.

[00357]  In some embodiments, an LIS FHA polypeptide variant has one or more sequence
substitutions relative Lo a wild type parent TTA at positions corresponding Lo one or more of
residues 131, 132, 133, 135, 137, 155, 188, 192, 193,221, 226, 227, 228, and 130. In some

embodiments, an 115 IIA polypeptide variant has one or more sequence substitutions relative o a
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wild type parent HA al positions corresponding to any 1, 2, 3,4, 5, 6,7, 8,9, 10, L1, 12, 13, or
14 of residues 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, 228, and 130. In some
cmbodiments, an H5 HA polypeptide variant has one or more sequence substitutions relative Lo a
wild type parent HA al positions corresponding to (1) 130, and (2) one or more of residues 131,
132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228. In somc¢ embodiments, an 115
LIA polypeptide variant has one or more sequence substitutions relative to a wild type parent HA
at positions corresponding to (1) 130, and (2) any 1,2,3,4,5,6,7,8,9, 10, 11, 12, or 13 of
residues 131, 132, 133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228.

[00358] Insome embodiments, an [15 [IA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to onc or more of
residues 131, 132, 135, 188, 192, 221, and 130. In some embodiments, an HS A polypeptide
variant has one or more sequence substitutions relative to a wild type parent FIA at positions
corresponding Lo any 1, 2, 3, 4, 5, 6, or 7 of residuces 131, 132, 135, 188, 192, 221, and 130. In
some embodiments, an [15 T1A polypeptide variant has one or more sequence substilutions
relative to a wild type parent HA at positions corresponding Lo (1) 130, and (2) onc or more of
residucs 131, 132, 135, 188, 192, and 221. In some cmbodiments, an [15 1A polypeptide variant
has one or more scquence substilutions relative to a wild type parent HLA at positions
corresponding to (1) 130, and (2) any 1, 2, 3, 4, 5, or 6 of residues 131, 132, 135, 188, 192, and
221.

[00359] In some embodiments, an 1S HA polypeplide variant has one or more sequence
substitutions relative (o a wild Lype parent HIA at positions corresponding Lo one or more of
residues 133, 137, 155, 193, 226, 227, 228, and 130. In some embodiments, an [15 HA
polypeptide variant has once or more sequence substitutions relative to a wild type parent 1A at
positions corresponding o any 1, 2,3, 4, 5, 6,7, or of residues 133, 137, 155, 193, 226, 227, 228,
and 130. In some cmbodiments, an 15 HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HIA al positions corresponding to (1) 130, and (2) one
or more of residucs 133, 137, 155, 193, 226, 227, and 228. In some embodiments, an [15 A
polypeptide variant has one or more sequence substitutions refative to a wild type parent HA at
positions corresponding to (1) 130, and (2) any 1, 2, 3,4, 5, 6, or 7 ol residues 133, 137, 155,
193, 226, 227, and 228.
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[00360] In some embodiments, an HS HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to one or more of
residues 130, 192, and 193. In some embodiments, an 5 [1A polypeptide variant has one or
more sequence substitutions relative Lo a wild type parent HA at positions corresponding to any
1,2, or 3 of residues 130, 192, 193. In some embodiments, an II5 1A polypeptide variant has
one or more scquence substitutions relative to a wild type parent HA at positions corresponding
to (1) 130, and (2) one or both of residucs 192 and 193.

[00361] In somc cmbodiments, an H5 HA polypeptide variant has onc or more sequence
substitutions relative to a wild type parent HA at positions corresponding to one or more of
residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226, 227, 228, and 130. In
some embodiments, an HS HA polypeptide variant has one or more sequence substitutions
relative to a wild type parent HA at positions corresponding to any 1, 2, 3,4, 5, 6,7, 8,9, 10, 11,
12,13, 14, 15, or 16 of residues 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226,
227,228, and 130). In some embodiments, an H5 HA polypeplide varianl has one or more
sequence substitutions relative to a wild type parent HA at positions corresponding to (1) 130,
and (2) onc or morc of residucs 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226,
227, and 228. In some embodiments, an 115 HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA al positions corresponding Lo (1) 130, and (2) any
1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, or L5 ol residues 131, 132, 133, 135,137, 155, 158,
160, 188, 192, 193, 221, 226, 227, and 228.

{00362] In some embodiments, an I15 A polypeptide variant has one or more sequence
subslitutions relative to a wild type parent HA at positions corresponding to one or more of
residues 137, 188, 192, 193, 226, 228, and 130. In some embodiments, an HS HA polypeptide
variant has one or more sequence substitutions relative Lo a wild type parent HA al positions
corresponding to any 1, 2, 3,4, 5, 6, or 7 of residues 137, 188, 192, 193, 226, 228, and 130. In
some embodiments, an HS HA polypeptide variant has one or more sequence substitutions
relative to a wild type parent HA at positions corresponding to (1) 130, and (2) one or more of
residues 137, 188, 192, 193, 226, and 228. In some embodiments, an HS HA polypeptide variant
has one or more sequence substitutions relative to a wild type parent HA at positions
corresponding to (1) 130, and (2) any 1, 2, 3, 4, 5, or 6 ol residucs 137, 188, 192, 193, 2206, and
228.
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[00363] In some embodiments, an HS HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to one or more of
residues 137, 188, 192, 193, 226, 227, 228, 131, 132, 133, and 130. In some embodiments, an
HS HA polypeptide variant has one or more sequence substitutions relative to a wild type parent
HA at positions corresponding to any 1, 2, 3,4, 5,6, 7,8, 9, 10, or 11 of residues 137, 188, 192,
193, 226, 227, 228, 131, 132, 133, and 130. In some embodiments, an 115 HA polypeptide
variant has one or more sequence substitutions relative to a wild type parent HA at positions
corresponding to (1) 130, and (2) one or more of residues 137, 188, 192, 193, 226, 227, 228, 131,
132, and 133. In some embodiments, an H5 HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to (1) 130, and (2) any
1,2,3,4,5,6,7,8,9, or 10 of residues 137, 188, 192, 193, 226, 227, 228, 131, 132, and 133.
[00364] In some embodiments, an HS HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding (o onc or more of
residues 227, 131, 132, 133, and 130. In some embodiments, an 5 HA polypeptide variant has
one or more sequence substitutions relative to a wild type parent HA at positions corresponding
toany 1, 2, 3, 4, or 5 of residucs 227, 131, 132, 133, and 130. In somc embodiments, an HS HA
polypeptide variant has one or more sequence substitutions relative to a wild type parent HA at
positions corresponding to (1) 130, and (2) onc or more of residues 227, 131, 132, and 133. In
some embodiments, an H5 HA polypeptide variant has one or more sequence substitutions
relalive to a wild type parent 1A at positions corresponding to (1) 130, and (2) any 1, 2, 3, or 4
ol residues 227, 131, 132, and 133.

[00365] In some embodiments, an H5 HA polypeptide variant has one or more sequence
substitutions rclative to a wild type parent HA at positions corresponding to once or more of
residues 131, 133, 137, 155, 188, 192, 193, 226, 227, 228, and 130. In some embodiments, an
HS HA polypeptide variant has one or more sequence substitutions relative to a wild type parent
HA at positions corresponding to any 1, 2,3,4,5,6,7,8,9, 10, or L1 of residues 131, 133, 137,
155, 188, 192, 193, 226, 227, 228, and 13(). In some embodiments, an HS5 TIA polypeptide
variant has one or more sequence substilutions relative to a wild type parent HA at positions
corresponding to (1) 130, and (2) one or more of residues 131, 133, 137, 155, 188, 192, 193, 226,

227, and 228. In some embodiments, an HS HA polypeptide variant has one or more sequence

118




WO 2012/047941 PCT/US2011/054831

substitutions relative to a wild type parent HA at positions corresponding to (1) 130, and (2) any
1,2,3,4,5,6,7,8,9, 0or 10 of residues 131, 133, 137, 155, 188, 192, 193, 226, 227, and 228.
[00366] In some embodiments, an HS HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to one or more of
residues 131, 133, 137, 155, 188, 192, 193, 226, 228, and 130. In some embodiments, an 115 T1A
polypeptide variant has one or more sequence substitutions relative to a wild type parent IA at
positions corresponding to any 1, 2, 3,4, 5, 6,7, 8,9, or 10 of residues 131, 133, 137, 155, 188,
192, 193, 226, 228, and 130. In somc cmbodiments, an H5 HA polypeptide variant has one or
more sequence subslitutions relative to a wild type parent HA at positions corresponding to (1)
130, and (2) one or more of residues 131, 133, 137, 155, 188, 192, 193, 226, and 228. In some
embodiments, an HS HA polypeptide variant has one or more sequence substitutions relative (o a
wild Lype parent HA at positions corresponding to (1) 130, and (2) any 1, 2, 3,4,5,6,7, 8, or 9
of residucs 131, 133, 137, 155, 188, 192, 193, 226, and 228.

[00367] Insome embodiments, an H5 HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding to one or more ol
residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 227, 228, and 130. In somc
embodiments, an HS HA polypeptide variant has one or more sequence substitutions relative to a
wild type parent HA at positions corresponding to any 1, 2,3,4,5,6,7,8,9, 10, 11, 12, or 13 of
residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 227, 228, and 130. In some
cmbodiments, an HS5 HA polypeplide variant has one or more sequence substitutions relative 1o a
wild type parenl HA al positions corresponding to (1) 130, and (2) one or more ol residues 131,
133, 137, 155, 159, 160, 188, 192, 193, 2206, 227, and 228. In some embodiments, an H5 HA
polypeptide variant has onc or more scquence substitutions relative to a wild type parent HA at
positions corresponding to (1) 130, and (2) any 1, 2,3,4,5,6,7, 8,9, 10, 11, or 12 of residucs
131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 227, and 228.

[00368] In some embodiments, an HS HA polypeplide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding Lo one or more of
residues 131, 133, 137, 155, 159, 160, 188, 192, 193, 226, 228, and 130. In some embodiments,
an 15 HA polypeptide variant has one or more sequence substitutions relative to a wild type
parent HA at positions corresponding to any 1, 2, 3, 4,5,6,7,8,9, 10, 11, or 12 of residucs 131,

133, 137, 155, 159, 160, 188, 192, 193, 226, 228, and 130. In somc embodiments, an HS HA
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polypeptide variant has one or more sequence substitutions relative to a wild type parent HA at
positions corresponding to (1) 130, and (2) one or more of residues 131, 133, 137, 155, 159, 160,
188, 192, 193, 226, and 228. In some embodiments, an HS5 HA polypeptide variant has one or
more sequence substitutions relative to a wild type parent HA at positions corresponding to (1)
130,and (2) any 1, 2,3,4,5,6,7,8,9, 10, or 11 of residues 131, 133, 137, 155, 159, 160, 188,
192, 193, 226, and 228.

[00369] In some embodiments, an HS HA polypeptide variant has one or more sequence
substitutions relative to a wild type parent HA at positions corresponding Lo onc or more of
residues 137, 188, 192, 193, 226, 228, 131, 132, 133, 221, 227, and 130. In some embodiments,
an HS HA polypeptide variant has one or more sequence subsltitutions relative to a wild type
parent HA at positions corresponding to any 1, 2, 3,4,5,6,7, 8,9, 10, 11, or 12 of residues 137,
188, 192, 193, 226, 228, 131, 132, 133, 221, 227, and 130. In some cmbodiments, an H5 HA
polypeptide variant has onc or more sequence substitutions relative to a wild type parent HA at
positions corresponding to (1) 130, and (2) one or more of residues 137, 188, 192, 193, 226, 228,
131, 132, 133, 221, and 227. In some embodiments, an S HA polypeptide variant has one or
morc sequence substitutions relative to a wild type parent HA at positions corresponding to (1)
130, and (2) any 1,2, 3,4,5,6,7,8,9, 10, or 11 of residues 137, 188, 192, 193, 226, 228, 131,
132, 133, 221, and 227.

[00370] Insome embodiments, an H5 HA polypeptide variant has one or more sequence
subslitutions relative to a wild type parent 1A al positions corresponding (o one or more of
residues 131, 132, 133,221, 227, and 130. In some embodiments, an H5 HA polypeplide variant
has one or more scquence subslitutions relative to a wild type parent HA at positions
corresponding to any 1, 2, 3, 4, 5, or 6 of residucs 131, 132, 133, 221, 227, and 130. In somc
embodiments, an H5 HA polypeptide variant has one or more sequence substitutions relative to a
wild type parent HA at positions corresponding to (1) 130, and (2) one or more of residues 131,
132, 133, 221, and 227. In some embodiments, HA polypeptide variants (e.g., HS HA
polypeptide variants) have sequence substitutions relative o a wild type parent HA at positions
corresponding to (1) 130, and (2) any 1, 2, 3, 4, or 5 of residues 131, 132, 133, 221, and 227.
[00371] Insome embodiments, a 15 HA polypeptide variant has one or more amino acid
substitutions relative to a wild type parent HS HA at residucs seleeted from amino acids located

in the region of the receptor that directly binds to the glycan, including but not limited to residues
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98, 136, 153, 155, 183, and 194. In some embodiments, an H5 HA polypeptide variant has one
or more amino acid substitutions relative to a wild type parent H5 HA at residues selected from
amino acids located adjacent to the region of the receptor that directly binds the glycan,
including but not limited to (a) residues 98 and 195, (b) residues 98, 138, 186, 187, 195, and
228), or (¢) residues 138, 186, 187, and 228.

[00372] Insome embodiments, an HA polypeptide variant, and particularly an HS polypeptide
variant has one or more amino acid substitutions relative to a wild type parent HA at residues
sclected from amino acids that are one degree of separation removed from those that interact
with bound glycan, in that the one degree of separation removed--amino acids either (1) interact
with the direct-binding amino acids; (2) otherwise affect the ability of the direct-binding amino
acids to interact with glycan, but do not interact directly with glycan themselves; or (3) otherwise
affect the ability of the direct-binding amino acids to interact with glycan, and also interact
dircetly with glycan themselves, including but not limited to residucs 98, 138, 186, 187, 195, and
228.

[00373] In some embodiments, an HA polypeptide variant, and particularly an HS polypeptide
variant, has onc or more amino acid substitutions relative to a wild type parent HA at residucs
selected from amino acids that are one degree of separation removed from those that interact
with bound glycan, in that the one degree of scparation removed—amino acids cither (1) interact
with the direct-binding amino acids; (2) otherwise affect the ability of the direcl-binding amino
acids (o interact with glycan, but do not interact directly with glycan themselves; or (3) otherwise
aflect the ability of the direct-binding amino acids to interact with glycan, and also inleract
directly with glycan themselves, including but not limited to residues 138, 186, 187, and 228.
[00374] Insomc cmbodiments, an HA polypeptide variant, and particularly an HS polypeptide
variant, has one or more amino acid substitutions relative to a wild type parent HA at residues
selected from amino acids that are one degree of separation removed from those that interact
with bound glycan, in thal the one degree ol separation removed—amino acids either (1) interact
with the direct-binding amino acids; (2) otherwise aflect the ability of the direct-binding amino
acids (o interact with glycan, but do not interact directly with glycan themselves; or (3) otherwise
affect the ability of the direct-binding amino acids (o interact with glycan, and also interact

dircctly with glycan themselves, including but not limited (o residucs 98 and 195.
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[00375] Insome embodiments, an HA polypeptide variant, and particularly an HS polypeptide
variant, has an amino acid substitution relative to a wild type parent HA at residue 159.

[00376] In some embodiments, an HA polypeptide variant, and particularly an H5 polypeptide
variant, has one or more amino acid substitutions relative to a wild type parent HA at residues
selected [rom 190, 193, 225, and 226. In some embodiments, an [1A polypeptide variant, and
particularly an H5 polypeplide variant, has one or more amino acid substitutions relative to a
wild type parent HA at residues selected from 190, 193, 226, and 228.

[00377] Insomec embodiments, a HS HA polypeptide variant in accordance with the invention
has one or more of the following amino acid substitutions: Ser132'Thr, Alal33Thr, Ser133Thr,
Serl137Ala, Ser137Arg, lle155Thr, Lys156Glu, AsnlS58Xaa (wherein Xaa = any amino acid
besides Asn), Thrl60Ala, Asnl86Pro, Aspl187Ser, Aspl87Thr, Alal88Glu, Alal88Asp,
Alal89GlIn, Alal89Lys, Alal89Thr, Glul90Asp, Glu190Thr, Thr192Arg/Lys, Lys193Arg,
Lys193Asn, Lys193His, Lys193Scr, Lys/Arg193Thr/Ala/Mct/Val, Scr221Pro, Gly225Asp,
GIn226lle, GIn2261eu, GIn226Val, Ser227Ala, Gly228Ser.

[00378] In some embodiments, an HS HA polypeptide variant in accordance with the
invention has an amino acid substitution at a position corresponding Lo residuc 192, which
switches the charge at that position. In some embodiments, an HS HA polypeplide variant in
accordance with the invention has an amino acid substitution at a position corresponding Lo
residue 193, which switches the charge at that position. For example, in some embodiments, an
H5 HA polypeptide in accordance with the invention has a Thr or a hydrophobic residue (e.g.,
Val or Ile) at a position corresponding Lo residue 192, and an HS HA polypeptide variant (e.g., a
human-adapled variant) has a hydrophilic residue at a position corresponding (o residue 192. In
somc cmbodiments, an H5 HA polypeptide variant (e.g., a human-adapted variant) has a
hydrophilic residue at a position corresponding to residue 192. To give another example, in
some embodiments, an HS HA polypeptide in accordance with the invention has a Thr or a
hydrophobic residue (e.g., Val or Ile) at a position corresponding Lo residue 192, and an HS HA
polypeptide variant (e.g., a human-adapted variant) has a basic residue (e.g., Lys or Arg) at a
position corresponding to residue 192. In some embodiments, an HS5 HA polypeptide variant
(e.g., a human-adapted variant) has a basic residue (e.g., Lys or Arg) al a position corresponding
to residue 192. 'To give yet another example, in some cmbodiments, an HS HA polypeptide in

accordance with the invention has a basic residue (e.g., Lys or Arg) al a position corresponding
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to residue 193, and an HS HA polypeptide variant (e.g., a human-adapted variant) has a neutral
or acidic residue at a position corresponding to residue 193. In some embodiments, an [15 A
polypeptide variant (e.g., a human-adapted variant) has a neutral or acidic residue at a position
corresponding to residue 193. In some embodiments, an HS5 HA polypeptide variant (e.g., a
human-adapted variant) has a Thr, Ala, Met, or Val at a position corresponding to residue 193.
[00379] Insome embodiments, human adaptation of an H5 HA polypeptide is associated with
the propert(ics) of the residue at position 188. In HS HA, residue 188 is frequently Ala, which
makes contacls with Thr or a hydrophobic residuc at 192. In contrast, in H2 HA, residue 188 is
frequently Glu or Asp, which makes contacts with Arg or Lys at 192. Hence, in some
embodiments, an 115 HA polypeptide variant has a Glu at position 188. In some embodiments,
an HS HA polypeptide variant has an Asp at position 188. In some embodiments, an [15 HA
polypeptide variant has an Alal88Glu substitution. In some embodiments, an H5 HA
polypeptide variant has an Alal88Asp substitution.

[00380] In some embodiments, an HS HA polypeptide has an Ala al a position corresponding
to residue 188 and a Thr at a position corresponding to residue 192. In some embodiments, an
H5 HA polypeptide has an Ala at a position corrcsponding to residue 188 and a hydrophobic
residue at a position corresponding to residue 192. In some embodiments, an [15 1A
polypeptide variant has a Glu at a position corresponding to residue 188 and an Arg at a position
corresponding Lo residue 192, In seme embodiments, an HS ITA polypeplide variant has an Asp
at a position corresponding to residue 188 and an Arg at a position corresponding Lo residue 192.
In some embodiments, an HS HA polypeptide variant has a Glu at a position corresponding 1o
residue 188 and a Lys at a position corresponding to residue 192. In some embodiments, an 115
HA polypeptide variant has an Asp at a position corresponding to residuc 188 and a Lys at a
position corresponding to residue 192.

[00381] Insome embodiments, an H5 HA polypeptide has an Ala at a position corresponding
to residue 188, a Thr at a position corresponding Lo residue 192, and a Lys al a position
corresponding to residue 193. In some embodiments, an H5 HA polypeptide has an Ala at a
position corresponding to residue 188, a hydrophobic residue at a position corresponding (o
residue 192, and a Lys al a position corresponding to residue 193. In some embodiments, an 15
HA polypeplide has an Ala at a position corresponding Lo residuc 188, a 'T'hr al a position

corresponding Lo residue 192, and an Arg al a position corresponding Lo residue 193, In some
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embodiments, an HS HA polypeptide has an Ala at a position corresponding (o residue 188, a
hydrophobic residue at a position corresponding to residue 192, and an Arg at a position
corresponding to residue 193. In some embodiments, an H5 HA polypeptide variant has a Glu at
a position corresponding to residue 188, an Arg at a position corresponding to residue 192, and a
Thr at a position corresponding to residue 193. In some embodiments, an 15 I1A polypeptide
variant has an Asp at a position corresponding to residue 188, an Arg at a position corresponding
to residue 192, and a Thr at a position corresponding to residue 193. In some embodiments, an
[15 HA polypeptide variant has a Glu at a position corresponding to residuc 188, a Lys at a
position corresponding o residue 192, and a Thr at a position corresponding to residue 193. In
some embodiments, an HS HA polypeptide variant has an Asp at a position corresponding Lo
residue 188, a Lys al a position corresponding to residue 192, and a Thr at a position
corresponding to residue 193. In some embodiments, an HS HA polypeptide variant has a Glu at
a position corresponding to residuc 188, an Arg at a position corresponding Lo residuc 192, and a
Thr, Ala, Met, or Val at a position corresponding to residue 193. In some embodiments, an H5
HA polypeptide variant has an Asp at a position corresponding to residue 188, an Arg at a
position corresponding to residue 192, and a Thr, Ala, Mct, or Val at a position corresponding Lo
residue 193. In some embodiments, an HS5 HA polypeptide variant has a Glu at a position
corresponding to residuc 188, a Lys al a position corresponding Lo residue 192, and a Thr, Ala,
Met, or Val al a position corresponding to residue 193. In some embodiments, an 115 A
polypeptide variant has an Asp at a position corresponding Lo residue 188, a Lys at a position
corresponding to residue 192, and a ‘Thr, Ala, Mel, or Val al a posilion corresponding (o residue
193.

[00382] In some cmbodiments, an HS HA polypeptide has an Ala at a posilion corresponding
to residue 131. In some embodiments, an HS HA polypeptide variant has a Thr at a position
corresponding to residue 131.

[00383] In some embodiments, an HS HA polypeptide has a Ser at a posilion corresponding Lo
residue 132. In some embodiments, an HS HA polypeptide variant has a Thr at a position
corresponding to residue 132.

[00384] In some embodiments, an H5 HA polypeptide has a Ser at a position corresponding o
residuc 133, In some embodiments, an HS FHA polypeptide variant has a Thr at a position

corresponding (o residue 133.
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[00385] In some embodiments, an H5S HA polypeptide includes Ala, Thr, and/or Ser at any
position corresponding to residues 131, 132, and/or 133. Tn some embodiments, an H5 HA
polypeptide variant includes Ala, Thr, and/or Ser at any position corresponding to residues 131,
132, and/or 133. In some embodiments, an H5 HA polypeptide variant includes Thr at all of
positions corresponding to residues 131, 132, and 133.

[00386] In some embodiments, an HS HA polypeptide has a Val at a position corresponding
to residue 135. In some embodiments, an H5 HA polypeptide variant has any amino acid other
than Val at a position corresponding to residuc 135.

[00387] In some embodiments, an HS HA polypeptide has a Ser at a position corresponding to
residue 137. In some embodiments, an HS5 A polypeptide variant has an Arg at a position
corresponding to residue 137.

[00388] In some embodiments, an H5 HA polypeptide has an Ile at a position corresponding
to residuc 155. In some cmbodiments, an HS HA polypeptide variant has a Thr at a position
corresponding to residue 155. In some embodiments, an H5 HA polypeptide includes a Thr at a
position corresponding to residue 155. In some embodiments, an HS HA polypeptide variant
includes a 'Thr at a position corresponding (o residuc 155.

[00389] In some embodiments, an HS HA polypeptide has a Ser at a position corresponding to
residue 221, In some embodiments, an HS HA polypeptide variant hag a Pro at a position
corresponding to residue 221.

[00390]) In some embodiments, an H5 HA polypeptide includes a Ser at a position
corresponding o residue 221. In some embodiments, an 15 HA polypeptide variant includes a
Pro at a position corresponding to residue 221. Without wishing to be bound by any one
particular theory, Pro221 might influcnee conformation of 220 loop which is involved with the
RBS of H2 HA.

[00391] In some embodiments, an H5 HA polypeptide has a Gln at a position corresponding
to residue 226. In some embodiments, an H5 HA polypeplide variant has a Leu at a position
corresponding to residuc 226.

[00392] In some cmbodiments, an HS HA polypeplide has a Ser at a position corresponding to
residue 227. In some embodiments, an HS HA polypeptide variant has a Gly at a position

corrcsponding to residuc 227.
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[00393] Insome embodiments, an HS HA polypeptide has a Gly at a position corresponding
to residue 228. In some embodiments, an H5 HA polypeptide variant has a Ser at a position
corresponding to residue 228.
[00394] In some embodiments, an HS HA polypeptide includes Gln, Ser, and Gly residues at
positions 226, 227, and 228, respectively. In some embodiments, an I15 HA polypeptide variant
includes a Leu, Gly, and Ser at positions 226, 227, and 228, respectively.
[00395] In some embodiments, a H5S HA polypeptide variant in accordance with the invention
has one or more of the following amino acids al the indicated positions:
*  Glul90Asp, Lys193Ser, Gly225Asp, Gln226Lcu
Glul90Asp, Lys193Ser, GIn226Leu, Gly228Scr
* Alal89GlIn, Lys193Ser, Thr160Ala
* Alal89Gln, Lys193Ser, GIn226Leu, Gly228Ser
*  Aspl87Ser/Thr, Alal89GlIn, Lys193Ser, GIn226I.cu, Gly228Scr
e Alal89Lys, Lys193Asn, GIn226Leu, Gly228Ser
e Aspl87Ser/I'hr, Alal89Lys, Lys193Asn, GIn226Lcu, Gly228Ser
* Lys156Glu, Alal89Lys, Lys193Asn, GIn2261 cu, Gly228Ser
* Lys193His, Gln2261.eu/lle/Val, Gly228Ser
*  Lys193Arg, GIn226Lcu/lle/Val, Gly228Ser
e Alal89Lys, Lys193Asn, Gly225Asp
* Lys156Glu, Alal89Lys, Lys193Asn, Gly225Asp
e Serl37Ala, Lys156Glu, Ala189Lys, Lys193Asn, Gly225Asp
* Glul90Thr, Lys193Ser, Gly225Asp
e Aspl87Thr, Alal89Thr, Glu190Asp, Lys193Ser, Gly225Asp
*  Asnl86Pro, Aspl87Thr, Alal89Thr, Glul90Asp, 1.ys193Ser, Gly225Asp
* Asnl86Pro, Asp187Thr, Alal89Thr, Glu190Asp, Lys193Ser, Gly225Asp, Ser227Ala
*  (GIn226Leu, Gly228Ser, Thr160Ala
*  GIn226Leu, Gly228Ser, Thr160Ala
e Gly228Ser, Thr160Ala
e  (GIn226Leu, Thr160Ala
*  (GIn226l.cu, Gly228Ser
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e Thr160Ala

e (GIn226l.eu, Gly228Ser, Asnl58Xaa (wherein Xaa = any amino acid besides Asn)

e (Gly228Ser, Asnl58Xaa

e  (GIn226Lecu, Asnl58Xaa

*  (In226Leu, Gly228Ser

* Asnl58Xaa

® A130 (wherein “A130” indicates a deletion at an amino acid corresponding to position
130) plus any possible combination of mutations at positions corresponding Lo 131, 132,
133, 135, 137, 155, 188, 192, 193, 221, 226, 227, and 228

¢ A130 plus any possible combination of mutations at positions corresponding to 131, 132,
135, 188, 192, and 221

* A130 plus any possible combination of mutations at positions corresponding to 133, 137,
155, 193,226, 227, and 228

e A130 plus any possible combination of mutations at positions corresponding to 131, 132,
133, 135, 137, 155, 158, 160, 188, 192, 193, 221, 226, 227, and 228

e AI130 plus any possible combination of mutations at positions corresponding to 131, 133,
137, 155, 188, 192, 193, 226, 227, and 228

e AI30 plus any possible combination of mutations at positions corresponding to 131, 133,
137, 155, 188, 192, 193, 226, and 228

e A130 plus any possible combination of mutations al positions corresponding to 131, 133,
137, 155, 159, 160, 188, 192, 193, 226, 227, and 228

e Al130 plus any possible combination of mutations at positions corresponding to 131, 133,
137,155, 159, 160, 188, 192, 193, 220, and 228

* A130 plus any possible combination of mutations at positions corresponding to 137, 188,
192, 193, 226, 228, 131, 132, 133, 221, and 227

®  A130 plus any possible combination of mutations at positions corresponding to 131, 132,
133, 221, and 227

e Al30 plus any possible combination of mutations at positions corresponding to 137, 188,

192, 193, 226, and 228
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® A130 plus any possiblec combination of mutations at positions corresponding to 137, 188,
192, 193, 226, 227, 228, 131, 132, and 133

® A130 plus any possible combination of mutations at positions corresponding to 227, 131,
132, and 133

¢  (In226Lcu, Gly2288er, Thr160Ala, A130

e (iIn226l.eu, Gly228Ser, A130

e  (GIn2261.eu, Thr160Ala, A130)

o  (1y228Secr, Thr160Ala, A130

*  (GIn226l.cu, A130

e (ly228Ser, A130

¢ Thr160Ala, A130

s Al130

o A130, Alal131Thr, T.eul33Thr, Ser137Arg, lle155Thr, Alal88Glu, Thr/lle192Arg/1.ys,
Arg/Lys193'Thr/Ala, GIn2261 .cu, Scr227Gly, Gly228Ser

e AI30, Alal31Thr, Leul33Thr, Ser137Arg, lle155Thr, Alal88Glu, Thr/llc192Arg/Lys,
Arg/l.ys193Thr/Ala, GIn226Lecu, Gly228Ser

*  Al130, Alal31Thr, Leul33Thr, Ser137Arg, lle155Thr, Asnl59Asp (or Thrl60Ala or
both), Alal88Glu, Thr/Tle192Arg/Lys, Arg/l.ys193Thr/Ala, GIn2261.cu, Ser227Gly,
Gly228Ser

e Al130, Alal31'l'hr, Leul33Thr, Ser137Arg, lle155Thr, Asnl159Asp (or Thrl160Ala or
both), Ala188Glu, The/llc192Arg/Lys, Arg/Lys 193 Thr/Ala, GIn226Lcu, Gly228Ser

* AI30, Ser137Arg, Alal88Glu, Thr192Arg/Lys, Arg/Lys193Thi/Mct/Ala/Val,
GIn2261.cu, Gly228Ser

* Al130, Ser137Arg, Alal 88Glu, Thrl92Arg/Lys, Arg/l.ys193'Thr/Mct/Ala/Val,
GIn226l.eu, (Gly228Ser, Xaal31Ser/I'hr, Xaal32Ser/Thr, Xaal33Ser/Thr, Ser221Pro,
Ser227Gly (wherein Xaa = any amino acid)

» A130, Xaal31Scr/Thr, Xaal32Ser/Thr, Xaal33Secr/Thr, Scr221Pro, Scr227Gly (wherein
Xaa = any amino acid)

e Al30, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa® = any

hydrophilic amino acid)
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e A130, Xaal92l.ys/Arg (wherein Xaa = any hydrophobic residue)

e A130, Xaal93Xaa” (wherein Xaa = a basic residue, e.g., Lys or Arg, and Xaa’ = a neutral
or acidic residue)

* A130, Lys/Argl 93Thr/Ala/Mel/Val

e Al30, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Xaa193Xaa’ (wherein Xaa = a basic residue, e.g., 1.ys or Arg,
and Xaa® = a ncutral or acidic residuc)

e A130, Xaal92L.ys/Arg (wherein Xaa = any hydrophobic residue), Xaal93Xaa™ (wherein
Xaa = a basic residue, e.g., Lys or Arg, and Xaa’ = a neutral or acidic residue)

o A130, Xaal92Xaa™ (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Lys/Arg193Thr/Ala/Met/Val

*  A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue),
Lys/Arg193Thr/Ala/Met/Val

o Al30, Alal88Glu

o Al30, Alal88Asp

o Al130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Ala188Glu

¢ Al130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Alal88Glu

e A130, Xaal93Xaa’ (wherein Xaa = a basic residue, e.g., L.ys or Arg, and Xaa" = a neutral
or acidic residuc), Ala188Glu

e AI130, Lys/Argl93Thr/Ala/Met/Val, Alal88Glu

e A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa™ = any
hydrophilic amino acid), Alal88Asp

e A130, Xaal92lL.ys/Arg (wherein Xaa = any hydrophobic residue), Alal88Asp

e A130, Xaal93Xaa” (wherein Xaa = a basic residue, e.g., I.ys or Arg, and Xaa® = a neutral
or acidic residue), Alal88Asp

e Al30, Lys/Argl93Thr/Ala/Mct/Val, Alal88Asp

* Al130, Xaal92Xaa" (wherein Xaa = any hydrophobic amino acid, and Xaa® = any
hydrophilic amino acid), Xaal93Xaa’ (wherein Xaa = a basic residue, e.g., Lys or Arg,

and Xaa® = a neutral or acidic residue), Alal88Glu
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A130, Xaal92Lys/Arg (wherein Xaa = any hydrophobic residue), Xaal93Xaa” (wherein
Xaa = a basic residue, e.g., l.ys or Arg, and Xaa’ = a ncutral or acidic residuc),
Alal88Glu

A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa" = any
hydrophilic amino acid), I.ys/Arg193Thr/Ala/Mct/Val, Alal 88Glu

A130, Xaal92l.ys/Arg (wherein Xaa = any hydrophobic residuc),

Lys/Argl 93 Thr/Ala/Met/Val, Alal88Glu

A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa’™ = any
hydrophilic amino acid), Xaal93Xaa’ (whercin Xaa = a basic residue, e.g., Lys or Arg,
and Xaa’ = a neutral or acidic residue), Alal88Asp

A130, Xaal92l.ys/Arg (wherein Xaa = any hydrophobic residue), Xaal93Xaa’ (wherein
Xaa = a basic residue, e.g., Lys or Arg, and Xaa’ = a neutral or acidic residue),
Alal88Asp

A130, Xaal92Xaa’ (wherein Xaa = any hydrophobic amino acid, and Xaa™ = any
hydrophilic amino acid), Lys/Arg193Thr/Ala/Met/Val, Ala188Asp

A130), Xaal92L.ys/Arg (wherein Xaa = any hydrophobic residuc),
Lys/Arg193Thr/Ala/Met/Val, Alal88Asp

[00396] Insome cmbodiments, the present invention provides H5 HA polypeptides (e.g., HS
p P polypep

I1A polypeptide variants, engineered 115 HA polypeplides, and/or engineered 115 1TA

polypeplide variants) whose amino acid sequence includes an clement as set forth below (the

numbering of these positions corresponds to the numbering of [13 T1A):

X190, X193, X225 and X226
X190, X193, X226 and X228
X189, X193, X160

X189, X193, X226, X228
X187, X189, X193, X226, X228
X189, X193, X226, X228
X187, X189, X193, X226, X228
X156, X189, X193, X226, X228
X193, X226, X228
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o X193, X226, X228

e X189, X193, X225

e X156, X189, X193, X225

o X137, X156, X189, X193, X225

e X190, X193, X225

o X187, X189, X190, X193, X225

o X186, X187, X189, X190, X193, X225

s X186, X187, X189, X190, X193, X225, X227

o X226, X228, X160

e X226, X228, X160

o X228, X160

s X226, X160

s X220, X228

e X160

o X226, X228, Xaal58 (whercin Xaa = any amino acid besides Asn)

o X228, Xaal58 (wherein Xaa = any amino acid besides Asn)

o X220, Xaal58 (wherein Xaa = any amino acid besides Asn)

o X226, X228

e X158 (whecrein Xaa = any amino acid besides Asn)

o X130 plus any possible combination of X131, X132, X133, X135, X137, X155, X188,
X192, X193, X221, X226, X227, and X228

* X130 plus any possible combination of X131, X132, X135, X188, X192, and X221

® X130 plus any possible combination of X133, X137, X155, X193, X226, X227, and
X228

e X130 plus any possible combination of X131, X132, X133, X135, X137, X155, Xaal58
(wherein Xaa = any amino acid besides Asn), X160, X188, X192, X193, X221, X226,
X227, and X228

® X130 plus any possible combination of X131, X133, X137, X155, X188, X192, X193,
X226, X227, and X228
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* X130 plus any possible combination of X131, X133, X137, X155, X188, X192, X193,
X226, and X228

* X130 plus any possible combination of X131, X133, X137, X155, X159, X160, X188,
X192, X193, X226, X227, and X228

* X130 plus any possible combination of X131, X133, X137, X155, X159, X160, X188,
X192, X193, X226, and X228

e X130 plus any possible combination of X137, X188, X192, X193, X226, X228, X131,
X132, X133, X221, and X227

e X130 plus any possible combination of X131, X132, X133, X221, and X227

* X130 plus any possible combination of X137, X188, X192, X193, X226, and X228

¢ X130 plus any possible combination of X137, X188, X192, X193, X226, X227, X228,
X131, X132, and X133

e X130 plus any possible combination of X227, X131, X132, and X133

o X226, X228, X160, X130

o X226, X228, X130

e X226, X160, X130

» X228, X160, X130

X226, X130

o X228, X130

e X160, X130

e X130

e X130, X131, X133, X137, X155, X188, X192, X193, X226, X227, X228

* X130, X131, X133, X137, X155, X188, X192, X193, X226, X228

e X130, X131, X133, X137, X155, X159, X160, X188, X192, X193, X226, X227, X228

e X130, X131, X133, X137, X155, X159, X160, X188, X192, X193, X226, X228

e X130, X137, X188, X192, X193, X226, X228

e X130, X137, X188, X192, X193, X226, X228, X131, X132, X133, X221, X227

e X130, X131, X132, X133, X221, X227

e X130, X192

e X130, X193
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e X130, X192, X193

s X130, X188

* X130, X192, X188

e X130, X193, X188

o X130, X192, X193, X188

wherein X = any amino acid (unless otherwise specified above), and/or X = a missing

amino acid. The numbering of these positions corresponds to the numbering of H3 HA.
[00397] Insomc cmbodiments X130 is a deletion at at a site corresponding to position 13(). In
some embodiments, X160 is an Ala. In some embodiments, X158 is any amino acid other than
Asn.
[00398] In some such embodiments, the HS HA polypeplide variant has at least one further
substitution as compared with a wild type IS5 1A, such that affinity and/or specificily of the
variant for umbrcla glycans is incrcascd.
[00399] In some embodiments, HS HA polypeptide variants in accordance with the invention
(including HS HA polypeptide variants) have sequences that include 1.226, $228, and A160. In
some embodiments, H5 HA polypeptide variants in accordance with the invention (including H5
HA polypeptide variants) have sequences that include 1.226 and A160. In some embodiments,
HS HA polypeptide variants in accordance with the invention (including HS HA polypeptide
variants) have sequences that include S228 and A160. In some embodiments, 15 1A
polypeplide variants in accordance with the invention (including H5 HA polypeplide variants)
have sequences that include A160.
[00400] In some embodiments, [15 I1A polypeptide variants in accordance with the invenlion
(including H5 HA polypeptide variants) have sequences that include 1.226, $228, and X158
(wherein X = any amino acid besides Asn). In some embodiments, HS HA polypeptide variants
in accordance with the invention (including H5 HA polypeptide variants) have sequences that
include 1.226 and X158. In some embodiments, IS HA polypeptide variants in accordance with
the invention (including 115 ITA polypeptide variants) have sequences that include $228 and
X158. In some embodiments, H5 HA polypeptide variants in accordance with the invention
(including HS5 HA polypeptide variants) have sequences that include X158.
[00401] In somc cmbodiments, HS HA polypeptide variants in accordance with the invention

(including H5 HA polypeptide variants) have sequences that include Al30( and any possible
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combination of mutations at positions corresponding to 131, 132, 133, 135, 137, 155, 158, 160,
188, 192, 193, 221, 226, 227, and 228.

[00402] In some embodiments, 15 HA polypeptide variants in accordance with the invention
(including H5 HA polypeptide variants) have sequences that include A130, 1.226, S228, A160
and any possible combination of mutations at positions corresponding to 131, 132, 133, 135,
137, 155, 158, 188, 192, 193, 221, and 227. In some embodiments, H5S HA polypeptide variants
in accordance with the invention (including HS HA polypeptide variants) have sequences that
include A130, 1.226, A160, and any possible combination of mutations at positions
corresponding to 131, 132, 133, 135, 137, 155, 158, 188, 192, 193, 221, 227, and 228. In some
embodiments, H5 IIA polypeptide variants in accordance with the invention (including HS5 HA
polypeptide variants) have sequences that include A130, S228, A160), and any possible
combination of mutations at positions corresponding to 131, 132, 133, 135, 137, 155, 158, 188,
192, 193, 221, and 227. In some ecmbodiments, 115 HA polypeptide variants in accordance with
the invention (including HS HA polypeptide variants) have sequences that include A130), 1.2206,
$228, and any possible combination of mutations at positions corresponding to 131, 132, 133,
133, 137, 155, 158, 160, 188, 192, 193, 221, and 227.

[00403] In some embodiments, HS HA polypeptide variants in accordance with the invention
(including HS HA polypeptide variants) have sequences that include A130, A160, and any
possible combination of mutations at positions corresponding to 131, 132, 133, 135, 137, 155,
158, 188, 192, 193, 221, 226, 227, and 228. In some embodiments, 5 HA polypeplide variants
in accordance with the invention (including HS HA polypeplide variants) have sequences that
include A130), [.226, and any possible combination of mutations at positions corresponding (o
131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, and 227, and 228. In some
embodiments, H5 HA polypeptide variants in accordance with the invention (including H5 HA
polypeptide variants) have sequences that include A130, S228, and any possible combination of
mutations at positions corresponding to 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193,
221, 226, and 227.

[00404] In some embodiments, I1S HA polypeptides in accordance with the invention
(inctuding H5 HA polypeptide variants) have sequences that include A130, 1.226, $228, X158
(wherein X = any amino acid besides Asn) and any possible combination of mutations at

positions corresponding Lo 131, 132, 133, 135, 137, 155, 160, 188, 192, 193, 221, and 227. In
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some embodiments, [15 HA polypeptides in accordance with the invention (including HS5 HA
polypeptide variants) have sequences that include A130, 1.226, X158, and any possible
combination of mutations at positions corresponding to 131, 132, 133, 135, 137, 155, 160, 188,
192, 193, 221, 227, and 228. In some embodiments, H5 HA polypeptides in accordance with the
invention (including 115 HA polypeptide variants) have sequences that include A130, S228,
X158, and any possible combination of mutations at positions corresponding to 131, 132, 133,
135, 137,155, 160, 188, 192, 193, 221, and 227. In some embodiments, H5 HA polypeptides in
accordance with the invention (including H5 HA polypeptide variants) have sequences that
include A130, L226, S228, and any possible combination of mutations at positions corresponding
to 131, 132, 133, 135, 137, 155, 158, 160, 188, 192, 193, 221, and 227,

[00405] Insome embodiments, H5 HA polypeptides in accordance with the invention
(including H5 HA polypeplide variants) have sequences that include A130, X158 (wherein X =
any amino acid besides Asn), and any possible combination of mutations al positions
corresponding to 131, 132, 133, 135, 137, 155, 160, 188, 192, 193, 221, 2206, 227, and 228.
[00406] In some embodiments, H5 HA polypeptide variants in accordance with the invention
have an open binding site as compared with a parent HS5 HA, and particularly with a parcnt wild
type H5 HAs.

[00407] In somc ecmbodiments, H5 HA polypeptides in accordance with the invention bind to
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[00408] In some embodiments, 15 TIA polypeptides in accordance with the invention bind Lo
umbrella topology glycans. In some embodiments, H5S HA polypeptides in accordance with the
invention bind Lo at lcast some of the glycans (e.g., 02-6 sialylated glycans) depicted in Figure
9. In some cmbodiments, H5 HA polypeptides in accordance with the invention bind to multiple
glycans depicted in Figure 9.

[00409] In some embodiments, I15 T1A polypeptides in accordance with the invention bind to
at least about 10%, about 15%, about 20%, about 25%, about 30% about 35%, about 40%, aboul
45%, about 50%, about 55%, about 60%, about 65%, about 70%, about 75%, about 80%, about
85%, about 90% about 95%;, or more of the glycans found on HA reeeptors in human upper
respiratory tract tissues (e.g., epithelial cells).

[00410] In some embodiments, HS A polypeptides (including TI5 TIA polypeptide variants)
arc any of those set forth in SEQ ID NOs: 50, 51, 53-55, and 60-75.

[00411] In one aspecl, the present invention provides the particular recognition that high
allinity binding o umbrella-lopology glycans alone may not be sulficient to confer effective
transmission to/infectivity ol humans. The present invention provides the insight that reduced
binding to cone-topology glycans may also be important. In some embodiments, high aflinity
binding Lo umbrella-topology glycans and reduced allinity binding Lo cone-Llopology glycans
may be involved in conlerring effectlive transmission to/infectivity of humans. In some
embodiments, high alfinily binding to umbrella-topology glycans is sufficient Lo confer effective
transmission to/infectivity of humans. In some embodiments, high affinity binding to umbrella-
topology glycans is sufficient Lo confer effective transmission to/infectivity of humans, even il
the allinity ol binding to cone-lopology glycans is not reduced (e.g., unchanged, increased, efc.).
[00412] Insome embodiments, increased affinity and/or specificity of binding of an I15 1A
polypeptide variant to umbrella-topology glycans and reduced affinity and/or specificity binding
to cone-lopology glycans may be involved in increasing or enhancing transmission to/infectivily
of humans relative to a reference polypeptide (e.g., the HS HA polypeptide variant’s cognate
parent HA polypeplide). In some embodiments, increased aflinity and/or specilicity ol binding

ol an 15 A polypeptide variant to umbrella-topology glycans is sullicient Lo increase or
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enhance transmission to/infectivity of humans relative to a reference polypeptide (e.g., the HS
HA polypeptide variant’s cognate parent HA polypeptide). In some embodiments, increased
affinity and/or specificity of binding of an HS5 HA polypeptide variant to umbrella-topology
glycans is sufficient to increase or enhance transmission to/infectivity of humans relative (o a
reference polypeptide (e.g., the 15 I1A polypeptide variant’s cognate parent ITA polypeptide),
even if the affinity and/or specificity of binding to cone-topology glycans is not reduced (e.g.,
unchanged, increased, efc.). In some embodiments, increased affinity and/or specificity of
binding of an H5 HA polypeptide variant to umbrella-topology glycans is sufficicnt to increase
or enhance transmission to/infectivity of humans relative Lo a reference polypeptide (e.g., the HS
HA polypeptide variant’s cognate parent HA polypeptide), even if the affinity and/or specificily
of binding to cone-topology glycans is equal to and/or greater than that of the affinity and/or

specificity of binding to umbrella-topology glycans.
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Foxample 3 Gillyvean Diversity in Human Upper Respisitory essues
! PUERUESIEONY 1 s

[00413] I.cctin binding studies showed diversity in the distribution of ®2-3 and a2-6 in the
upper respiratory tissues. Staining studies indicate predominant distribution of a2-6 sialylated
glycans as a part of both N-linked (ciliated cells) and O-linked glycans (in the goblet cells) on
the apical side of the tracheal epithelium (Figure 12). On the other hand, the internal regions of
the tracheal tissue predominantly comprises of ¢2-3 distributed on N-linked glycans.

[00414] MALDI-MS glycan profiling analyses showed a substantial diversity (Figure 10) as
well as predominant expression of 02-6 sialylated glycans on the human upper airways.
Fragmentation of representative mass peaks using MALDI TOF-TOF supports glycan topologies
where longer oligosaccharide branches with multiple lactosamine repeats are extensively
distributed as compared to short oligosaccharide branches (Figure 10). 'I'o provide a relerence
for the diversity in the distribution and topology of glycans in the upper airway, MALDI-MS
analysis was pcrformed on N-linked glycans from human colonic cpithelial cells (IT129). Recent
HISN1 viruses have primarily infected the gut, and hence, these cells were chosen as
representative gut cells. The glycan profile of H'129 cells is significantly different [rom that of
the HBEs wherein there is a predominant distribution of a2-3 and the long oligosaccharide
branch glycan topology is not as obscrved (Figure 10).

[00415] Data in Figure 12 were generated by the following method. Formalin fixed and
paralfin embedded human tracheal tissue sections were purchased from US Biological. After the
lissue sections were deparallinized and rehydrated, endogenous biotin was blocked using the
streptavidin/ biotin blocking kit (Vector [Labs). Sections were then incubated with I'1TC labeled
Jacalin (specific for O-linked glycans), biotinylated Concanavalin A (Con A, specilic for a-
linked mannose residues, which are part of the core oligosaccharide structure that constitute V-
linked glycans), biotinylated Maackia amurensis lectin (MAL, specific for SAa2,3-gal) and
biotinylated Sambuccus nigra agglutinin (SNA, specilic [or SAa2,6-gal) (Veclor labs: 10 pg/ml
in PBS with 0.5% Tween-20) for 3 hrs. Alter washing with TBS'T ('I'ris bulfcered saline with | %
Tween-20), the sections were incubated with Alexa fluor 546 streptavidin (2 pg/ml in PBS with
0.5% Tween-20) lor | hr. Slides were washed with TBST and viewed under a confocal
microscope (Zeiss LSM510 laser scanning confocal microscopy). All incubations were

performed at room temperature (RT).
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[00416]  Data in Figure 10 were gencrated using the following method. The cells (~70 x 10%)
were harvested when they were >90% confluent with 100 mM citrate saline buflfer and the ccll
membrane was isolated alter treatment with protease inhibitor (Calbiochem) and
homogenization. The cell membrane [raction was treated with PNGuasel” (New England Biolabs)
and the reaction mixture was incubated overnight at 37°C. ‘The reaction mixture was boiled for
10min to deactivate the enzyme and the deglycosylated peptides and proteins were removed
using a Sep-Pak C18 SPE cartridge (Waters). Glycans were further desalted and purified into
neutral (25% acctonitrile fraction) and acidic (50% acetonitrile containing 0.05% trifluoroacctic
acid) fractions using graphitized carbon solid-phase extraction columns (Supeleo). Acidic
[ractions were analyzed by MALDI-TOLY MS in positive and negative modes respectively with
solt ionization conditions (accelerating voltage 22 kV, grid voltage 93%., guide wire ().3% and
extraction delay time of 150 ns). The peaks were calibrated as non-sodiated species. ‘The
predominant expression of o2-0 sialylated glycans was confirmed by pretreatment of scamples
using Sialidase A and S, [solated elycans were subsequently incubated with 0.1 U of
Arthrobacter ureafaciens sialidase (Sialidase A, non-specilic) or Streplococeis preumoniae
stalidase (Sialidase S, specific Tor o2-3 sialylated glycans) in a [inal volume of 100 ml. of 50
mM sodium phosphate, pI1 6.0 at 37 °C' for 24 hrs. Neutral and the acidic fractions were

analyzed by MALDI-TOL MS in positive and negative modes respectively.

Lxample 4: Binding ol 115 HA Polyvpeptide Variants to Human Lune Tissues

[00417]  Binding of Formalin [ixed and paraltin embedded human tissue lung und tracheal
sections are provided (e.g., purchased from US Biomax, Inc. and from US Biological,
respectively). Tissue sections are deparallinized, rehydrated and incubated with 1% BSA in PBS
for 30 minutes to prevent non-specilic binding. I15 HAs are pre-complexed with primary
antibody (mouse anti 6x Ilis tag) and sccondary antibody (Alexa-ITuor <188 goat anti mouse) in a
ratio of 4:2:1, respectively, for 20 minutes on ice. The complexes formed are diluted in 1% BSA
PBS to a final TIA concentration of 40. 20 or 10 ug/ml. Tissue scctions are then incubated with
the HA-antibody complexes [or 3 hours al RT. Sections are counterstained with propidium
fodide (Invitrogen: 1:100/in TBST), washed extensively and then viewed under a confocal

microscope (Zeiss 1LLSMS10 laser scanning confocal microscopy).
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[00418] Precomplexed HS HAS are also used along with other lectins such as Jacalin (marker
for non-ciliated mucinous cells such as goblet cells) to co-stain tissuc sections to obtain
additional information on whether HA stains ciliated and/or non-ciliated cclls in the tissue

epithelia.

Example 5: Testing 5 1A Polypeptide in an Animal Host

[00419]  As described herein, the present invention encompasses the recognition that the usc of
animal hosts (e.g., ferrets) for the study of transmission of virus may provide a reliable indicator
of human virus transmission. Similarly, the present invention encompasses the recognition that
the use ol animal hosts (e.g., ferrets) treated with binding agents in accordance with the invention
(e.g., HA polypeptides) for the study of transmission of virus may provide a reliable indicalor of
the efficacy of such binding agents in accordance with the invention for prevention or treatmenl

of virus in a human host.

Virus Transmission Assay

[00420] A virus transmission assay is used in the presence or absence of binding agents in
accordance with the invention to determine viral transmission in a suitable animal model. lor
cxample, animal hosts, e.g., ferrets, are housed in adjacent cages that prevent direet and indirect
contact between animals. However, these housing conditions allow the spread of influenza virus
through the air. A [irst portion of the animals are innoculated via methods known in the art (e.g.,
intranasally, intramuscularly, or any of the modes of administration described herein) with an
clfective amount of virus (“innoculated animals™). Naive animals can then be introduced into
cages adjacent to the innoculated animals one, two, three or more days Jater.

[00421]  Animals used in the study can be killed at any time one, two, three or more days post-
inoculalion or transmission [or analysis. Suilable analysis (or virus transmission studies can
include, but is nol limited (o determination ol infectious virus titers (e.g., by nasal washes),
observation of physical symptoms in the animals (e.g., lethargy, anorexia, rhinorrhea, sneezing,
high fever, and/or death), immunohistochemical analysis ol respiralory lissucs, among others.
[00422] 'T'he virus transmission assay deseribed above can also incorporate the trecatment of

the animal host with a binding agent in accordance with the invention described herein belore,
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during or after inoculation or transmission of virus. Analytic methods described herein are then
used to determine the efficacy of the binding agent(s) in blocking transmission and/or infection

of the animal host with the virus.

Serological Studies

[00423] Binding agents and/or vaccine compositions comprising binding agents are
administered intramuscularly in ferrets on day 0, followed by a booster dose on day 21. Blood
from cach animal is recovered on days 0, 14, 21, and 35. The collected scrum is examined in
vitro for its ability to inhibit virus agglutination and neutralize virus infection.

Hemagelutination inhibition (11A1) assay

[00424]  HAI titrations are performed in 96-well v-botlom plates (Corning). Sera are serially
diluted 2-fold and added to 4 agglutinating doses of influenza A virus in a total volume of 200
ul. Next, 25 ul of a 2% (vol/vol) crythrocyle solution is added. Scra, virus, and crythrocytes are
eently mixed and the assay is read out after incubating for 30 min. Titers are recorded as the
inverse of the highest antibody dilution that inhibited 4 agglutinating doses of virus.

In vitro ncutralization assay

[00425]  Serial dilutions of sera is mixed with viruses and incubalted at room temperature for
30 min, and then incubated with MDCK cells for 1 hr at 37 °C. Cells arc then washed twice with
serum-{ree media, and then fresh media with or without trypsin is added. Virus growth is scored
by cylopathic effect. Data are expressed as the inverse dilution of highest dilution of sera that

causes neulralization.

Virus Challenge Assay

[00426] Vaccinated ferrets are challenged intranasally with homologous and heterologous
wild-type and mutant H5SNI strains. Nasal washes are taken from ferrets on days 1, 3, and 5
post-challenge. Virus is Litrated in MDCK cells (o determine virus shedding in the respiratory

tract.
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Fisample 50 A Two-Amjno Acid Change in Recent Isolates of THIANT Hlemaeolotinin is sullicient

to Swilch Tts Preference to Human Receplors

Introduction
[00427] Ilighly pathogenic IISNI1 is a global concern that has initiated several localized
outbreaks in humans since 2003 (Ileumann et al., 2010, Cell Res, 20:51; Guan et. al., 2009, Rev
Sci Tech, 28:39; both of which are hereby incorporated by reference). Existing HSN1 strains are
incapable of acrosol transmission but rather are primarily transmitted through direct contact with
infected animals. However, the high morbidity and mortality rate associated with infection
(~60%) as well as the known ability of influenza subtypes (including IISN1) to acquire
phenotypic traits through either mutation or gene reassortment, suggests that a I1SN1 strain could
acquire acrosol transmissibility (Yen et. al., 2009, Curr Top Microbiol Immunol, 333:3;
incorporated herein by reference). Coupled with the potential for such a virus to causc severe
infection, the fact that the human population has no pre-existing immunity to IISN1, suggests
that a [uture epidemic or pandemic may occur should such a strain arise (Subbarao et. «l., 2007,
PLoS pathogens, 3:¢40); incorporaled hercin by reference).
[00428] 'Thc use of reverse genelics systems has indicated that of the 11 gene products,
acquisition of certain amino acid changes in hemagglutinin (HA) and the polymerase (’132) arc
vital [or human aerosol transmission (IToeven et. al., 2009, Pro Natl Acad Sci USA, 106:33006;
incorporated herein by reference). Addressing the functional elfect of genelic alterations in these
proteins is thus especially important to identily the polential for phenolypic alterations. In the
casc of PB2, a critical alteration of lysine to glutamate at position 627 is key for acquiring
acrosol transmissibility (Hocven er. al., 2009, Pro Natl Acad Sci USA, 106:3366; incorporated
herein by reference). However, given the biological role of A, viz., binding to glycan receptors
lcading to fusion of the virion and infection, specific mutations that Icad to human adaptation are
thought Lo be sublype- and strain-specilic (Stevens er. al., 2000, Nat Rev Microbiol, 4:857,
Russell et. al., 2006, Glycoconj J, 23:85: both of which are hereby incorporated by reference).
[00429]  Previous studies have identified that the receptor for [1A are glycans terminated by
particular glycan structures (c.g., “umbrella topology” or “cone topology” 02—3 or 02—6 —
linked sialic acid). Avian-adapted HSN1 HAs preferentially bind (o glycan receptors terminated

by cone topology glycans, many of which have 02— 3 linked sialic acid (avian receplors
2y g I
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(Stevens etl al., 2006, J Mol Biol, 355:1143; Gambaryan et. al., 20006, Virology, 344:432; both of
which are hereby incorporated by reference). HAs of human-adapted H1N1, FI2N2, and H3N2
strains have a demonstrated switch in binding preference from cone topology (e.g., many 02—3)
to umbrella topology (e.g., many 0:2—0 sialylated glycans) (human receptors) and a
characteristic high affinity binding to human receptors, which have been shown to correlate with
the airborne transmissibility of these human-adapted viruses (Pappas et. al., 2010, PLoS One,
S:el1158; Tumpey et. al., 2007, Science, 315:655; both of which are hereby incorporated by
reference). Utilizing this framework, recent studies have identified sets of mutations which
would lead o human adaptation ol the currently circulating strains ol H2ZN2, H7TN7 and H9N2
(Viswanathan er. al., 2010, PLoS One, 5:¢13768; Belser et. al., 2008, Proc Natl Acad Sci USA,
105:7558; Sorrcll et. al., 2009, Proc Natl Acad Sci USA, 106:7565; all of which arc hercby
incorporated by reference). These studies demonstrate that mutations required for conversion
may differ based on the sublype, and even the particular strain, studied. Previous studies (Maines
et. al., 2011, Virology, 413:139; Stevens et. al., 2008, J Mol Biol, 381:1382; Stevens et. al.,
20006, Science, 312:404; all of which are hereby incorporated by reference) that have mutated
TI5NI strains to include either the hallmark changes for 112/113 (Q2261, and G228S or 1.S) and/or
H1 (I3190D, (G2251) or DD) mutations have shown that none of these mutants quantitatively
‘swilch” to human receptor specificity and affinity which is characteristic of human-adapted
‘pandemic’ strain HAs (Figure 20). Atlempts Lo introduce the hallmark LS residues on the
A/Vietnam/1203/04 (Viet03_04) sequence have not yielded the switch. The present inventors
have cslablished key structural features that arc needed o suitably accommodalte the hallmark LS
residues. ‘The present inventors have also determined which structural features are required Lo

facilitate a switch in receptor specilicily as enable binding with high affinity to human receptors.

Experimental Design
100430] Influcnza HA is a homotrimeric protein, wherein a monomer contains 552 amino
acids. Each monomer is composed of two disulphide-linked moieties, HA1 and HA2. HAI
comprises the glycan-receptor binding site (RBS), whereas [1A2 is involved in the [usion of the
viral and cellular membranes. The RBS pocket involves HA positions 95, 131, 133, 130, 137,
138, 145, 153, 155, 156, 158, 159, 183, 186, 187, 189, 190, 192, 193, 194, 195, 196, 219, 222,
224,225,226, 227, 228 (H3 numbering used).
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[00431]  In order to determine structural [catures and correct 115 1A sequences that will
accommodate the LS residues, the current inventors performed a detailed structural comparison
ol the RBS 112 and H5 HA, since 1S HA is closest to 112 TIA phylogenitically (Figare 21). lor
this study, the prototypic pandemic H2 (A/Albany/6/58 or Albo_S58) HA with the representative
[ISNT TIA from an earlicr human isolate (A/Vietnam/1203/04 or Viet03 04) was chosen.
[aving made a comparative analysis, the current study identified four distinet features which
distinguish the RBS of HS HA from that ol H2 TTA (Figure 22). Virst, the composition of the 130
loop of H2 HA js diflerent [rom 1S TIA, which includes a deletion at position 130 (113
numbering) in HS [IA. Sccond, there are differences in amino acid composition at the ‘top” of
the RBS or the “190-helix” (such as in positions 188, 192 and 193) that interact with sugar
residues beyond the terminal NeuSAcu2-6Gal- motil of the human receptor. Third, there are
dilferences inamino acid compositions at the “base” of the RBS (such as in positions 137, 221,
226 and 22¥ which include LS changes) that interact with the NeuSAca2-6CGal- motif of the
human reeeptor. Tourth, the glycosylation site at position 158 in 5 [TA is absent in H2 FIA.
Gilycosylation at this site could potentially interlere with sugar residucs beyond the Llerminal
NeudAca2-6Gal- motif of the human receptor bound to the RBS (Stevens er. al., 2008, J Mol
Biol, 381:1382; Wang et. al., 2010, Journal of Virology, 84:6570): both ol which are hercby
incorporated by reference). The inventive lindings encompass this detailed comparison ol RBS
ol 112 and T15 TIA. which suggests particular amino acid differences that ¢o beyond the maore
characteristic I.S changes previousty observed. The present inventors sought to identify
appropriate 13 TIA sequences that would Facilitate malching the structural features of H2 TTA
RBS in the context of the 1S mutations.

[00432]  Analysis of all the FISNT scquences to-date (both avian and human isolates) allowed
the inventors (o make three further observations: 1) HS HAs from many of the recent avian and
human isolates (alter 2007) have already acquired the deletion in the 130-loop matching the lirst
feature. 2y key amino acid changes were alreudy observed in the “190-helix” matehing leature 2.
and 3) loss of elycosylation at 158 position (feature 4) is also observed in many HS HA
sequences. In the context of the key structural features of [TA RBS, the inventors determined that
the deletion in the 130 loop along with a loss of glycosylation (features 1 and 4) concurrently in
the same TA was critical in the evolution of 15 LA, The present invention, however,

cncompasses the recognition that the loss of glycosylation is concomitant with the deletion of
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130-loop residue and not vice versa. The present invention encompasses the obscrvation that
specific current H5 HA strains have diverged considerably from older human isolates (such as
Viet03_04), but have also acquired key structural fealures necessary [or malching the pandemic
H2 HA RBS.

[00433] Thus the present invenlors assessed whether straing that have features 1 and 4 would
be the correct 5 HA sequence to suitably accommodate the hallmark [.S residues. For the
experiment strain A/chicken/Egypt/R2/2007 (or ckligy (7) was chosen as a representative HS
HA which naturally acquired featurcs | and 4 (Figure 23). Introduction of just the 1.S mutation
(ckligy_07_LS) on this H5 IA sequence showed a switch and high affinity binding to human
receptors (and relatively poor affinity to avian receptors), thereby resembling the glycan binding
characteristics of human-adapted ‘pandemic’ I1As (Figure 24 A,B and Figure 25). Additional
findings demonstrate binding of this mutant H5 ITA to human receplors on the apical surface of
the human tracheal epithelia (Figure 24C) that resembles the staining of this tissue by pandemic
HAs (Viswanathan et. al., 2010, PLoS One, 5:¢13768; Maincs et. al., 2009, Science, 325:484:
both of which are hereby incorporated by reference).

[00434]  Larlicr efforts by others to introduce the LS changes alone on older human isolates
such as Viet03 04 did not lead to a switch and underscored the need to understand structural
fcatures of HS HA RBS that can accommodate the 1.S mutations. Given that the (ckEgy_07_1.8)
also naturally acquired feature 4, the inventors assessed whether this feature alone i.c. loss of
glycosylation (achieved through T160A mutation) together with LS switches the glycan
reeeptor-binding preference of Viet03_04 (Figure 25). Compared to Viet03_04 wild-type TIA,
the dose-dependent direct glycan binding of this mutant strain showed human receplor-binding
but also retained its high affinity avian receptor binding which is uncharacteristic of pandemic
human-adapted HAs (Figure 25). Introduction ol the LS change alone on another strain
(A/Fgypt/2786-NAMRU3/06 or Egy_06), which naturally acquired fcature 4, corroborates this
obscrvalion. Finally, consistent with this structural framework, mutations on a representative HS
HA (A/chicken/Vietnam/NCVD-093/08 or ckViel_08), which naturally acquired leature 2
(Figure 22C) conferred human receptor binding affinity but also retained high alTinity avian

receptor binding (Figure 20).



Discussion
[00435)  The present inventors, for the first time, have defined certain structural features that
are needed to suitably accommodate the hallmark LS residues. In addition, the inventors results
provide the insight that certain current circulating HS HAs only require two amino acid changes,
the hallmark LS, to switch H5 HA preference to human receptors thereby leading to their human
adaptation. Using the information from the invention, the inventors rationally selected
appropriate HS HA sequences (albeit from a small representative pool of total HSN1T HAs) that
was amcnable 1o switching receptor specificity by incorporating just the LS changes. One
characteristic property of these current HS HAs is that they have naturally evolved to acquire
featurcs 1, 2 and 4 (Figure 27). Although, only 6% of the 2277 non-redundant HSN1 HA
scquences in the NCBI database have acquired features 1 & 4, however, it represents about 45%
of H5N strains isolated in 2009 and 2010. Further phylogenctic analyses of the HSN1 HAs
reveal that the naturally acquired features 1 & 4 belong to clade 2.2.1. Thus far, occurrence of
feature 1 appears to be exclusive to clade 2.2.1, however the existence of feature 4 is not
restricted to 2.2.1. Critically, the clade 2.2.1 strains have already diverged considerably from
older human isolates (such as Viet03 04) and are closcr to human adaptation than these previous
strains. All of the reported human H5NT1 isolates belonging to clade 2.2.1 are from Egypt and
Israel. Therctore, it is important to monitor the evolution of the clade 2.2.1 strains.

Exemplary H5NI strains with a postitively charged residue at postion 129 (feature 2)

[00436] ABJ96761/204-204 Avian China 2005 from cladc 2.3.4; ABJ96763/204-204 Avian
China 2005 from clade 2.3.4; ABJ96764/204-204 Avian China 2006 from clade 2.3.4;
ACN39415/204-204 Avian China 2007 from clade 2.3.4; ACO07037/204-204 Avian Viet Nam
2008 from clade 7; ADG28677/204-204 Avian Egypt 2009 from cladc 2.2.1; ADI58758/204-
204 Avian Israel 2010 from clade 2.2.1; ADM85869/204-204 Avian Egypt 2010 from clade
2.2.1; and ADG28684/204-204 Avian Egypt 2010 {rom clade 2.2.1.
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[00438] >ABP96854 Human Egypt 2007
MEKIVLLLALVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDI LEKTHNGKT.CNLDGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNEFNDYEELKHLLSRINHFEKIQITPKNSWSDH
EASGVSSACPYQGRSSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGTHHPNDAAEQTRLYONPTTY
ISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSEL
EYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFGAIAG
FIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENL
NKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNECMESV
RNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICI (SEQ]DIVO.]Z”

[00439] >aBM92273 Egypt 2007
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDI LEKTHNGKT.CNLNGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNEFNDYEELKHLLSRINHFEKIQIIPKNSWSDH
EASGVSSACPYQGRSSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQNPTTY
ISVGTSTLNQRLVPKIAARSKVNGQSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSEL
EYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFGAIAG
FIEGGWQGMVDGWYGYHHSNEQGSGYAARDKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENL
NKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOQLRDNAKELGNGCFEFYHRCDNECMESY
RNGTYDYPQYSEREARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICT (SEQ ID NO. 124)

[00440] >AcT15310 Human Egypt 2009
MEKIVLLLAIVSLVKSDQTCIGYHANNSTEQVDT IMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQI I PKNSWSDII
EASGVSSACPYQGRPSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPXDAAEQTRLYQNPTTY
ISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFTAPENAYKIVKKGDST TMKSEL
EYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVTATGLRNS PQGERRRKKRGLFGAIAG
FTEGGWQGMYDGHYGYHHSNEQGSGYARDKESTOKAL DGVTNKVNS I I DKMNTQFEAVGREFNNLERRT GNT,
NKKMEDGFLDVWIYNARLLVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNECMESV
RNGTYDYPQYSEFEARLKREEISGVKMESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICT (SEQ ID NO. 125)

[00441] >ACT15312 Human Fgypt 2009
MEKIVLLLAIVSIVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSYTVEKINPANDLCYPGNENDYEELKHLLSRINHFEKIQI T PKNSWSDH
EASGVSSACPYQGRSSFFRNVVWLTKKNNAYPTTKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYONPTTY
TSVGTSTLNQRLVPKTIATRSKVNGOQSGRMEFEFWT I LKSNDATNFESNGNE ITAPENAYKTVKKGDSTIMKSEL
EYGNCNTKCOTPIGAINSSMPFHNTHPLT IGECPKYVKSNRLVLATGLRNS POGERRRKKRGLFGATAG
FIEGGWQGMVDCGWYGYHHSNEQGSGYAADKESTQKATDGVTNKVNSIIDKMNTQOFEAVGREFNNLERRTENTL
NKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNECMESV
RNGTYDYPQYSEFEARLKREEISGVKLESTGTYQILSIYSTVASSLALAIMVAGLFTWMCSNGSLQCRICT (SEQ ID NO. 126)

[00442] >Acr15314 Human Egypt 2009
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSY TVEKINPANDLCYPCGNFNDYEELKHLLSRINHFEKIQI IPKNSWSDH
EASGVSSACPYQGRSSFERNVVHLTKKNNAYPTTKRSYNNTNQEDLLVLWGTHHPNDAAEQTRLYQNPTTY
ISVGTSTLNQRLYVPKITTRSKVNGQOSGRMEFFWTILKSNDAINFESNGNF TAPENAYKIVKKGDSTIMKSEL
EYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFGAIAG
FIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENL
NKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNECMESV
RNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRICT (SEQ ID NO. 127)

[00443] »ACT15316 Human Egypt 2009
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTHNCGKLCNLDGVKPLILR
DCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNENDYEELKHLLSRINHFEKIQT TPKNSWSDH
EASGVSSACPYQGRSSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQNPTTY
ISVGTSTLNQRLIPKIATRSKVNGOSGRMEFFWTILKSNDAINFESNGNFTIAPENAYKIVKKGDSTIMKSEL
EYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFGAIAG
FIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKATIDGVTNKVNST IDKMNTQFEAVGREFNNLERRIENL,
NKKMEDGFLDVWTYNAELLVLMENERTLDEFHDSNVKNLYDKVRLOQLRDNAKELGNGCFEFYHRCDNECMESY
RNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSTYSTVASSLALAIMVAGLFLWMCSNGSLQCRTICT (SEQ ID NO. 128)

I00444] >ACT15318 Human Egypt 2009
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|00447|

HMEK LWLLLAL

ENGTYDY L

[00448]

NPAN LBL

YPTTER

[00450]

MEKLYLILTA
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[00451] “ﬂﬁ”15331 Human qup- 200@
I‘v‘iEKI‘I‘LT L'i—;
DC "F‘FTI’HLL‘- lQ_LJ_L"K

«’70 e DLLJLWGLHHLNUmﬁLQTP1ﬁ
TLNORLY
“NTKCQTPIGAT

QOGMVDG

‘I]PT’I‘

MKF
BNG o
[00452]  >poTis3 . :
MEKIVLLLAIVSLVKSDOICIGYHANNSTEQVDT II
SNFMCDEFLUVPRNS Y TVEKT NPAND

I T : BI'?L”PI(IATF°. NGOEG
PIGAINS ’}:HIU.HPJ_,TJ_( E
IDGWYGYHHENEQGEGYARDKESTQKT
D FJ_.D”]'F IAELLYVLMENERTLDEHDS
RHNGTYDYPQYEREARTEKREFETSCVETLRSTGTYQT LS TY ST
2009

[00453]  >ncT15338

Maman Egy p

FREARTEKREFRTEGVE

RNGTYDYDS MGSLOURLCT (SEQID NG 139)

[00455)
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EA"'LJ"Jf SA

E’_[h,a_-r(j‘*l VDGWY (JYHHbHEQlJ.:;(; LF\BDKE.‘JTQKnI D
NKKMEDGELDVWITYNAELLVIMENERTLDYHLD g

RNGTYDYPOYSEEARLKREEL
1004571 BCT15345 Human Eq"l:t 2009
HFRI”LLL IVSLVESDQICIGYHANNS
)EFLN‘/ PEWSYI ‘]FI"INPANDLLi PG

DN]_‘ HMESY
STQCRICT (SEQ ID NO. 141)

SGVKLES1IGTYQILS1YS

7 T]IHPN]’J: AT
:QSGRMEF FWTTTEST : FENAYE

Y QTQI
EDCFLDVWTY NQELLi JLNERTLDFHD I
RNGTYDYPOYSEBARLEREEISGVKLES IGTYQILSLYSTY

[00458] »ACT15349 Human Egypt 2009
MEKIVLLLA I~'U VKSDOICLGYHANNSTEQYDT IMERKINT IV I HAGDT LEKT
EFLNVEEWSYIY KINPANDL (3 ‘NDYEELKHL.
‘JFFLNGVWLTKKE' {
SEVHGQEGRY
PFHNTHPLTIGREOPKY
b CYTHHSHRQGEGYANDERETOK
SWIYHARLLY LMENERTLDEHD

ALAIMYAGLETY

SKLONT.DGYVEPT.TLR
& w’TNHF‘FZI«’IOIIPYI‘ S

SPORERR

ITOQYE

NKKMEDC
RNGTYD

|mm~w

FF.F‘:HS.V DNE\,
QURTCT (SEQ ID NO. 143)

LCLGYHA X
1T7.GUPHCDEFLNVPEWS Y TVEKTHER NLL

BHNGTY DY

|mnom

.
r’

RNGTY

I"T APRHAYET
NEPQGERRREKR

CT (SEQ 1D NO. 146)
[00462]

0] LK THNGE
SHEHDY LT HHTTLS ;PTNHFI L
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CPYQGRSEFFRNVVWLTKEDNAYPTIKREYNNTHOEDLL®
,JP[.WPL‘ TATRSKVNGQSG _’['1EFFWI ITTLKENDE 5

{ NSSMPIHNIHEL!
HH NFO"SG‘

v ) {SEEARLKREETSGVKLESTGTY
CI (SEQID NO. 147)
|0046%] >ADW37433 ﬁ

TLIJQRL
'"TE*’*’"‘QTPI

'%JE OG: wGYZ’J; IKE
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VEKLESIGIYQTLET

P.J JFJ_’ Pl]
L”KLhTRQ_

(‘sl (} 1[) NU 14‘))

[00463]
MEK PLRKTHNGKLCNLL
Dr“PLVPIL% INHEEK )
BOTRLYONPTY
TTMKSH

NI ERR

C1 Ud()H)N()lb@
[00466]

OAQD T TEKTHNGKTCN IKEL T
SLOHLETSRTNINT [ TEKNCHED
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MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQT LS YSTVASSLALATMVAGLFTWMCSNGSLOCRT
CI (SEQID NO. 152)

[00468] >ACR56248/1552 Avian Egypt 2008
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSY IVEKTNPANDLCYPGNFNDYEELKILLSRINHFEKIQI IPKNSWSD
HKASGVSSACPYOCRSSFFRNVVWLTKKDNAY PTIKRSYNNTNQEDLLVLWGIHHPNDARLQTRLYQNPL'T
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWI ILKSNDA I NFESNGNF [ APKNAYK I VKKGDS ' TMKST
LEYSNCNTKCQTPIGAINSSMPFHNIHPT) GRCPKYVKSNRLVLATGLRNS POGERRRKKRGLEG
AITAGFIEGGWQGMYDGWYGYHHSNEQGSGYAADKES TQKAL DGVTNKVNST I DKMNTQFEAVGREFNNLERR
IENLNKKMFEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLY DKVR LQLRDNAKE TLONGC K EYHRCDNKC
MESVRNGTYDYPQYSERARLKREEI SGVKLESIGTYQILSIYSTVASSLALAIMVAGLE (SEQ ID NO. 153)
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CI (SEQID NO. 154)
[00470]  >ApA92628
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[00475]
MEKLVTILAT

NO. 161

[00476]

Ltan Egypt
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LEREEISGVELESTGTYQITSIYS

[004?9]

—&ELT VL EI"JERTLL" g
LEREETSGVKLESIGI v’f“'IL.)I‘xST'"

CI

[00480]

2009
B TV THAQDILEKTHNGE
]_"NDL'EEI_J HLI

P

T1IHKS

{ h—‘xDKE STQEAL
EL‘I'I_,DFEI L%
'»f[* LESIGTYQTL I;ST

EEARLKREELS

c1 (SEQ ID NO. um
[00481]

HMEKIVLL

STSTT
oY SERARLERERT SG

II”—F.KTQT
X SHNE
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LT LGRCE

D1 LEKTHNGKTON X
FNDYRR MIT..“..’TNJIFT
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(SEQ 1D NO.
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HEASGVSSACPYQGRSSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQONPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWT ILRSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVINKVNSI I DKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVIMENERTLDEFHDSNVKNLY DKVRLOTLRDNAKE LGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREETISGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRI

[00485] >ADD21379/1565 Avian Egypt 2009
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCY PGNFNDYEELKHLLSRINHFEKIQIL L PKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKDDAYPTIKRSYNNINQEDLLVLWGIHIPNDAAEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
AIAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSI IDKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVIMENERTLDFHDSNVKNLYDKVRLOTLRDNAKE LGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALATMVAGLFLWMCSNGSLQCRT

[00486] >npD21380/1565 Avian Egypt 2009
MEKTVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKTINPANDLCYPGNFNDYEELKHLTL.SRINHFEKIQTTPKNSWSD
HREASGVSSACPYQGRSSFFRNVVWITKKDNAYPTIRRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQONPTT
YISVGTSTLNQRLIPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPTGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPOQGERRRKKRGLEG
AIAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERR
TENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOQLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALATMVAGLELWMCSNGSLQCRI

[00487] >ApD21371/1565 Avian Egypt 2009
MEKIVLLLATVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQODI LEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQI IPKNSWSD
HEASGVSSACPYQGISSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGTI HHPNDAAEQTRTL.YOQNPTT
YTSVGTSTLNORLVPKIATRSKVNGQOSGRMEFFWTTILKSNDALINFESNGNEF IAPENAYKIVKKGDSTIMKSE
LEYSNCNTKCOTPIGAINSSMPFHNIHPITIGECPKYVKSNRLVIATGLRNS PQGFERRRKKRGLFG
AIAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKATIDGVTNKVNST IDKMNTQFEAVGREEFNNLERR
TENLNKKMEDGELDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSTYSTVASSLALATMVAGLELWMCSNGSLQCRT

[00488] >AbD21377/1553 Avian Egypt 2009
LVKSDQICVGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQIIPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYONPTT
YISVGTSTLNQRLVPKIATRSKVNGOSGRMEFFWTILKSNDATNFESNGNFIAPENAYKIVKRKCDSTIMKSE
LEYGNCNTKCQTPTIGAINSSMPFHNTHPLTIGECPKYVKSNRLVLVTGLRNSPQGERRRKKRGLFG
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNS I IDKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSTIYSTVASSLALAIMVAGLFLWMCSNGSLQCRI

[00489]  >aDY16730 Avian Egypt 2009
MEKTVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQIIPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWILTKKDNAYPTTKRSYNNTNOQEDLLVLWGIHHPNDATEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDATINFESNGNE IAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCOTPTGAINSSMPFHNTHPLTIGECPKYVKSNRLVLATGLRNS PQGERRRKKRGLFG
ALAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKATDGVTNKVNS T IDKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNEC
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(SEQ ID NO. 170)

(SEQ ID NO. 171)

(SEQ 1D NO. 172)

(SEQ ID NO. 173)




MESVRNGTYDY SEEARLEKREET
ci (SEQID NO. 174)
[00490]

HMEKT JT LTATY
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[00495]
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{(SEQ 1D NO 176)

(SEQ I3 NO 178)

(SEQ ID NO 179)



HEASGVSSACPYQGRSSEFIFRNVVWLTKKDNAYPTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNGPQGERRRKKRGLEG
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTOQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSILYSTVASSLALAIMVAGLFLWMCSNGSLQCRI
CT (SEQID NO. 180)

[00496] >ADB85109 Avian Egypt 2009
MEKMVLLLAIVSLVKSDQTCIGYHANNSTEQVDTIMEKNVTVTHAQDI LEKTHNGKILCNT.DGVKPLI L
RDCSVAGWLLGNPMCDEFLNVPEWSY IVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKTQT TPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKDNAY PTIKRSYNNTNQEDLLVLWGIHHPNDAAEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFESNGNFTAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNGPQGERRRKKRGLFG
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKES TQKATDGVTNKVNSI IDKMNTQFEAVGREFNNLERR
TENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREETSGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRI
C1 (SEQIDNO. 181)

[00497] >nDM85844 Avian Egypt 2009
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDT LEKTHNGKLCNLDGVKPLIL,
RDCSVAGWLLGNPMCDEFLNVPEWS Y IVEKINPANDLCY PGNFNDYEELKHLLSRINHFEKIQIIPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKNSAYPTIKKSYNNTNQEDLLVLWGIHHPNDAKEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGOSGRMEFFWTILKSNDAINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
AIAGF1EGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKATDGVTNKVNSI I DKMNTQFEAVGREFNALERR
TENLNKKMEDGFLDVWTYNAELI,VLMENERTLDFHDSNVKNIY DKVRLQLRDNAKELGNGC FEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILS1YSTVASSLALAIMVAGLSLWMCSNGSLQCRT
CI (SEQID NO. 182)

[00498] >ADM85845 Avian Egypt 2009
MEKILVLLLAIVSIVKSDOQICIGYHANNSTEQVDTIMEKRKNV' I'VTHAQDI LEKTHNGKLCNLNGVKPLIL
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQIIPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKNNAYPTIKKSYNNTNQEDLLVLWGIHHPNDAAEQTKLYQONPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDATINFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
ATAGFIEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKATDGVTNKVNSI I DKMNTQFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGLEFLWMCSNGSLQCRI
C1 (SEQ ID NO. 183)

[00499] >ADMB5847 Avian Egypt 2010
MEKIVLLLAIVSLVKSDQICIGYHANNSTEQVDT IMEKNVTVTHAQDI LEKTHNGKLCNLDGVKPLI L
RDCSVAGWLLGNPMCDEFLNVPEWSY IVEKINPANDLCYPGNENDYEELKHLLSRINHFEKIQIIPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWI TKKDNAYPTIKRSYNNTNQEDLLVLWGTHHPNDATEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKSNDAINFDSNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
ATAGFTEGGWQGMVDGWYGYHHSNEQGSGYAADKESTQKAIDGVTNKVNSTIDKMNTOFEAVGREFNNLERR
IENLNKKMEDGFLDVWTYNAELT.VLMENERTLDFHDSNVKNTY DKVRLQLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREETSGVKLESIGTYQILSIYSTVASSLALAIMVAGLFLWMCSNGSLQCRI
CI (SEQID NO. 184)

[00500] >ADM85852 Avian Egypt 2010
MEKTVLLLAIVSIVKSDQICIGYHANNSTEQVDTIMEKNVIVTHAQDI LEKTHNGKLCNLDGVKPLT L
RDCSVAGWLLGNPMCDEFLNVPEWSYIVEKINPANDLCYPGNFNDYEELKHLLSRINHFEKIQI IPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKNNAYPTIKKSYNNTNOEDLLVLWGIHHPNDAAEQTRLYQNPTT
YISVGTSTLNQRLVPKIATRPKVNGOSGRMEFFWTI LKSNDATNFESNGNFIAPENAYKIVKKGDSTIMKSE
LEYGNCNTKCQTPIGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGLRNSPQGERRRKKRGLFG
AIAGFIEGGWQGMVDGWYGYHHRSNEQGSGYAADKESTQKALDGVTNKVNST I DKMNTQFEAVGREFNNLERR
TENLNKKMEDGFLDVWTYNAET LVLMENERTLDFHDSNVKNLYDKVRLOLRDNAKELGNGCFEFYHRCDNEC
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HEASGVSSACPYQGRSSKHFRNVVWLTKKNNAY PTIKKSYNNTNQEDLLYLWG I HHPNDAAEQTRLYQNPTT
YISVGISTLNQRLVPKIATRSKYNGOSGRMEFFWII LKSNDAINFESHGNFIAPENAYKIVKKGNS T IMKSE
LEYGNCHNTKCOTPTGAINSSMPFHNIHPLTI GECPKYVKSNRLVLATGLRNS POGHRRRKKRGLEG
ATAGFTEGGWQGMVDGWYGYHHSNEQGSGY AADKES TOKAL DGVTNKYN ST IDKMNTQFEAVGRF FNNLERR
IENLNKKMEDGFLUVW TYNAELLVLMENERTLDFHDSNVKNLY DKVRT.QLRDNAKELGNGCFEFYHRCDNEC
MESVRNGTYDYPQYSEEARLKREEISGVKLESIGTYQILSIYSTVASSLALAIMVAGT FTLWMCSNGSLOCRT
C1 (SEQ ID NO. 202)
[00518] >ADQS53454 Avian Israel 2010
MEKLVLLLAIVSIVKSDQICIGYHANNSTEQVDT IMEKNVTYV THAQDI LEKTHNGKLCNLDGVKPLIL
RDCSVAGNTT.GNPMCDEFLNYFEWSYIVEKINPANDLCYPGNENDYEELKHLLSRINHFEKIQT IPKNSWS
HEASGYSSACPYQGRSSFFRNVVWLTKKNNAY PTIKKSYNNTNQEDLLVLWGIHHPNDEAEQTR LYQNSTT
YTISVGTSTLNQRLVPKTATRSKVNGOSGRMEFFWTI LKSNDAINFESNGNFIAPENAYK TYKKGDSTIMKSE
LEYGNCNTKCQTPTGATNS SMPFHNIHPLTIGECPKYVKSNRLYLATGLRNS PQGERRRKKRGLEG
AIAGP]F&GWQ(MVDbWrGYHUCNEQGuaIAADKP TOKATIDGVINKVNSIIDKMNTQFEAVGRE FNNLERR
KN LNKKME DGFLDVHTYNAELLVLMENFERTL.DFHDSHVKNLY DKVRLOLKDNAKELGNGC FE EYHRC
MEQVRNGTRDYPQIubEARLKREEioGVKLEoIGTXQILQLYbTerSLALAIMVAGLFLWLVhvTS
CI (SEQID NO.203)

[00519] »AEN68621 Avian Israel 2011
MEKIVLLLAIVSTVKSDQLCIGYHANNSTEQVDTIMEKNVTVTHAQDT LEKTHNGKLCNLDGVKPLIT,
RDCSVAGWLLGNPMCDEFLNVPEWS Y TVEKINPANDLCYPGNFNDYEELKHLLSRTNHFKK1IQI IPKNSWSD
HEASGVSSACPYQGRSSFFRNVVWLTKKNDAY PTTKKSYNNTNQEDLLY IWGIHIIPNDAARQTR] Y QNETT
YISVGTSTINQRTVPK I ATRSKVNGOSGRMEFFWTILKSHDATNFESNGNF TAPENAYKIVKKGDS TTMKS I
LEYSNCNTKCQTPIGAINSSMPFHNTHP [ LGKCPKYVKSNRLVLATGLRN S POGHKRRKKRGLEG

AIAGKF ] KGGWQGMYDGWYGYIIISNEQGSGYARDKESTQRAT DGV INKVNS T I DKMNTQFEAVGREFNNLERE,
IFNLNKKMEDGFLW’WTYNAELLVLMENFPTLEFHDSNVKN|YDK”RLQLPUNAKELHNH(PthHRfWNF\
MESVRNGTYDYPQYSEEARLKRER TSCVKLESTGIYQT LSTYSTVASSLVLATMVAGL K1 WMCSNG
CT (SLQ IDNO. 204)

Materials and Methods
Cloning, baculovirus synthesis, expression and purification of HA
[00520] HS WT and mutant HA sequences were codon-optimized for insect cell expression
and synthesized at DNA2.0 (Menlo Park, CA). The synthesized genes were then sub-cloned into
pAcGP67A plasmid and baculoviruses were created using Baculogold system (BD Biosciences,
San Jose, CA) according to manuflacturer's instructions. The recombinant baculoviruses were
then used to infect suspension cultures of Sf9 cells cultured in BD Baculogold Max-XP SFM
(BD Biosciences, San Jose, CA). The infection was monitored and the conditioned media was
harvested 3-4 days post-infection. The soluble HA from the harvested conditioned media was
purified using Nickel affinity chromatography (HisTrap HP columns, GE Healthcare,
Piscataway, NJ). Eluting fractions containing HA were pooled, concentrated and buffer
exchanged into 1X PBS pH 8.0 (Gibco) using 100K MWCO spin columns (Millipore, Billerica,
MA). The purified protein was quantified using BCA method (Pierce).
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Bindiue ol recombinant LA to human trachenl tissue sections

[00521]  Paraffinized human Lracheal (US Biological) Lissuc sections were deparaltinized,
rehydrated and incubated with 1% BSA in PBS for 30 minutes (o prevenl non-specific binding.
HA was pre-complexed with primary antibody (mouse anti 6X His tag, Abcam) and secondary
antibody (Alexa [luor 488 goal anti mouse, Invitrogen) in a molar ratio of 4:2:1, respectively, for
20 minutes on ice. The tissue binding was performed over different HA concentrations by
diluting the pre-complexed HA in 1% BSA-PBS. Tissue sections were then incubated with the
HA-antibody complexes for 3 hours at RT. The tissuc sections were counterstained by propidium
iodide (Invitrogen; 1:100 in TBST). The tissue sections were mounted and then imaged using a

confocal microscope (Zeiss I.SM510 laser scanning confocal microscopy).

Dose dependent dircet Bindiae of W and mintant TTA

[00522] ‘To investigate the multivalent HA-glycan interactions a streptavidin plale array
comprising representative biotinylated 02— 3 and 02— 6 sialylated glycans was used as
described previously. 3°SILN, 3’SI.N-LLN, 3’SL.N-LLN-L.N are representalive avian receptors.

6’ SLN and 6’SLN-LN are representative human receptors. LN corresponds (o laclosamine
(GalB1-4GlcNAc) and 3°SLN and 6’SLN respectively correspond to NeuSAca2-3 and
NeuSAca2-6 linked to I.N (Figure 28). The biotinylated glycans were obtained from the
Consortium of Functional Glycomics through their resource request program. Streplavidin-
coated High Binding Capacity 384-wcll plates (Picree) were loaded to the Full capacity of cach
well by incubating the well with 50 pl of 2.4 pM of biotinylated glycans overnight at 4 °C.
Excess glycans were removed through extensive washing with PBS. T'he trimeric HA unit
comprises of three HA monomers (and bence three RBS, one for each monomer). ‘The spatial
arrangement of the biotinylated glycans in the wells of the streptavidin plate array favors binding
to only one of the three HA monomers in the trimeric HA unit. Therelore in order to specifically
enhance the multivalency in the HA-glycan interactions, the recombinant HA proleins were pre-
complexed with the primary and secondary antibodics in the molar ratio of 4:2:1
(HA:primary:secondary). The identical arrangement ol 4 trimeric HA units in the precomplex [or
all the HAs permils comparison between their glycan binding allinities. A stock solulion
containing appropriate amounts of Histidine tagged HA protein, primary antibody (Mouse anti

6X His lag 1gG from Abcam) and secondary antibody (HRP conjugated goat anti Mouse leG

162



WO 2012/047941 PCT/US2011/054831

from Santacruz Biotechnology) in the ratio 4:2:1 and incubated on ice for 20 min. Appropriate
amounts of precomplexed stock HA were diluted Lo 250 pl with 1% BSA in PBS. 50 ul of this
precomplexed HA was added to each of the glycan-coated wells and incubated at room
tempcraturc for 3 hrs followed by the wash steps with PBS and PBST (1X PBS + 0.05% Tween-
20). The binding signal was delermined based on HRP activity using Amplex Red Peroxidase

Assay kit (Invitrogen, CA) according to the manuflacturer’s instructions.

Equivalents

[00523] Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to embodiments of the invention described herein.
The scope of the present invention is not intended (o be limiled to the above Descriplion, but

rather is as set forth in the following claims:
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We claim:

1. A pharmaceutical composition comprising:
a binding agent that comprises an H5 hemagglutinin (*HA") polypeptide that is at least 20
amino acids in length and has an amino acid sequence using positions based on the
canonical H3 numbering system that:

i) shows at least 95% identity with a corresponding portion of a reference H5 HA of
SEQ ID NO: 50; and

ii) shows sequence variation from that of the reference H5 HA polypeptide in that the
binding agent’s sequence has a deletion at one or more positions selected from the group
consisting of: 128, 129, 130, 131, 132, 133, 134, 135, 136 and combinations thereof.

2. The pharmaceutical composition of claim 1, wherein the H5 HA polypeptide further

includes substitutions Q226L and G228S relative to the reference H5 HA polypeptide.

3. The pharmaceutical composition of claims 1 or 2, wherein the H5 HA polypeptide has
an amino acid sequence that further differs from that of the reference H5 HA polypeptide by
one or more residues selected from the group consisting of residues 192, 193, and

combinations thereof.

4, The pharmaceutical composition of any one of claims 1-3, wherein the H5 HA
polypeptide has an amino acid sequence that further differs from that of the reference H5 HA
polypeptide by one or more residues selected from the group consisting of residues 158 or
160.

5. The pharmaceutical composition of any one of claims 1-4, wherein the H5 HA
polypeptide amino acid sequence has a deletion of the amino acid residue at a position
selected from 130, 131, 132 and 133.

6. The pharmaceutical composition of any one of claims 1-5, wherein the binding agent
competes in a glycan HA polypeptide interaction between umbrella topology glycan and an

HA polypeptide.

7. The pharmaceutical composition of claim 6, wherein the umbrella topology glycan

comprises long a2-6 sialylated glycans.

8. The pharmaceutical composition of claim 7, wherein the long a2-6 sialylated glycans
are selected from the group consisting of NeubAca2-6GalB1-4GIcNAcB1-3GalB1- 4GIcNAC,
NeuSAca2-6GalNACB1-4GIcNACB1-3GalNAcB1-4GIcNAC, Neu5Aca2-6GalB1-4GIcNAcB1-
3GalB1-4GalNAc, NeubAca2-6GalB1-4GIcNAcB1-3GalB1-4GIcNAcB1-3GalB1-3GalNAc,
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NeuSAca2-6GalNAcB 1-4GIcNAcR1-3GalB1-4GalNAc, NeuS5Aca2-6GalNAcB1-4GIcNACR1-
3GalNAcB1-4GIcNAcB1-3GalB1-3GalNAc, NeuAca2-3GalB1-3GalNAca2-6Neub Ac,
NeubAca2-6GalB1-4GIcNAcR1-3/6GalNAc, NeuS5Aca2-6GalB1-4GIcNAcB1-3GalB1-
4GIcNAcB1-3/6GalNAc, Neub5Aca2-6GalNAcB1-4GIcNAcB1-3/6GalNAc, NeuSAcaz2-
6GalNAcB1-4GIcNAcB1-3GalNAcB1-4GIcNACB1-3/6GalNAc, NeuAca2-6Gal1-4GalNAcB1-
6GIcNAcB1-3Gala2-3Neu5Ac, NeuAca2-6GalB1-4GalNAcB1-3/6GICNACBR1-3/6 Gala2-
3/6NeudbAc, NeuS5Aca2-6GalB1-3GalNAcB1-4Gala1-3Gal1-4Glic, NeuSAca2-6Galp1 -
3GalNAcB1-3Gala1-4GalB1-4Glc, NeubAca2-6GalB1-3GIcNAcB 1-3GalB1-4Glc and
Neu5Aca2-6Galf1-4GIcNAcB1-3Galp1-4Glc.

9. The pharmaceutical composition of any one of claims 1-8, wherein the binding agent
binds to umbrella topology glycans with an affinity that is at least 50%, at least 70%, at least
80%, at least 90% or at least 100% of that observed under comparable conditions for a wild

type HA that mediates infection of humans.

10. The pharmaceutical composition of any one of claims 1-9, wherein the binding agent

binds to umbrella topology glycans mare strongly than it binds to cone topology glycans.

1. The pharmaceutical composition of any one of claims 1-10, wherein the binding
agent shows a relative affinity for umbrella topology glycans versus cone topology glycans of

at least 2.

12. The pharmaceutical composition of any one of claims 1-10, wherein the binding
agent shows a relative affinity for umbrella topology glycans versus cone topology glycans of

at least 5.

13.  The pharmaceutical composition of any one of claims 1-10, wherein the binding
agent shows a relative affinity for umbrella topology glycans versus cone topology glycans of

at least 10.

14. The pharmaceutical composition of any one of claims 1-13, wherein the interaction
occurs between the HA polypeptide and receptors found on human upper respiratory

epithelial cells, the bronchus, trachea, or the deep lung.

15. An immunogenic composition comprising: a binding agent that comprises an H5
hemagglutinin (“HA”) polypeptide that is at least 20 amino acids in length and has an amino

acid sequences using positions based on the canonical H3 numbering system that:
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i) shows at least 95% identity with a corresponding portion of a reference H5 HA of
SEQ ID NO: 50;

i) shows a sequence variation relative to the reference H5 HA,
iii) includes a deletion of one or more residues within residues 128-137; and
iv) lacks glycosylation at position 158

which binding agent is characterized by an activity selected from the group consisting of:
it competes a glycan HA polypeptide interaction between an umbrella topology
glycan and HA polypeptide; and

it binds to human lung tissues.

16. The pharmaceutical composition of any one of claims 1-14, wherein the binding
agent further shows sequence variation from that of the reference H5 HA polypeptide at one
or more positions selected from the group consisting of: 128, 137, 155, 1568, 159, 160, 193,

224, 226, and combinations thereof.

17. The immunogenic composition of claim 15, wherein residue 137 in the HA

polypeptide is Ala or Arg.

18. The immunogenic composition of claim 15, wherein residue 155 in the HA

polypeptide is Thr.

19. The immunogenic composition of claim 15, wherein residue 131 in the HA

polypeptide is Ala, Thr or Ser.

20. The immunogenic composition of claim 15, wherein residue 132 in the HA

polypeptide is Ala, Thr or Ser.

21. The immunogenic composition of claim 15, wherein residue 133 in the HA

polypeptide is Ala, Thr or Ser.

22. The immunogenic composition of claim 15, wherein residue 159 in the HA

polypeptide is Asn.

23. The immunogenic composition of claim 15, wherein residue 159 in the HA

polypeptide is Asp.

24, The immunogenic composition of claim 15, wherein residue 193 in the HA

polypeptide is a neutral or an acidic amino acid.
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25. The immunogenic composition of claim 15, wherein residue 226 in the HA

polypeptide is Leu, lle or Gin.

26. The immunogenic composition of claim 15, wherein residue 160 in the HA

polypeptide is Ala.

27. The immunogenic composition of claim 15, wherein the corresponding portion spans
at least positions 95-228 and the binding agent further shows sequence variation from that of
the reference H5 HA polypeptide at one or more positions selected from the group consisting
of: residues 95, 98, 128, 130, 131, 132, 133, 135, 136, 137, 138, 145, 153, 155, 156, 158,
159, 160, 183, 186, 187, 188, 189, 190, 192, 193, 194, 195, 196, 219, 221, 222, 224, 225,
226, 227, 228, and combinations thereof.

28. The pharmaceutical composition or the immunogenic composition of any one of the

preceding claims for use as a vaccine in preventing and/or treating H5 influenza virus.

29. The use of the pharmaceutical composition or the immunogenic composition of any
one of the preceding claims in the manufacture of a medicament for preventing and/or

treating H5 influenza virus.
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