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and manufacturing procedures for rotavirus constructs and immunogenic
compositions thereof. Some embodiments concern compositions that in-
clude, but are not limited to, chimeric rotaviruses of use in immunogenic
compositions against rotavirus infection as well as against coronavirus in-
e, fection in a subject. In certain embodiments, constructs of use herein can
be generated and used where a rotavirus expression system further includes
one or more nucleic acid molecules encoding one or more polypeptides of
a coronavirus.
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RECOMBINANT ROTAVIRUS EXPRESSION SYSTEM
AND RECOMBINANT ROTAVIRUSES

PRIORITY CLAIM
[0001] This application claims the benefit of US provisional patent application number
63/012,870, filed on April 20, 2020, the provisional application is incorporated herein by

reference in its entirety.

STATEMENT OF GOVERNMENT RIGHTS
[0002] This invention was made with Government support under grant AI1144881
awarded by the National Institutes of Health (NIH). The Government has certain rights in this

invention.
SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing which is provided in the

following table:

Table of Sequences

Description Sequence SEQ
1D
NO
P2A SKFQIDKILISGDIELNPGP 1
SARS-CoV-2 | MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHST |2
S protein QDLFLPFFSNVTWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRG

WIFGTTLDSK TQSLLIVNNATNVVIKVCEFQFCNDPFLGVY YHKNNKSWM
(MN908947.3) | ESEFRVYSSANNCTFEY VSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY
SKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSG
WTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFT
VEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRIS
NCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQI
APGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSN
LKPFERDISTEIY QAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVV
VLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPF
QQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQD
VNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIP
IGAGICASYQTQTNSPRRARSVASQSIIAYTMSLGAENSVAY SNNSIAIPTNF
TISVTTEILPVSMTK TSVDCTMYICGDSTECSNLLLQY GSFCTQLNRALTGIA
VEQDKNTQEVFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSFIEDLLFN
KVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTS
ALLAGTITSGWTFGAGAALQIPFAMQMAYRFNGIGVTQNVLYENQKLIAN
QFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVL
NDILSRLDK VEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKM
SECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTY VPAQEKNFTTAP
AICHDGK AHFPREGVFVSNGTHWFVTQRNFYEPQITTDNTFVSGNCDVVI
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GIVNNTVYDPLQPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKE
IDRLNEVAKNLNESLIDLQELGKYEQYIKWPWYIWLGFIAGLIAIVMVTIML
CCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYT*

SARS-CoV-2
SI/NTD (15-
294 of SEQ ID
NO: 2)

CVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWF
HAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSL
LIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCT
FEY VSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQ
GFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYL
QPRTFLLKYNENGTITDAVDCALD

SARS-CoV-2
S1/NTD+SS
(1-294 of SEQ
ID NO: 2)

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVY YPDKVFRSSVLHST
QDLFLPFFSNVTWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRG
WIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVY YHKNNKSWM
ESEFRVY SSANNCTFEY VSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY
SKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSG

WTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALD

SARS-CoV-2
S1/RBD (335-
523 of SEQ ID
NO: 2)

LCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEITYQAGSTPCNGVEGFN
CYFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPAT

SARS-CoV-2
S1/2xRBD
(335-523 of
SEQ ID NO: 2
+GGSGGS+3
35-523 of SEQ
ID NO: 2)

LCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEITYQAGSTPCNGVEGFN
CYFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATGGSGGSLCPFGEVFN
ATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTN
VYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSK
VGGNYNYLYRLFRKSNLKPFERDISTETYQAGSTPCNGVEGFNCYFPLQSY
GFOQPTNGVGYQPYRVVVLSFELLHAPAT

SARS-CoV-
2/1 S1/2xRBD
(335-523 of
SEQ ID NO: 2
+GGSGGS+3
22-509 of SEQ
ID NO: 12)

LCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEITYQAGSTPCNGVEGFN

CYFPLOQSYGFQPTNGVGYQPYRVVVLSFELLHAPATGGSGGSLCPFGEVFN
ATKFPSVY AWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSN
VYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVLAWNTRNIDA

TSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYWPLNDY
GFYTTTGIGYQPYRVVVLSFELLNAPAT

SARS-CoV-
1/2 S1/2xRBD
(322-509 of
SEQ ID NO:
12+GGSGGS
+335-523 of
SEQ ID NO:
2)

LCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSAT
KLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVL
AWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPAL
NCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATGGSGGSLCPFGEVF
NATRFASVY AWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFT
NVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDS
KVGGNYNYLYRLFRKSNLKPFERDISTETYQAGSTPCNGVEGFNCYFPLQS
YGFOQPTNGVGYQPYRVVVLSFELLHAPAT

SARS-CoV-2
S1/ExRBD
(311-599 of
SEQ ID NO:
2)

GIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVY AWNRKRISNCV
ADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPG
QTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKP
FERDISTEIYQAGSTPCNGVEGFNCYFPLQSY GFQPTNGVGYQPYRVVVLSF
ELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQF
GRDIADTTDAVRDPQTLEILDITPCSFGGVSVIT

SARS-CoV-2
S2/core (711-
1077 of SEQ
ID NO: 2)

SIAIPTNFTISVTTEILPVSMTK TSVDCTMYICGDSTECSNLLLQYGSFCTQLN
RALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSF
IEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDE

MIAQYTSALLAGTITSGWTFGAGAALQIPFAMQMAYRFNGIGVTQNVLYE
NQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALNTLVKQLSSN
FGAISSVLNDILSRLDK VEAEVQIDRLITGRLQSLQTY VTQQLIRAAEIRASA

10
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NLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTY VPAQ
EKNFTT

SARS-CoV-2
S2w/oTM
(636-1194 of
SEQ ID NO:
2)

SVASQSITAYTMSLGAENSVAYSNNSIAIPTNFTISVITEILPVSMTKTSVDCT
MYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYK
TPPIKDFGGFNFSQILPDPSKPSKRSFIEDLLFNK VTLADAGFIKQYGDCLGDI
AARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQ
IPFAMQMA YRFNGIGVTQNVL YENQKLIANQFNSAIGKIQDSLSSTASALG
KLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDK VEAEVQIDRLIT
GRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGYH
LMSFPQSAPHGVVFLHVTY VPAQEKNFTTAPAICHDGKAHFPREGVFVSNG
THWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEE
LDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLN

11

SARS-CoV S
glycoprotein
(P59594)

MFIFLLFLTLTSGSDLDRCTTFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTL
YLTQDLFLPFYSNVTGFHTINHTFGNPVIPFKDGIYFAATEKSNVVRGWVFG
STMNNKSQSVIIINNSTNVVIRACNFELCDNPFFA VSKPMGTQTHTMIFDNA
FNCTFEYISDAFSLDVSEKSGNFKHLREFVFKNKDGFLY VYKGYQPIDVVR
DLPSGFNTLKPIFKLPLGINITNFRAILTAFSPAQDIWGTSAAAYFVGYLKPT
TFMLKYDENGTITDAVDCSQNPLAELKCSVK SFEIDKGIYQTSNFRVVPSG
DVVRFPNITNLCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFST
FKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLP
DDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPD
GKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATVCGPK
LSTDLIKNQCVNFNFNGLTGTGVLTPSSKRFQPFQQFGRDVSDFTDSVRDP
KTSEILDISPCSFGGVSVITPGTNASSEVAVLYQDVNCTDVSTATHADQLTPA
WRIYSTGNNVFQTQAGCLIGAEHVDTSYECDIPIGAGICASYHTVSLLRSTS
QKSIVAYTMSLGADSSIAYSNNTIAIPTNFSISITTEVMPVSMAKTSVDCNM
YICGDSTECANLLLQYGSFCTQLNRALSGIAAEQDRNTREVFAQVKQMYK
TPTLKYFGGFNFSQILPDPLKPTKRSFIEDLLFNK VTLADAGFMKQYGECLG
DINARDLICAQKFNGLTVLPPLLTDDMIAAYTAALVSGTATAGWTFGAGA
ALQIPFAMQMAYRFNGIGVTQNVLYENQKQIANQFNK ATSQIQESLTTTST
ALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDK VEAEVQID
RLITGRLQSLQTY VTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGK
GYHLMSFPQAAPHGVVFLHVTYVPSQERNFTTAPAICHEGKAYFPREGVFV
FNGTSWFITQRNFFSPQIITTDNTFVSGNCDVVIGIINNTVYDPLQPELDSFKE
ELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE
LGKYEQYIKWPWYVWLGFIAGLIAIVMVTILLCCMTSCCSCLKGACSCGSC
CKFDEDDSEPVLKGVKLHYT

12

SARS-CoV
S1/NTD (16-
281 of SEQ ID
NO: 12)

LDRCTTFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTLYLTQDLFLPFYSNV
TGFHTINHTFGNPVIPFKDGIYFAATEKSNVVRGWVFGSTMNNKSQSVIIIN

NSTNVVIRACNFELCDNPFFAVSKPMGTQTHTMIFDNAFNCTFEYISDAFSL
DVSEKSGNFKHLREFVFKNKDGFLY VYKGYQPIDVVRDLPSGFNTLKPIFK
LPLGINITNFRAILTAFSPAQDIWGTSAAAYFVGYLKPTTFMLKYDENGTIT

DAVDCSON

13

SARS-CoV
S1/NTD+SS
(1-281 of SEQ
ID NO: 12)

MFIFLLFLTLTSGSDLDRCTTFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTL
YLTQDLFLPFYSNVTGFHTINHTFGNPVIPFKDGIYFAATEKSNVVRGWVFG
STMNNKSQSVIIINNSTNVVIRACNFELCDNPFFAVSKPMGTQTHTMIFDNA
FNCTFEYISDAFSLDVSEKSGNFKHLREFVFKNKDGFLY VYKGYQPIDVVR
DLPSGFNTLKPIFKLPLGINITNFRAILTAFSPAQDIWGTSAAAYFVGYLKPT
TFMLKYDENGTITDAVDCSON

14

SARS-CoV
S1/RBD (322-
509 of SEQ ID
NO: 12)

LCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSAT
KLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVL
AWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPAL
NCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPAT

15

SARS-CoV
S1/RBD (322-
509 of SEQ ID

LCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSAT
KLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVL
AWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPAL

16

3
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NO: 12
+GGSGGS+3
22-509 of SEQ
ID NO: 12)

NCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATGGSGGSLCPFGEVF
NATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFS
NVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVLAWNTRNID

ATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYWPLND
YGFYTTTGIGYQPYRVVVLSFELLNAPAT

SARS-CoV
S1/ExRBD
(298-585 of
SEQ ID NO:
12)

GIYQTSNFRVVPSGDVVRFPNITNLCPFGEVFNATKFPSVY AWERKKISNCV
ADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAP
GQTGVIADYNYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKL
RPFERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLS
FELLNAPATVCGPKLSTDLIKNQCVNFNFNGLTGTGVLTPSSKRFQPFQQFG
RDVSDFTDSVRDPKTSEILDISPCSFGGVSVIT

17

SARS-CoV
S2/core (693-
1059 of SEQ
ID NO: 12)

TIAIPTNFSISITTEVMPVSMAKTSVDCNMYICGDSTECANLLLQYGSFCTQL
NRALSGIAAEQDRNTREVFAQVKQMYKTPTLKYFGGFNFSQILPDPLKPTK
RSFIEDLLFNK VTLADAGFMKQYGECLGDINARDLICAQKFNGLTVLPPLL
TDDMIAAYTAALVSGTATAGWTFGAGAALQIPFAMQMAYRFNGIGVTQN
VLYENQKQIANQFNKAISQIQESLTTTSTALGKLQDVVNQNAQALNTLVKQ
LSSNFGAISSVLNDILSRLDK VEAEVQIDRLITGRLQSLQTY VTQQLIRAAEI
RASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQAAPHGVVFLHVTY
VPSQERNFTT

18

SARS-CoV
S2w/oTM
(636-1194 of
SEQ ID NO:
12)

SIAY SNNTIAIPTNFSISITTEVMPVSMAKTSVDCNMYICGDSTECANLLLQY
GSFCTQLNRALSGIAAEQDRNTREVFAQVKQMYKTPTLKYFGGFNFSQILP
DPLKPTKRSFIEDLLFNKVTLADAGFMKQYGECLGDINARDLICAQKFNGL
TVLPPLLTDDMIAAYTAALVSGTATAGWTFGAGAALQIPFAMQMAYRFN
GIGVTQNVLYENQKQIANQFNKAISQIQESLTTTSTALGKLQDVVNQNAQA
LNTLVKQLSSNFGAISSVLNDILSRLDK VEAEVQIDRLITGRLQSLQTYVTQ
QLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQAAPHGV
VFLHVTY VPSQERNFTTAPAICHEGK AYFPREGVFVFNGTSWFITQRNFFSP
QITTDNTFVSGNCDVVIGIINNTVYDPLQPELDSFKEELDK YFKNHTSPDVD
LGDISGINASVVNIQKEIDRLNEVAKNLN

19

MERS-CoV
(YP_0090472
04.1)

MIHSVFLLMFLLTPTESYVDVGPDSVKSACIEVDIQQTFFDK TWPRPIDVSK
ADGITYPQGRTYSNITITYQGLFPYQGDHGDMYVYSAGHATGTTPQKLFVA
NYSQDVKQFANGFVVRIGAAANSTGTVIISPSTSATIRKIYPAFMLGSSVGN
FSDGKMGRFFNHTLVLLPDGCGTLLRAFY CILEPRSGNHCPAGNSYTSFAT
YHTPATDCSDGNYNRNASLNSFKEYFNLRNCTFMYTYNITEDEILEWFGIT
QTAQGVHLFSSRYVDLYGGNMFQFATLPVYDTIKYYSIIPHSIRSIQSDRKA
WAAFYVYKLQPLTFLLDFSVDGYIRRAIDCGFNDLSQLHCSYESFDVESGV
YSVSSFEAKPSGSVVEQAEGVECDFSPLLSGTPPQVYNFKRLVFTNCNYNL
TKLLSLFSVNDFTCSQISPAAIASNCY SSLILDYFSYPLSMKSDLSVSSAGPIS
QFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTEVPQLV
NANQYSPCVSIVPSTVWEDGDYYRKQLSPLEGGGWLVASGSTVAMTEQL
QMGFGITVQYGTDTNSVCPKLEFANDTKIASQLGNCVEYSLYGVSGRGVF
QNCTAVGVRQQRFVYDAYQNLVGYYSDDGNYYCLRACVSVPVSVIYDKE
TKTHATLFGSVACEHISSTMSQYSRSTRSMLKRRDSTY GPLQTPVGCVLGL
VNSSLFVEDCKLPLGQSLCALPDTPSTLTPRSVRSVPGEMRLASIAFNHPIQV
DQLNSSYFKLSIPTNFSFGVTQEYIQTTIQKVTVDCKQY VCNGFQK CEQLLR
EYGQFCSKINQALHGANLRQDDSVRNLFASVKSSQSSPIIPGFGGDFNLTLL
EPVSISTGSRSARSAIEDLLFDK VTIADPGYMQGYDDCMQQGPASARDLIC
AQYVAGYKVLPPLMDVNMEAAYTSSLLGSIAGVGWTAGLSSFAAIPFAQSI
FYRLNGVGITQQVLSENQKLIANKFNQALGAMQTGFTTTNEAFQKVQDAYV
NNNAQALSKLASELSNTFGAISASIGDIIQRLDVLEQD AQIDRLINGRLTTLN
AFVAQQLVRSESAALSAQLAKDKVNECVKAQSKRSGFCGQGTHIVSFVVN
APNGLYFMHVGYYPSNHIEVVSAYGLCDAANPTNCIAPVNGYFIKTNNTRI
VDEWSYTGSSFYAPEPITSLNTKY VAPQVTYQNISTNLPPPLLGNSTGIDFQ
DELDEFFKNVSTSIPNFGSLTQINTTLLDLTYEMLSLQQVVKALNESYIDLK
ELGNYTYYNKWPWYIWLGFIAGLVALALCVFFILCCTGCGTNCMGKLKCN
RCCDRYEEYDLEPHKVHVH

20
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MERS-CoV
SI/NTD (26-
342 of SEQ ID
NO: 20)

VKSACIEVDIQQTFFDKTWPRPIDVSKADGIYPQGRTYSNITITYQGLFPYQ

GDHGDMY VYSAGHATGTTPQKLFVANYSQDVKQFANGFVVRIGAAANST
GTVIISPSTSATIRKIYPAFMLGSSVGNFSDGKMGRFFNHTLVLLPDGCGTLL
RAFYCILEPRSGNHCPAGNSYTSFATYHTPATDCSDGNYNRNASLNSFKEY

FNLRNCTFMYTYNITEDEILEWFGITQTAQGVHLFSSRY VDLY GGNMFQFA
TLPVYDTIKY Y SHPHSIRSIQSDRKAWAAFY VYKLQPLTFLLDFSVDGYIRR

AIDCGFN

21

MERS-CoV
S1/NTD+SS
(1-342 of SEQ
ID NO: 20)

MIHSVFLLMFLLTPTESY VDVGPDSVKSACIEVDIQQTFFDKTWPRPIDVSK
ADGIITYPQGRTYSNITITYQGLFPYQGDHGDMY VYSAGHATGTTPQKLFVA
NYSQDVKQFANGFVVRIGAAANSTGTVIISPSTSATIRKIYPAFMLGSSVGN

FSDGKMGRFFNHTLVLLPDGCGTLLRAFYCILEPRSGNHCPAGNSYTSFAT

YHTPATDCSDGNYNRNASLNSFKEYFNLRNCTFMYTYNITEDEILEWFGIT

QTAQGVHLFSSRYVDLY GGNMFQFATLPVYDTIKY Y SIIPHSIRSIQSDRK A

WAAFYVYKLQPLTFLLDFSVDGYIRRAIDCGFN

22

MERS-CoV
S1/RBD (383-
579 of SEQ ID
NO: 20)

CDFSPLLSGTPPQVYNFKRLVFITNCNYNLTKLLSLFSVNDFTCSQISPAAIAS
NCYSSLILDYFSYPLSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNL

TTITKPLKYSYINKCSRLLSDDRTEVPQLVNANQYSPCVSIVPSTVWEDGDY
YRKOQLSPLEGGGWLVASGSTVAMTEQLOMGFGITVQYGT

23

MERS-CoV
S1/ExRBD
(359-663 of
SEQ ID NO:
20)

GVYSVSSFEAKPSGSVVEQAEGVECDFSPLLSGTPPQVYNFKRLVFTNCNY
NLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYPLSMKSDLSVSSAG
PISQFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINK CSRLLSDDRTEVP
QLVNANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGGGWLVASGSTVAMT
EQLQMGFGITVQYGTDTNSVCPKLEFANDTKIASQLGNCVEYSLYGVSGR
GVFQNCTAVGVRQQRFVYDAYQNLVGYYSDDGNYYCLRACVSVPVSVIY

24

MERS-CoV
S2/core (776-
1151 of SEQ
ID NO: 20)

SYFKLSIPTNFSFGVTQEYIQTTIQKVTVDCKQY VCNGFQKCEQLLREYGQF
CSKINQALHGANLRQDDSVRNLFASVKSSQSSPIIPGFGGDFNLTLLEPVSIS

TGSRSARSAIEDLLFDKVTIADPGYMQGYDDCMQQGPASARDLICAQYVA
GYKVLPPLMDVNMEAAYTSSLLGSIAGVGWTAGLSSFAAIPFAQSIFYRLN
GVGITQQVLSENQKLIANKFNQALGAMQTGFTTTNEAFQK VQDAVNNNA

QALSKLASELSNTFGAISASIGDIIQRLDVLEQDAQIDRLINGRLTTLNAFVA
QQLVRSESAALSAQLAKDKVNECVKAQSKRSGFCGQGTHIVSFVVNAPNG
LYFMHVGYYPSNHIEVVS

25

MERS-CoV
S2w/oTM
(769-1277 of
SEQ ID NO:
20)

QVDQLNSSYFKLSIPTNFSFGVTQEYIQTTIQK VTVDCKQY VCNGFQK CEQ
LLREYGQFCSKINQALHGANLRQDDSVRNLFASVKSSQSSPIIPGFGGDFNL
TLLEPVSISTGSRSARSAIEDLLFDKVTIADPGYMQGYDDCMQQGPASARD
LICAQYVAGYKVLPPLMDVNMEAAYTSSLLGSIAGVGWTAGLSSFAAIPFA
QSIFYRLNGVGITQQVLSENQKLIANKFNQALGAMQTGFTTTNEAFQKVQD
AVNNNAQALSKLASELSNTFGAISASIGDIIQRLDVLEQDAQIDRLINGRLTT
LNAFVAQQLVRSESAALSAQLAKDKVNECVKAQSKRSGFCGQGTHIVSFV
VNAPNGLYFMHVGYYPSNHIEVVSAYGLCDAANPTNCIAPVNGYFIKTNN
TRIVDEWSYTGSSFYAPEPITSLNTKY VAPQVTYQNISTNLPPPLLGNSTGID
FQDELDEFFKNVSTSIPNFGSLTQINTTLLDLTYEMLSLQQVVKALN

26

HCoV-299E
(NP_073551.1

)

MFVLLVAYALLHIAGCQTTNGLNTSYSVCNGCVGYSENVFAVESGGYIPS
DFAFNNWFLLTNTSSVVDGVVRSFQPLLLNCLWSVSGLRFTTGFVYFNGT
GRGDCKGFSSDVLSDVIRYNLNFEENLRRGTILFKTSYGVVVFYCTNNTLV
SGDAHIPFGTVLGNFYCFVNTTIGNETTSAFVGALPKTVREFVISRTGHFYIN
GYRYFTLGNVEAVNFNVTTAETTDFCTVALASYADVLVNVSQTSIANITYC
NSVINRLRCDQLSFDVPDGFY STSPIQSVELPVSIVSLPVYHKHTFIVLY VDF
KPQSGGGKCFNCYPAGVNITLANFNETKGPLCVDTSHFTTKYVAVYANVG
RWSASINTGNCPFSFGKVNNFVKFGSVCFSLKDIPGGCAMPIVANWAYSKY
YTIGSLYVSWSDGDGITGVPQPVEGVSSFMNVTLDKCTKYNIYDVSGVGVI
RVSNDTFLNGITYTSTSGNLLGFKDVTKGTIYSITPCNPPDQLVVYQQAVVG
AMLSENFTSYGFSNVVELPKFFYASNGTYNCTDAVLTYSSFGVCADGSIIA
VOQPRNVSYDSVSAIVTANLSIPSNWTTSVQVEYLQITSTPIVVDCSTY VCNG
NVRCVELLKQYTSACKTIEDALRNSARLESADVSEMLTFDKKAFTLANVSS
FGDYNLSSVIPSLPTSGSRVAGRSAIEDILFSKLVTSGLGTVDADYKKCTKG

27
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LSIADLACAQYYNGIMVLPGVADAERMAMYTGSLIGGIALGGLTSAVSIPF
SLAIQARLNYVALQTDVLQENQKILAASFNK AMTNIVDAFTGVNDAITQTS
QALQTVATALNKIQDVVNQQGNSLNHLTSQLRQNFQAISSSIQATYDRLDTI
QADQQVDRLITGRLAALNVFVSHTLTKYTEVRASRQLAQQKVNECVKSQS
KRYGFCGNGTHIFSIVNAAPEGLVFLHTVLLPTQYKDVEAWSGLCVDGTN
GYVLRQPNLALYKEGNYYRITSRIMFEPRIPTMADFVQIENCNVTFVNISRS
ELQTIVPEYIDVNKTLQELSYKLPNYTVPDLVVEQYNQTILNLTSEISTLENK
SAELNYTVQKLQTLIDNINSTL VDLKWLNRVETYIKWPWWVWLCISVVLIF
VVSMLLLCCCSTGCCGFFSCFASSIRGCCESTKLPYYDVEKIHIQ

HCoV-299E
SI/NTD (8-
151 of SEQ ID
NO: 27)

YALLHIAGCQTTNGLNTSYSVCNGCVGYSENVFAVESGGYIPSDFAFNNWF
LLTNTSSVVDGVVRSFQPLLLNCLWSVSGLRFTTGFVYFNGTGRGDCKGFS
SDVLSDVIRYNLNFEENLRRGTILFKTSYGVVVFYCTNNTLV

28

HCoV-0C43
S1/NTD+SS
(1-293 of SEQ
ID NO: 27)

MFLILLISLPTAFAVIGDLKCTSDNINDKDTGPPPISTDTVDVTNGLGTYYVL
DRVYLNTTLFLNGYYPTSGSTYRNMALKGSVLLSRLWFKPPFLSDFINGIFA
KVKNTKVIKDRVMY SEFPAITIGSTFVNTSYSVVVQPRTINSTQDGDNKLQ
GLLEVSVCQYNMCEYPQTICHPNLGNHRKELWHLDTGVVSCLYKRNFTY
DVNADYLYFHFYQEGGTFYAYFTDTGVVTKFLFNVYLGMALSHYYVMPL
TCNSKLTLEYWVTPLTSRQYLLAFNQDGIIFNAVDCMSD

29

HCoV-299E
S1/RBD (192-
424 of SEQ ID
NO: 27)

EFVISRTGHFYINGYRYFTLGNVEAVNFNVTTAETTDFCTVALASYADVLV
NVSQTSIANITY CNSVINRLRCDQLSFDVPDGFY STSPIQSVELPVSIVSLPVY
HKHTFIVLY VDFKPQSGGGKCFNCYPAGVNITLANFNETKGPLCVDTSHFT
TKYVAVYANVGRWSASINTGNCPFSFGKVNNFVKFGSVCFSLKDIPGGCA

MPIVANWAYSKYYTIGSLYVSWSDGDG

30

HCoV-299E
S1/ExRBD
(167-506 of
SEQ ID NO:
27)

YCFVNTTIGNETTSAFVGALPKTVREFVISRTGHFYINGYRYFTLGNVEAVN
FNVTTAETTDFCTVALASYADVLVNVSQTSIANITY CNSVINRLRCDQLSFD
VPDGFYSTSPIQSVELPVSIVSLPVYHKHTFIVLY VDFKPQSGGGKCFNCYP
AGVNITLANFNETKGPLCVDTSHFTTKY VAVYANVGRWSASINTGNCPFSF
GKVNNFVKFGSVCFSLKDIPGGCAMPIVANWAYSKYYTIGSLYVSWSDGD
GITGVPQPVEGVSSFMNVTLDKCTKYNIYDVSGVGVIRVSNDTFLNGITYTS
TSGNLLGFKDVTKGTIYSITPCNPPDQLVVY

31

HCoV-299E
S2/core (582-
962 of SEQ ID
NO: 27)

LSIPSNWTTSVQVEYLQITSTPIVVDCSTY VCNGNVRCVELLKQYTSACKTI

EDALRNSARLESADVSEMLTFDKKAFTLANVSSFGDYNLSSVIPSLPTSGSR
VAGRSAIEDILFSKLVTSGLGTVDADYKKCTKGLSIADLACAQYYNGIMVL
PGVADAERMAMYTGSLIGGIALGGLTSAVSIPFSLAIQARLNYVALQTDVL

QENQKILAASFNKAMTNIVDAFTGVNDAITQTSQALQTVATALNKIQDVV

NQQGNSLNHLTSQLRQNFQAISSSIQATYDRLDTIQADQQVDRLITGRLAAL
NVFVSHTLTKYTEVRASRQLAQQKVNECVKSQSKRYGFCGNGTHIFSIVNA
APEGLVFLHTVLLPTQYKDVEA

32

HCoV-299E
S2w/oTM
(582-1096 of
SEQ ID NO:
27)

LSIPSNWTTSVQVEYLQITSTPIVVDCSTY VCNGNVRCVELLKQYTSACKTI
EDALRNSARLESADVSEMLTFDKKAFTLANVSSFGDYNLSSVIPSLPTSGSR
VAGRSAIEDILFSKLVTSGLGTVDADYKKCTKGLSIADLACAQYYNGIMVL
PGVADAERMAMYTGSLIGGIALGGLTSAVSIPFSLAIQARLNYVALQTDVL
QENQKILAASFNKAMTNIVDAFTGVNDAITQTSQALQTVATALNKIQDVV
NQQGNSLNHLTSQLRQNFQAISSSIQATYDRLDTIQADQQVDRLITGRLAAL
NVFVSHTLTKYTEVRASRQLAQQKVNECVKSQSKRYGFCGNGTHIFSIVNA
APEGLVFLHTVLLPTQYKDVEAWSGLCVDGTNGYVLRQPNLALYKEGNY
YRITSRIMFEPRIPTMADFVQIENCNVTFVNISRSELQTIVPEYIDVNKTLQEL
SYKLPNYTVPDLVVEQYNQTILNLTSEISTLENKSAELNYTVQKLQTLIDNI
N

33

HCoV-0C43
(YP_0095552
41.1)

MFLILLISLPTAFAVIGDLKCTSDNINDKDTGPPPISTDTVDVTNGLGTYYVL
DRVYLNTTLFLNGYYPTSGSTYRNMALKGSVLLSRLWFKPPFLSDFINGIFA
KVKNTKVIKDRVMY SEFPAITIGSTFVNTSYSVVVQPRTINSTQDGDNKLQ
GLLEVSVCQYNMCEYPQTICHPNLGNHRKELWHLDTGVVSCLYKRNFTY
DVNADYLYFHFYQEGGTFYAYFTDTGVVTKFLFNVYLGMALSHYYVMPL

34
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TCNSKLTLEYWVTPLTSRQYLLAFNQDGIIFNAVDCMSDFMSEIK CKTQSIA
PPTGVYELNGYTVQPIADVYRRKPNLPNCNIEAWLNDKSVPSPLNWERKTF
SNCNFNMSSLMSFIQADSFTCNNIDAAKIYGMCFSSITIDKFAIPNGRK VDL
QLGNLGYLQSFNYRIDTTATSCQLY YNLPAANVSVSRFNPSTWNKRFGFIE
DSVFKPRPAGVLTNHDVVY AQHCFKAPKNFCPCKLNGSCVGSGPGKNNGI
GTCPAGTNYLTCDNLCTPDPITFTGTYKCPQTKSL VGIGEHCSGLAVKSDY
CGGNSCTCRPQAFLGWSADSCLQGDKCNIFANFILHDVNSGLTCSTDLQKA
NTDIILGVCVNYDLYGILGQGIFVEVNATYYNSWQNLLYDSNGNLYGFRD
YITNRTFMIRSCYSGRVSAAFHANSSEPALLFRNIKCNY VFNNSLTRQLQPI
NYFDSYLGCVVNAYNSTAISVQTCDLTVGSGY CVDYSKNRRSRGAITTGY
RFTNFEPFTVNSVNDSLEPVGGLYEIQIPSEFTIGNMVEFIQTSSPKVTIDCAA
FVCGDYAACKSQLVEYGSFCDNINAILTEVNELLDTTQLQVANSLMNGVT
LSTKLKDGVNFNVDDINFSPVLGCLGSECSKASSRSAIEDLLFDKVKLSDVG
FVEAYNNCTGGAEIRDLICVQSYKGIK VLPPLLSENQISGY TLAATSASLFPP
WTAAAGVPFYLNVQYRINGLGVTMDVLSQNQKLIANAFNNALYAIQEGFD
ATNSALVKIQAVVNANAEALNNLLQQLSNRFGAISASLQEILSRLDALEAE
AQIDRLINGRLTALNAYVSQQLSDSTLVKFSAAQAMEKVNECVKSQSSRIN
FCGNGNHIISLVQNAPY GLYFIHFSY VPTKY VTARVSPGLCIAGDRGIAPKS
GYFVNVNNTWMYTGSGYYYPEPITENNVVVMSTCAVNYTKAPYVMLNTS
IPNLPDFKEELDQWFKNQTSVAPDLSLDYINVTFLDLQVEMNRLQEAIKVL
NQSYINLKDIGTYEYYVKWPWYVWLLICLAGVAMLVLLFFICCCTGCGTS
CFKKCGGCCDDYTGYQELVIKTSHDD

HCoV-0C43
SI/NTD (21-
293 of SEQ ID
NO: 34)

CTSDNINDKDTGPPPISTDTVDVTINGLGTYYVLDRVYLNTTLFLNGYYPTS
GSTYRNMALKGSVLLSRLWFKPPFLSDFINGIFAK VKNTK VIKDRVMY SEF
PAITIGSTFVNTSYSVVVQPRTINSTQDGDNKLQGLLEVSVCQYNMCEYPQ
TICHPNLGNHRKELWHLDTGVVSCLYKRNFTYDVNADYLYFHFYQEGGTF
YAYFTDTGVVTKFLFNVYLGMALSHYY VMPLTCNSKLTLEY WVTPLTSRQ
YLLAFNQDGIIFNAVDCMSD

35

HCoV-0C43
S1/NTD+SS
(1-293 of SEQ
ID NO: 34)

MFLILLISLPTAFAVIGDLKCTSDNINDKDTGPPPISTDTVDVTNGLGTYYVL
DRVYLNTTLFLNGYYPTSGSTYRNMALKGSVLLSRLWFKPPFLSDFINGIFA
KVKNTKVIKDRVMY SEFPAITIGSTFVNTSYSVVVQPRTINSTQDGDNKLQ
GLLEVSVCQYNMCEYPQTICHPNLGNHRKELWHLDTGVVSCLYKRNFTY
DVNADYLYFHFYQEGGTFYAYFTDTGVVTKFLFNVYLGMALSHYYVMPL
TCNSKLTLEYWVTPLTSRQYLLAFNQDGIIFNAVDCMSD

36

HCoV-0C43
S1/RBD (335-
599 of SEQ ID
NO: 34)

CNIEAWLNDKSVPSPLNWERKTFSNCNFNMSSLMSFIQADSFTCNNIDAAK
IYGMCFSSITIDKFAIPNGRKVDLQLGNLGYLQSFNYRIDTTATSCQLYYNL
PAANVSVSRFNPSTWNKRFGFIEDSVFKPRPAGVLTNHDVVYAQHCFKAP

KNFCPCKLNGSCVGSGPGKNNGIGTCPAGTNYLTCDNLCTPDPITFTGTYK
CPQTKSLVGIGEHCSGLAVKSDYCGGNSCTCRPQAFLGWSADSCLQGDKC
NIFANFILHDV

37

HCoV-0C43
S1/ExRBD
(310-683 of
SEQ ID NO:
34)

GVYELNGYTVQPIADVYRRKPNLPNCNIEAWLNDKSVPSPLNWERKTFSN
CNFNMSSLMSFIQADSFTCNNIDAAKIY GMCFSSITIDKFAIPNGRKVDLQL
GNLGYLQSFNYRIDTTATSCQLYYNLPAANVSVSRFNPSTWNKRFGFIEDS
VFKPRPAGVLTNHDVVYAQHCFKAPKNFCPCKLNGSCVGSGPGKNNGIGT
CPAGTNYLTCDNLCTPDPITFTGTYKCPQTKSLVGIGEHCSGLAVKSDYCG
GNSCTCRPQAFLGWSADSCLQGDKCNIFANFILHDVNSGLTCSTDLQKANT
DILGVCVNYDLYGILGQGIFVEVNATYYNSWQNLLYDSNGNLYGFRDYIT
NRTFMIRSCYSGRVSAAF

38

HCoV-0C43
S2/core (780-
1161 of SEQ
ID NO: 34)

SLEPVGGL YEIQIPSEFTIGNMVEFIQTSSPK VTIDCAAFVCGDYAACKSQLV
EYGSFCDNINAILTEVNELLDTTQLQVANSLMNGVTLSTKLKDGVNFNVD

DINFSPVLGCLGSECSKASSRSAIEDLLFDK VKLSDVGFVEAYNNCTGGAEI
RDLICVQSYKGIKVLPPLLSENQISGYTLAATSASLFPPWTAAAGVPFYLNV
QYRINGLGVTMDVLSQNQKLIANAFNNALYAIQEGFDATNSALVKIQAVV
NANAEALNNLLQQLSNRFGAISASLQEILSRLDALEAEAQIDRLINGRLTAL

39
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NAYVSQQLSDSTLVKFSAAQAMEK VNECVKSQSSRINFCGNGNHIISLVOQN
APYGLYFIHFSYVPTKYVTARV

HCoV-0C43
S2w/oTM
(773-1278 of
SEQ ID NO:
34)

TVNSVNDSLEPVGGLYEIQIPSEFTIGNMVEFIQTSSPKVTIDCAAFVCGDYA
ACKSQLVEYGSFCDNINAILTEVNELLDTTQLQVANSLMNGVTLSTKLKDG
VNFNVDDINFSPVLGCLGSECSKASSRSAIEDLLFDKVKLSDVGFVEAYNN
CTGGAEIRDLICVQSYKGIKVLPPLLSENQISGYTLAATSASLFPPWTAAAG
VPFYLNVQYRINGLGVTMDVLSQNQKLIANAFNNALY AIQEGFDATNSAL
VKIQAVVNANAEALNNLLQQLSNRFGAISASLQEILSRLDALEAEAQIDRLI
NGRLTALNAYVSQQLSDSTLVKFSAAQAMEKVNECVKSQSSRINFCGNGN
HIISLVQNAPYGLYFIHFSY VPTKY VTARVSPGLCIAGDRGIAPKSGYFVNV
NNTWMYTGSGYYYPEPITENNVVVMSTCAVNY TKAPY VMLNTSIPNLPDF
KEELDQWFKNQTSVAPDLSLDYINVTFLDLQVEMNRLQEAIKVLN

40

HCoV-HKU1
(YP_173238.1

)

MLLIIFILPTTLA VIGDFNCTNFAINDLNTTVPRISEY VVDVSYGLGTY YILDR
VYLNTTILFTGYFPKSGANFRDLSLKGTTYLSTLWYQKPFLSDFNNGIFSRV
KNTKLYVNKTLYSEFSTIVIGSVFINNSYTIVVQPHNGVLEITACQYTMCEY
PHTICKSKGSSRNESWHFDKSEPLCLFKKNFTYNVSTDWLYFHFYQERGTF
YAYYADSGMPTTFLFSLYLGTLLSHYY VLPLTCNAISSNTDNETLQYW VTP
LSKRQYLLKFDNRGVITNAVDCSSSFFSEIQCKTKSLLPNTGVYDLSGFTVK
PVATVHRRIPDLPDCDIDKWLNNFNVPSPLNWERKIFSNCNFNLSTLLRLVH
TDSFSCNNFDESKIYGSCFK SIVLDKFAIPNSRRSDLQLGSSGFLQSSNYKID
TTSSSCQLYYSLPAINVTINNYNPSSWNRRYGFNNFNLSSHSVVYSRYCFSV
NNTFCPCAKPSFASSCKSHKPPSASCPIGTNYRSCESTTVLDHTDWCRCSCL
PDPITAYDPRSCSQKKSLVGVGEHCAGFGVDEEKCGVLDGSYNVSCLCSTD
AFLGWSYDTCVSNNRCNIFSNFILNGINSGTTCSNDLLQPNTEVFTDVCVDY
DLYGITGQGIFKEVSAVYYNSWQNLLYDSNGNIIGFKDFVTNKTYNIFPCY
AGRVSAAFHQNASSLALLYRNLKCSYVLNNISLTTQPYFDSYLGCVFNADN
LTDYSVSSCALRMGSGFCVDYNSPSSSSSRRKRRSISASYRFVTFEPFNVSFV
NDSIESVGGLYEIKIPTNFTIVGQEEFIQTNSPK VTIDCSLFVCSNYAACHDLL
SEYGTFCDNINSILDEVNGLLDTTQLHVADTLMQGVTLSSNLNTNLHFDVD
NINFKSLVGCLGPHCGSSSRSFFEDLLFDK VKLSDVGFVEAYNNCTGGSEIR
DLLCVQSFNGIKVLPPILSESQISGY TTAATVAAMFPPWSAAAGIPFSLNVQ
YRINGLGVTMDVLNKNQKLIATAFNNALLSIQNGFSATNSALAKIQSVVNS
NAQALNSLLQQLFNKFGAISSSLQEILSRLDALEAQVQIDRLINGRLTALNA
YVSQQLSDISLVKFGAALAMEK VNECVKSQSPRINFCGNGNHILSLVQNAP
YGLLFMHFSYKPISFKTVL VSPGLCISGDVGIAPKQGYFIKHNDHWMFTGSS
YYYPEPISDKNVVFMNTCS VNFTK APLVYLNHSVPKLSDFESELSHWFKNQ
TSIAPNLTLNLHTINATFLDLYYEMNLIQESIKSLNNSYINLKDIGTYEMY VK
WPWY VWLLISFSFIIFLVLLFFICCCTGCGSACFSKCHNCCDEYGGHHDFVI
KTSHDD

41

HCoV-HKU1
S1/NTD (20-
285 of SEQ ID
NO: 37)

CTNFAINDLNTTVPRISEYVVDVSYGLGTYYILDRVYLNTTILFTGYFPKSG
ANFRDLSLKGTTYLSTLWYQKPFLSDFNNGIFSRVKNTKLY VNKTLYSEFS
TIVIGSVFINNSYTIVVQPHNGVLEITACQYTMCEYPHTICKSKGSSRNESW
HFDKSEPLCLFKKNFTYNVSTDWLYFHFYQERGTFYAYYADSGMPTTFLFS
LYLGTLLSHYYVLPLTCNAISSNTDNETLQYWVTPLSKRQYLLKFDNRGVI
TNAVDCSSS

42

HCoV-HKU1
S1/NTD+SS
(1-285 of SEQ
ID NO: 41)

MLLIFILPTTLAVIGDFNCTNFAINDLNTTVPRISEYVVDVSYGLGTYYILDR
VYLNTTILFTGYFPKSGANFRDLSLKGTTYLSTLWYQKPFLSDFNNGIFSRV
KNTKLYVNKTLYSEFSTIVIGSVFINNSYTIVVQPHNGVLEITACQYTMCEY
PHTICKSKGSSRNESWHFDKSEPLCLFKKNFTYNVSTDWLYFHFYQERGTF
YAYYADSGMPTTFLFSLYLGTLLSHYY VLPLTCNAISSNTDNETLQYWVTP
LSKRQYLLKFDNRGVITNAVDCSSS

43

HCoV-HKU1
S1/RBD (327-
599 of SEQ ID
NO: 41)

CDIDKWLNNFNVPSPLNWERKIFSNCNFNLSTLLRLVHTDSFSCNNFDESKI
YGSCFKSIVLDKFAIPNSRRSDLQLGSSGFLQSSNYKIDTTSSSCQLYYSLPAI
NVTINNYNPSSWNRRYGFNNFNLSSHSVVYSRYCFSVNNTFCPCAKPSFAS
SCKSHKPPSASCPIGTNYRSCESTTVLDHTDWCRCSCLPDPITAYDPRSCSQ

44
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KKSLVGVGEHCAGFGVDEEKCGVLDGSYNVSCLCSTDAFLGWSYDTCVS
NNRCNIFSNFILNGI

HCoV-HKU1
S1/ExRBD
(302-683 of
SEQ ID NO:
41)

GVYDLSGFTVKPVATVHRRIPDLPDCDIDK WLNNFNVPSPLNWERKIFSNC
NFNLSTLLRLVHTDSFSCNNFDESKIY GSCFKSIVLDKFAIPNSRRSDLQLGS
SGFLQSSNYKIDTTSSSCQLYYSLPAINVTINNYNPSSWNRRY GFNNFNLSS
HSVVYSRYCFSVNNTFCPCAKPSFASSCKSHKPPSASCPIGTNYRSCESTTV
LDHTDWCRCSCLPDPITAYDPRSCSQKKSLVGVGEHCAGFGVDEEKCGVL
DGSYNVSCLCSTDAFLGWSYDTCVSNNRCNIFSNFILNGINSGTTCSNDLLQ
PNTEVFTDVCVDYDLYGITGQGIFKEVSAVY YNSWOQNLLYDSNGNIIGFKD
FVINKTYNIFPCYAGRVSAAF

45

HCoV-HKU1
S2/core (782-
1162 of SEQ

ID NO: 41)

SIESVGGLYEIKIPTNFTIVGQEEFIQTNSPK VTIDCSLFVCSNYAACHDLLSE
YGTFCDNINSILDEVNGLLDTTQLHVADTLMQGVTLSSNLNTNLHFDVDNI
NFKSLVGCLGPHCGSSSRSFFEDLLFDK VKLSDVGFVEAYNNCTGGSEIRD
LLCVQSFNGIKVLPPILSESQISGYTTAATVAAMFPPWSAAAGIPFSLNVQY
RINGLGVTMDVLNKNQKLIATAFNNALLSIQNGFSATNSALAKIQSVVNSN
AQALNSLLQQLFNKFGAISSSLQEILSRLDALEAQVQIDRLINGRLTALNAY
VSQQLSDISLVKFGAALAMEK VNECVK SQSPRINFCGNGNHILSLVQNAPY
GLLFMHFSYKPISFKTVLV

46

HCoV-HKU1
S2w/oTM
(775-1281 of
SEQ ID NO:
41)

NVSFVNDSIESVGGLYEIKIPTNFTIVGQEEFIQTNSPK VTIDCSLFVCSNYAA
CHDLLSEYGTFCDNINSILDEVNGLLDTTQLHVADTLMQGVTLSSNLNTNL
HFDVDNINFKSLVGCLGPHCGSSSRSFFEDLLFDK VKLSDVGFVEAYNNCT
GGSEIRDLLCVQSFNGIK VLPPILSESQISGYTTAATVAAMFPPWSAAAGIPF
SLNVQYRINGLGVTMDVLNKNQKLIATAFNNALLSIQNGFSATNSALAKIQ
SVVNSNAQALNSLLQQLFNKFGAISSSLQEILSRLDALEAQVQIDRLINGRL
TALNAYVSQQLSDISLVKFGAALAMEKVNECVK SQSPRINFCGNGNHILSL
VQNAPYGLLFMHFSYKPISFKTVLVSPGLCISGDVGIAPKQGYFIKHNDHW
MFTGSSYYYPEPISDKNVVFMNTCSVNFTKAPLVYLNHSVPKLSDFESELS
HWFKNQTSIAPNLTLNLHTINATFLDLYYEMNLIQESIKSLN

47

HCoV-NL63
(YP_003767.1

)

MKLFLILLVLPLASCFFTCNSNANLSMLQLGVPDNSSTIVTGLLPTHWFCAN
QSTSVYSANGFFYIDVGNHRSAFALHTGYYDANQYYIY VINEIGLNASVTL
KICKFSRNTTFDFLSNASSSFDCIVNLLFTEQLGAPLGITISGETVRLHLYNVT
RTFYVPAAYKLTKLSVKCYFNYSCVFSVVNATVTVNVTTHNGRVVNYTV
CDDCNGY TDNIFSVQQDGRIPNGFPFNNWFLLTNGSTLVDGVSRLYQPLRL
TCLWPVPGLKSSTGFVYFNATGSDVNCNGYQHNSVVDVMRYNLNFSANS
LDNLKSGVIVFKTLQYDVLFY CSNSSSGVLDTTIPFGPSSQPYYCFINSTINT
THVSTFVGILPPTVREIVVARTGQFYINGFKYFDLGFIEAVNFNVTTASATDF
WTVAFATFVDVLVNVSATNIQNLLYCDSPFEKLQCEHLQFGLQDGFYSAN
FLDDNVLPETYVALPIYYQHTDINFTATASFGGSCYVCKPHQVNISLNGNTS
VCVRTSHFSIRYTYNRVKSGSPGDSSWHIYLKSGTCPFSFSKLNNFQKFKTIC
FSTVEVPGSCNFPLEATWHYTSYTIVGALYVTWSEGNSITGVPYPVSGIREF
SNLVLNNCTKYNIYDY VGTGIIRSSNQSLAGGITY VSNSGNLLGFKNVSTGN
IFIVTPCNQPDQVA VYQQSIIGAMTAVNESRYGLQNLLQLPNFYYVSNGGN
NCTTAVMTY SNFGICADGSLIPVRPRNSSDNGISAIITANLSIPSNWTTSVQV
EYLQITSTPIVVDCATY VCNGNPRCKNLLKQYTSACKTIEDALRLSAHLETN
DVSSMLTFDSNAFSLANVTSFGDYNLSSVLPQRNIRSSRIAGRSALEDLLFS
KVVTSGLGTVDVDYKSCTKGLSIADLACAQYYNGIMVLPGVADAERMAM
YTGSLIGGMVLGGLTSAAAIPFSLALQARLNYVALQTDVLQENQKILAASF
NKAINNIVASFSSVNDAITQTAEAIHTVTIALNKIQD VVNQQGSALNHLTSQ
LRHNFQAISNSIQATYDRLDSIQADQQVDRLITGRLAALNAFVSQVLNKYTE
VRGSRRLAQQKINECVK SQSNRYGFCGNGTHIFSIVNSAPDGLLFLHTVLLP
TDYKNVKAWSGICVDGIYGY VLRQPNL VLY SDNG VFRVTSR VMFQPRLPV
LSDFVQIYNCNVTFVNISRVELHTVIPDY VDVNKTLQEFAQNLPKY VKPNF
DLTPFNLTYLNLSSELKQLEAKTASLFQTTVELQGLIDQINSTVDLKLLNRF
ENYIKWPWWVWLIISVVFVVLLSLLVFCCLSTGCCGCCNCLTSSMRGCCD
CGSTKLPYYEFEKVHVQ
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HCoV-NL63
SI/NTD (32-
334 of SEQ ID
NO: 48)

VPDNSSTIVTGLLPTHWFCANQSTSVYSANGFFYIDVGNHRSAFALHTGYY
DANQYYIYVINEIGLNASVTLKICKFSRNTTFDFLSNASSSFDCIVNLLFTEQ
LGAPLGITISGETVRLHLYNVTRTFYVPAAYKLTKLSVKCYFNYSCVFSVV
NATVIVNVTTHNGRVVNYTVCDDCNGYTDNIFSVQQDGRIPNGFPFNNWF
LLTNGSTLVDGVSRLYQPLRLTCLWPVPGLKSSTGFVYFNATGSDVNCNG
YOHNSVVDVMRYNLNFSANSLDNLKSGVIVFKTLQYDVLFYCSNSSSG

49

HCoV-NL63
S1/NTD+SS
(1-334 of SEQ
ID NO: 48)

MKLFLILLVLPLASCFFTCNSNANLSMLQLGVPDNSSTIVIGLLPTHWFCAN
QSTSVYSANGFFYIDVGNHRSAFALHTGYYDANQYYIY VINEIGLNASVTL
KICKFSRNTTFDFLSNASSSFDCIVNLLFTEQLGAPLGITISGETVRLHLYNVT
RTFYVPAAYKLTKLSVKCYFNYSCVFSVVNATVIVNVTTHNGRVVNYTV
CDDCNGYTDNIFSVQOQDGRIPNGFPFNNWFLLTNGSTLVDGVSRLYQPLRL
TCLWPVPGLKSSTGFVYFNATGSDVNCNGYQHNSVVDVMRYNLNFSANS
LDNLKSGVIVFKTLQYDVLFYCSNSSSG

50

HCoV-NL63
S1/RBD (375-
605 of SEQ ID
NO: 48)

EIVVARTGQFYINGFKYFDLGFIEAVNFNVITASATDFWTVAFATFVDVLV

NVSATNIQNLLY CDSPFEKLQCEHLQFGLQDGFYSANFLDDNVLPETY VAL
PIYYQHTDINFTATASFGGSCY VCKPHQVNISLNGNTSVCVRTSHFSIRYIYN
RVKSGSPGDSSWHIYLKSGTCPFSFSKLNNFQKFKTICFSTVEVPGSCNFPLE
ATWHYTSYTIVGALYVTWSEGNS

51

HCoV-NL63
S1/ExRBD
(350-687 of
SEQ ID NO:
48)

YCFINSTINTTHVSTFVGILPPTVREIVVARTGQFYINGFKYFDLGFIEAVNFN
VITASATDFWTVAFATFVDVLVNVSATNIQNLLYCDSPFEKLQCEHLQFGL
QDGFYSANFLDDNVLPETY VALPIY YQHTDINFTATASFGGSCY VCKPHQV
NISLNGNTSVCVRTSHFSIRYTYNRVKSGSPGDSSWHIYLKSGTCPFSFSKLN
NFQKFKTICFSTVEVPGSCNFPLEATWHYTSYTIVGALY VIWSEGNSITGVP
YPVSGIREFSNLVLNNCTKYNIYDY VGTGIIRSSNQSLAGGITYVSNSGNLL
GFKNVSTGNIFIVIPCNQPDQVAVY

52

HCoV-NL63
S2/core (763-
1143 of SEQ
ID NO: 48)

LSIPSNWTTSVQVEYLQITSTPIVVDCATY VCNGNPRCKNLLKQYTSACKTI
EDALRLSAHLETNDVSSMLTFDSNAFSLANVTSFGDYNLSSVLPQRNIRSSR
IAGRSALEDLLFSKVVTSGLGTVDVDYKSCTKGLSIADLACAQYYNGIMVL
PGVADAERMAMY TGSLIGGMVLGGLTSAAAIPFSLALQARLNYVALQTDV
LQENQKILAASFNKAINNIVASFSSVNDAITQTAEATHTVTIALNKIQDVVNQ
QGSALNHLTSQLRHNFQAISNSIQATYDRLDSIQADQQVDRLITGRLAALNA
FVSQVLNKYTEVRGSRRLAQQKINECVKSQSNRYGFCGNGTHIFSIVNSAP
DGLLFLHTVLLPTDYKNVKA

53

HCoV-NL63
S2w/oTM
(763-1277 of
SEQ ID NO:
48)

LSIPSNWTTSVQVEYLQITSTPIVVDCATY VCNGNPRCKNLLKQYTSACKTI
EDALRLSAHLETNDVSSMLTFDSNAFSLANVTSFGDYNLSSVLPQRNIRSSR
IAGRSALEDLLFSKVVTSGLGTVDVDYKSCTKGLSIADLACAQYYNGIMVL
PGVADAERMAMY TGSLIGGMVLGGLTSAAAIPFSLALQARLNYVALQTDV
LQENQKILAASFNKAINNIVASFSSVNDAITQTAEATHTVTIALNKIQDVVNQ
QGSALNHLTSQLRHNFQAISNSIQATYDRLDSIQADQQVDRLITGRLAALNA
FVSQVLNKYTEVRGSRRLAQQKINECVKSQSNRYGFCGNGTHIFSIVNSAP

DGLLFLHTVLLPTDYKNVKAWSGICVDGIYGYVLRQPNLVLYSDNGVFRV
TSRVMFQPRLPVLSDFVQIYNCNVTFVNISRVELHTVIPDY VDVNKTLQEFA
QNLPKYVKPNFDLTPFNLTYLNLSSELKQLEAKTASLFQTTVELQGLIDQIN

54

Peptide Linker

GGSGGS

55

Vector For

TGACCATTTTGATACATGTTGAACAATCAAATACAG

56

Vector Rev

GCTAGCCTTGTCATCGTCATCCT

57

NTD For GATGACAAGGCTAGCTGTGTTAATCTTACAACCAGAACTCAATTACCCC | 58
NTD Rev GTATCAAAATGGTCAGTCAAGTGCACAGTCTACAGCATC 59
GATGACAAGGCTAGCGGAATCTATCAAACTTCTAACTTTAGAGTCCAAC | 60
ExRBD For CA
ExRBD Rev GTATCAAAATGGTCATGTTATAACACTGACACCACCAAAAGAACA 61
RBD For GATGACAAGGCTAGCTTGTGCCCTTTTGGTGAAGTTT 62
RBD Rev GTATCAAAATGGTCAAGTTGCTGGTGCATGTAGAAGT 63
CR For GATGACAAGGCTAGCTCTATTGCCATACCCACAAATTTTACTATTAGTG | 64

T
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CR_Rev GTATCAAAATGGTCAAGTTGTGAAGTTCTITTCTTGTGCAGG 65

S1 For GATGACAAGGCTAGCGTGTTTGTTTITICTTGTTTTATTGCCACTAGTCT 66

S1 Rev GTATCAAAATGGTCAACGTGCCCGCCG 67
BACKGROUND
[0004] Rotaviruses are one the leading causes of childhood gastroenteritis throughout the

world, and have a major impact on childhood morbidity and mortality. Rotavirus vaccines have
demonstrated very good safety and efficacy profiles, and their use has significantly reduced the
toll of acute rotavirus gastroenteritis in both developed and developing countries.

[0005] Coronaviruses are a group of large, enveloped, positive-sense, single stranded
RNA viruses. Originating in bats, zoonotic coronaviruses have been present in humans for at
least 500-800 years, and are often the cause of the common cold. Of the four genera of
coronaviruses (alpha, beta, gamma, and delta), characterized by different antigenic cross-
reactivity and genetic makeup, only alpha- and betacoronavirus genera include strains pathogenic
to humans.

[0006] Of the coronavirus species known prior to December of 2019, only six are known
to cause disease in humans: HCoV-229E, HCoV-0OC43, HCoV-NL63, HCoV-HKUI, severe
acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory virus
coronavirus (MERS-CoV). HCoV-229E, HCoV-0C43, HCoV-NL63, and HCoV-HKUTI are
endemic locally, and have been associated mainly with mild, self-limiting disease, whereas
SARS-CoV and MERS-CoV can cause severe illness. SARS-CoV and MERS-CoV are
betacoronaviruses, and are among the pathogens included in the World Health Organization’s list
of high-priority threats.

[0007] Coronaviruses are so named for the crown-like spikes on their surface, and have
two major envelope proteins. The S glycoprotein is a major antigen responsible for both receptor
binding and cell fusion. The transmembrane glycoprotein (M) is involved in budding and
envelope formation. A few coronavirus species have a third glycoprotein, the haemagglutinin-
esterase (HE). The coronavirus genome is non-segmented, positive single-stranded RNA of
about 26-32 kb, making it the longest RNA viral genome known, included from 7 to 10 open
reading frames. Coronaviruses are capable of adapting quickly to new hosts through the

processes of genetic recombination and mutation in vivo.
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[0008] In late 2019, a new coronavirus began causing febrile respiratory illness in China.
The virus, provisionally known as 2019-nCoV (2019 novel coronavirus; now known as SARS-
CoV-2), was first detected in Wuhan, China. SARS-CoV-2 was sequenced and identified as a
betacoronavirus belonging to the sarbecovirus, with 75-80% similarity in genetic sequence to
SARS-CoV. The animal host of SARS-CoV-2 is presumed to be a bat, although an intermediate
hose may also have been involved. Although the initial cases were a result of zoonotic
transmission, human-to-human transmission was documented soon after, in both healthcare
settings and familial clusters.

[0009] Following an incubation ranging from 2-14 days, SARC-CoV-2 infection
manifests as a respiratory illness termed COVID-19 (coronavirus disease 2019), with symptoms
including fever, cough, and dyspnea. An early description of 41 clinical cases described patients
as having serious, sometimes fatal, pneumonia, with clinical presentations very similar to those
of SARS-CoV. Patients with the most severe illness developed acute respiratory distress
syndrome (ARDS), requiring ICU admission and oxygen therapy.

[0010] According to the World Health Organization, as of April 9, 2020, more than 1.6
million confirmed cases of COVID-19 and 95,000 deaths had been reported worldwide, with
cases being reported in 212 different countries, areas, or territories. Although the early case-
fatality rate appeared to be low, the rapid spread and ease of transmission of the virus, even by
asymptomatic individuals, has caused global alarm; if easily transmissible, a virus poses a
significant risk at the population level. The WHO declared SARS-CoV-2 infection to be a
pandemic on March 11, 2020.

[0011] As of April, 2020, 5 SARS-CoV-2 vaccines had begun Phase I clinical trials, with
nearly 20 additional vaccine candidate in preclinical development. None appear to explore the

possibility of a neonatal vaccine.
SUMMARY

[0012] In a first example (“Example 1), provided herein is a recombinant rotavirus
comprising a gene segment including a first nucleotide sequence encoding rotavirus
nonstructural protein 3 (NSP3) and a second nucleotide sequence encoding a coronavirus S
protein fragment selected from: an S1 N-terminal domain; an S1 N-terminal domain with signal
sequence; an S1 subunit without signal sequence; an S protein receptor binding domain;an

extended S protein receptor binding domain ;an S2 core domain; and an S2 subunit without a
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transmembrane anchor domain, wherein the NSP3 and the coronavirus S protein fragment are
encoded by a single open reading frame, separated by a self-cleavage protease domain.

[0013] In a another example (“Example 27”), further to Example 1, the coronavirus is
SARS-CoV-2 and: the S1 N-terminal domain is at least 95% identical to SEQ ID NO: 3; the S1
N-terminal domain with signal sequence is at least 95% identical to SEQ ID NO: 4; the S protein
receptor binding domain is at least 95% identical to SEQ ID NO: 5; the extended S protein
receptor binding domain is at least 95% identical to SEQ ID NO: 9; the S2 core domain is at
least 95% to SEQ ID NO: 10; and the S2 subunit without a transmembrane anchor domain is at
least 95% identical to SEQID N: 11.

[0014] In another example (“Example 37), further to Example 1 or Example 2, further
comprising a third nucleotide sequence encoding a second coronavirus S protein fragment
selected from: an S1 N-terminal domain; an S1 N-terminal domain with signal sequence; an S1
subunit without signal sequence; an S protein receptor binding domain; an extended S protein
receptor binding domain; an S2 core domain; and an S2 subunit without a transmembrane anchor
domain, wherein the NSP3 the coronavirus S protein fragment, and the second coronavirus S
protein fragment are encoded by a single open reading frame, wherein the NSP3 and the
coronavirus S protein fragment are separated by a self-cleavage protease domain and the
coronavirus S protein fragment and the second coronavirus fragment are separated by a
molecular hinge.

[0015] In another example (“Example 47), further to any one of Examples 1-3, the self-
cleavage protease domain is a 2A cleavage element.

[0016] In another example (“Example 57), further to any one of Examples 1-4, the self-
cleavage protease domain is a tesco porcine virus 2A (P2A) element.

[0017] In another example (“Example 67), further to any one of Examples 1-5, the self
cleavage protease domain is a P2A element has a sequence having at least 80% sequence identity
to SEQ ID NO: 1 (SKFQIDKILISGDIELNPGP).

[0018] In another example (“Example 77), further to any one of Examples 1-7, the
nucleotide sequence encoding the coronavirus S protein fragment is derived from a coronavirus
selected from: SARS-CoV; MERS-CoV; SARS-CoV-2; HCoV-299E; HCoV-OC43; HCoV-
HKUT1; and HCoV-NL63.
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[0019] In another example (“Example 87), further to any one of Examples 3-7, the third
nucleotide sequence encoding the second coronavirus S protein fragment is derived from a same
or a different coronavirus species.

[0020] In another example (“Example 97), further to any one of Examples 1-8, the
recombinant rotavirus induces an immunological response against rotavirus and coronavirus in a
subject when administered to the subject.

[0021] In another example (“Example 10”), further to any one of Examples 1-9, the
recombinant rotavirus is based upon strain G1P[8].

[0022] In another example (“Example 117), further to any one of Examples 1-10, the
recombinant rotavirus is attenuated.

[0023] In another example (“Example 12”), provided herein is an immunogenic
composition comprising the recombinant rotavirus of any one of Examples 1-11.

[0024] In another example (“Example 13”), further to Example 12, the immunogenic
composition includes a pharmaceutically acceptable excipient.

[0025] In another example (“Example 14”), further to Example 11 or Example 12, the
immunogenic composition is formulated for oral, subcutaneous, or intramuscular administration.
[0026] In another example (“Example 15”), provided herein is a method for inducing a
protective immune response against rotavirus and a coronavirus in a subject, the method
comprising administering an effective amount of the immunogenic composition of any one of
Examples 12-14 to the subject.

[0027] In another example (“Example 16”), provided herein is a recombinant rotavirus
expression system comprising: a nonstructural protein 3 (NSP3) expression vector including a
nucleotide sequence encoding rotavirus (NSP3) and a nucleotide sequence encoding a
coronavirus S protein fragment selected from: an S1 N-terminal domain; an S1 N-terminal
domain with signal sequence; an S1 subunit without signal sequence; an S protein receptor
binding domain; an extended S protein receptor binding domain; an S2 core domain; and an S2
subunit without a transmembrane anchor domain, wherein the NSP3 and the coronavirus S
protein fragment are encoded by a single open reading frame, separated by a self-cleavage
protease domain; a VP1 expression vector; a VP2 expression vector; a VP3 expression vector; a
VP4 expression vector; a VPS5 expression vector; a VP6 expression vector; a VP7 expression

vector; a NSP1 expression vector; a NSP2 expression vector, a NSP4 expression vector; a
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NSP5/6 expression vector; and an African Swine Fever Virus NP868R RNA capping enzyme
expression vector.

[0028] In another example (“Example 17”), further to Example 16, the coronavirus is
SARS-CoV-2 and: the S1 N-terminal domain is at least 95% identical to SEQ ID NO: 3; the S1
N-terminal domain with signal sequence is at least 95% identical to SEQ ID NO: 4; the S protein
receptor binding domain is at least 95% identical to SEQ ID NO: 5; the extended S protein
receptor binding domain is at least 95% identical to SEQ ID NO: 9; the S2 core domain is at
least 95% to SEQ ID NO: 10; and the S2 subunit without a transmembrane anchor domain is at
least 95% identical to SEQID N: 11.

[0029] In another example, (“Example 18), further to Example 16 or Example 17, the
recombinant rotavirus expression system includes a third nucleotide sequence encoding a second
coronavirus S protein fragment selected from: an S1 N-terminal domain; an S1 N-terminal
domain with signal sequence; an S1 subunit without signal sequence; an S protein receptor
binding domain; an extended S protein receptor binding domain; an S2 core domain; and an S2
subunit without a transmembrane anchor domain, wherein the NSP3 the coronavirus S protein
fragment, and the second coronavirus S protein fragment are encoded by a single open reading
frame, wherein the NSP3 and the coronavirus S protein fragment are separated by a self-cleavage
protease domain and the coronavirus S protein fragment and the second coronavirus fragment are
separated by a molecular hinge.

[0030] In another example (“Example 19”), further to any one of Examples 16-18, each
of the NSP3 expression vector, VP1 expression vector, VP2 expression vector, VP3 expression
vector, VP4 expression vector, VPS5 expression vector, VP6 expression vector, VP7 expression
vector, NSP1 expression vector, NSP2 expression vector, NSP4 expression vector, and NSP5/6
expression vector are T7 expression vectors.

[0031] In another example (“Example 20”), further to any one of Examples 16-19, the
self-cleavage protease domain is a 2A cleavage element.

[0032] In another example (“Example 217), further to any one of Examples 16-20, the
self-cleavage protease domain is a tesco porcine virus 2A (P2A) element.

[0033] In another example (“Example 22”), further to any one of Examples 16-21, the
self-cleavage protease domain has a sequence having at least 80% sequence identity to SEQ ID

NO: 1 (SKFQIDKILISGDIELNPGP).

15



WO 2021/216575 PCT/US2021/028195

[0034] In another example (“Example 23”), further to any one of Examples 16-22, the
nucleotide sequence encoding the coronavirus S protein fragment is derived from a coronavirus
selected from: SARS-CoV; MERS-CoV; SARS-CoV-2; HCoV-299E; HCoV-OC43; HCoV-
HKUT1; and HCoV-NL63.

[0035] In another example (“Example 24”), further to any one of Examples 18-23, the
third nucleotide sequence encoding the second coronavirus S protein fragment is derived from a
same or a different coronavirus species.

[0036] In another example (“Example 25”), further to any one of Examples 16-24, the
recombinant rotavirus expression system is based upon rotavirus strain G1P[8].

[0037] In another example (“Example 26”), provided herein is a method for producing a
recombinant rotavirus comprising, transfecting BHK-T7 cells with the recombinant rotavirus
expression system of any one of Examples 16-25; overseeding the transfected BHK-T7 cells
with MA104 cells; preparing a clarified cell lysate; and isolating recombinant rotavirus.

[0038] In another example (“Example 27”), further to Example 26, recombinant rotavirus
is isolated by plaque purification.

[0039] In another example (“Example 28”), further Example 26 or Example 27, the

recombinant rotavirus is attenuated.
BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The following drawings form part of the present specification and are included to
further demonstrate certain embodiments. Some embodiments may be better understood by
reference to one or more of these drawings alone or in combination with the detailed description
of specific embodiments presented.

[0041] FIG. 1 Graphic illustration of a phylogenetic tree of rotavirus species. RVA is
the major cause of rotavirus illness in humans.

[0042] FIG. 2 Graphic illustration of arotavirus capsid with structural proteins labeled
(Left) and dsRNA genome segments showing protein products (Right).

[0043] FIG. 3 A schematic drawing illustrating transfection of BHK-T7 cells with
vectors for rotavirus (+)RNAs, a CMV vector for ASFV NP868R, and a pCAG vector for
plOFAST. Briefly, three days after transfection, BHK-T7 cells are overseeded with MA104 cells
in trypsin-containing media. The combined BHK-T7/MA104 cultures are harvested six days post

transfection, and recombinant virus amplified by passage in MA104 cells.
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[0044] FIG. 4A A diagram illustrating the ASFV NP868R gene that was synthesized by
Genewiz and inserted in a pCMV plasmid downstream of the CMV promoter;

[0045] FIG. 4B A polyacrylamide gel electrophoresis (PAGE) illustrating the pCMV-
NP868R plasmid and pT7 plasmids for SA11 (+)RNAs (Addgene) were used in the RG system
to generate recombinant SA11 rotavirus (rSA11).

[0046] FIG. 4C A bar graph illustrating fold increase in the level of virus recovered in
RG experiments expressing ASFV NP868R capping enzyme compared to RG experiments
expressing vaccinia virus capping DIR/D12L enzymes.

[0047] FIG. 5 A photograph of a PAGE gel illustrating electropherotypes of wildtype
SA11-4F and sister strain with gene 7 rearrangement (g7re).

[0048] FIG. 6 An illustration of protein-encoding regions of group A (RVA) rotavirus
gene 7 (NSP3seg) and group C (RVC) rotavirus gene 6 (NSP3-dsRBPseg). Self-cleavage site in
RVC 2A is labeled.

[0049] FIG. 7 An illustration of a pT7/NSP3 plasmid designs incorporating various
SARS-CoV-2 S protein fragments according to certain embodiments.

[0050] FIG. 8A A schematic depiction of the structure of the SARS-CoV-2 spike (S)
gene.

[0051] FIG. 8B Descriptions of SARS-CoV-2 S protein fragments that can be

incorporated into a recombinant rotavirus in accordance with certain embodiments. N-terminal

domain (NTD); receptor binding domain (RBD); signal sequence (SS); transmembrane anchor

domain (TM).
[0052] FIG. 8C Two 3-D renderings of the SARS-CoV-2 S protein monomer.
[0053] FIG. 9A Aschematic representation of a rotavirus reverse genetics system

according to one embodiment.

[0054] FIG. 9B An illustration of pT7/NSP3 plasmid design incorporating various
norovirus VP1 according to certain embodiments.

[0055] FIG. 9C A photograph of a gel showing that the genome of rRV encoding NSP3-
2A-NoV VPI contained a 2.9-kB segment 7 RNA instead of a wildtype 1.1-kB segment 7RNA.
[0056] FIG. 9D A photograph of an immunoblot showing that rRV containing the 2.9-
kB segment RNA produced VP1 dimers in infected cells.
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[0057] FIG. 9E A photograph of a get showing a segment 7 RNA encoding NSP1 and
the astrovirus VP90 protein. The rRV contained a 3.6-kB segment 7 RNA, revealing the
remarkable flexibility of the rotavirus genome and its capacity to accommodate extra RNA.
[0058] FIG. 10A A schematic illustration of the domains of the SARS-CoV-2 S protein
expressed by rSA11. S protein trimers are cleaved at the S1/S2 junction by furin proconvertase
and at the S2’ site by the TMPRSS2 serine protease. The S1 fragment contains a signal sequence
(SS), N-terminal domain (NTD), receptor binding domain (RBD), receptor binding motif
(RBM), coiled-coil (CC), and two heptad repeats (HR1, HR2). The S2 fragment contains a
trimeric core region, transmembrane anchor (TM), and fusion domain.

[0059] FIG. 10B A schematic illustration of portions of the S protein expressed by
recombinant rotaviruses are indicated.

[0060] FIG. 10C Ribbon representations of the closed conformation of the trimeric S
protein (PDB 6VXX) showing locations of the RBD (magenta), extended RBD (ExRBD, cyan),
NTD (blue), core (CR, gold) domains and the S1 cleavage product (green).

[0061] FIG. 11 Schematic illustrations of plasmids with modified segment 7 (NSP3)
cDNAs used to generate rSA11 viruses expressing regions of the SARS-CoV-2 S protein.
Mlustration indicates nucleotide positions of the coding sequences for NSP3, porcine teschovirus
2A element, 3xFLAG (FL), and the complete S1 or portions of the S1 (NTD, ExRBD, and RBD)
and S2 (CR) proteins. The red arrow notes the position of the 2A translational stop-restart site,
and the asterisk notes the end of the ORF. Sizes (aa) of encoded NSP3 and S products are in
parenthesis. T7 (T7 RNA polymerase promoter sequence), Rz (Hepatitis D virus ribozyme),
UTR (untranslated region).

[0062] FIG. 12A A photograph of a gel showing the properties of rSA11/NSP3-CoV2/S
viruses expressing regions of the SARS-CoV-2 S protein. Double-stranded RNA of
rSA11/NSP3-fS1 serially passaged twice (P1 and P2) in MA104 cells.

[0063] FIG. 12B A photograph of a gel showing the properties of rfSA11/NSP3-CoV2/S
viruses expressing regions of the SARS-CoV-2 S protein. dsSRNA was recovered from MA104
cells infected with plaque-purified rSA11 isolates, resolved by gel electrophoresis, and detected
by ethidium-bromide staining. RNA segments of rSA11/wt are labeled 1 to 11. Sizes (kbp) of
segment 7 RNAs (black arrows) of rSA11 isolates are indicated.
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[0064] FIG. 12C A photograph of plaque assays performed using MA104 cells and
detected by crystal-violet staining.

[0065] FIG. 12D A graph showing the titers reached by rSA11 isolates were determined
by plaque assay. Bars indicate standard deviations calculated from three separate determinations.
[0066] FIG. 13A A photograph of a gel showing the expression of SARS-CoV-2 S
products by rSA11 viruses. Whole cell lysates (WCL) were prepared from cells infected with
rSA11 viruses and examined by immunoblot assay using FLAG antibody to detect S products
(NTD, ExRBD, RBD, CR, S1, and 2A read-through products) and antibodies specific for
rotavirus NSP3 and VP6 and proliferating cell nuclear antigen (PCNA). Red asterisks identify

2 A read-through products and blue asterisks identify 2A cleavage products

[0067] FIG. 13B A photograph of a gel showing the expression of SARS-CoV-2 S
products by rSA11 viruses. Lysates prepared from MA104 cells infected with rSAT1wt,
rSA11/NSP3-fRBD and rSA11/NSP3-fExRBD were examined by immunoblot assay using
antibodies specific for RBD (ProSci 9087), rotavirus VP6, and PCNA.

[0068] FIG. 13C A photograph of a gel of lysates prepared from MA104 cells infected
with rSA11/wt, rSA11/NSP3-fRBD and rSA11/NSP3-fExRBD viruses were examined by
immunoprecipitation assay using a SARS-CoV-2 S1 specific monoclonal antibody (GeneTex
CR3022). Lysates were also analyzed with a NSP2-specific polyclonal antibody. Antigen-
antibody complexes were recovered using IgA/G beads, resolved by gel electrophoresis, blotted
onto nitrocellulose membranes, and probed with FLAG (fRBD and fExXRBD) and NSP2
antibody. Molecular weight markers are indicated (kDa). Red arrows indicate fRBD and
fExRBD. fRBD comigrates near the Ig light chain (Ig/L). Ig heavy chain, Ig/H).

[0069] FIG. 14 A photograph of a gel showing the production of RBD and ExRBD by
rSA11 viruses during infection. MA 104 cells were mock infected or infected with rSA11/wt,
rSA11/NSP3-fRBD, or rSA11/NSP3-fExRBD (MOI of 5). Lysates were prepared from the cells
at 0,4, 8, or 12 h p.i. and analyzed by immunoblot assay using antibodies specific for FLAG,
NSP3, VP6, and PCNA. Red asterisks identify 2A read-through products. Positions of molecular
weight markers are indicated (kDa).

[0070] FIG. 15A A gel showing the impact of genome size on rotavirus particle density.
MA104 cells were infected with rSA11/wt, rSA11/NSP3-fExRBD, or rSA11/NSP3-fS1 viruses

at an MOI of 5. At 12 h p.i,, the cells were recovered, lysed by treatment with non-ionic
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detergent, and treated with EDTA to convert rotavirus virions into DLPs. DLPs were banded by
centrifugation in CsCl gradients and densities (g/cm?®) were determined using a refractometer.
[0071] FIG. 15B A gel of MA104 cells were infected with rSA11/wt, rSA11/NSP3-
fExRBD, or rSA11/NSP3-fS1 viruses at an MOI of 5. At 12 h p.i,, the cells were recovered,
lysed by treatment with non-ionic detergent, and treated with EDTA to convert rotavirus virions
into DLPs. DLPs were banded by centrifugation in CsCl gradients and densities (g/cm?) were
determined using a refractometer.

[0072] FIG. 15C A gel of lysates from rSA11/wt and rSA11/NSP3-fS1 infected cells
were combined and their DLP components banded by centrifugation in a CsClI gradient.

[0073] FIG. 15D A photograph of the electrophoretic profile of the dsSRNA genomes of
DLPs recovered from CsClI gradients. RNAs derive from DLPs in panel A RNA segments of
rSA11/wt are labeled 1 to 11. Positions of segment 7 RNAs are indicated with red arrows,
[0074] FIG. 15E A photograph of the electrophoretic profile of the dSRNA genomes of
DLPs recovered from CsClI gradients. RNAs derive from DLPs in panel B and C. RNA segments
of rSA11/wt are labeled 1 to 11. Positions of segment 7 RNAs are indicated with red arrows,
[0075] FIG. 16A Photographs of gels showing the genetic stability of rSA11 strains
expressing SARS-CoV-2 S domains. rSA11 strains were serially passaged 5 to 6 times (P1 to PS5
or P6) in MA104 cells. Genomic RNAs were recovered from infected cell lysates and analyzed
by gel electrophoresis. Positions of viral genome segments are labeled. Position of modified
segment 7 (NSP3) dsRNAs introduced into rSA11 strains are denoted with black arrows. Genetic
instability of the modified segment 7 (NSP3) dsRNA of rSA11/NSP3-fS1 yielded R1-R4 RNAs
during serial passage

[0076] FIG. 16B Photographs of gels showing genomic RNAs prepared from large (L1-
L4) and small (S1-S4) plaque isolates of P6 rSA11/NSP3-fS1. Segment 7 RNAs are identified as
R1-R3, asin (A).

[0077] FIG. 16C Schematics showing the organization of R1-R3 sequences determined
by sequencing of segment 7 RNAs of L1, S1, and S3 plaque isolates. Sequence deletions are
indicated with dashed lines. Regions of the S1 ORF that are no longer encoded by the R1-R3
segment 7 RNAs are indicated by slashed green-white boxes.

[0078] FIG. 17 A summary of the properties of recombinant tRV/NSP-3-2A-CoV2

strains.
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[0079] FIG. 18 A summary of the primers used to produce pT7/NSP3-2A-CoV2
plasmids.

DEFINITIONS

[0080] As used herein, the singular form “a”, “an”, and “the” includes plural references

unless indicated otherwise.

[0081] The term "treating" as used herein, unless explicitly stated or implied otherwise,
includes administering to a human or an animal patient at least one dose of a pharmaceutical
formulation. “Treating” also refers to lessening the likelihood and/or severity of at least one
disease as well as limiting the length/duration of an illness, or the severity of an illness, or
inducing a protective immune response. Treating a patient may or may not result in a cure of the
disease or condition. The term “treating” refers to partially or completely alleviating,
ameliorating, delaying onset of, improving, inhibiting initiation of or progression of, relieving,
and/or reducing incidence of one or more symptoms or causes of a particular disease, disorder or
condition. The term also refers to inhibiting infection in a patient. Treatment may be
administered to a subject who does not exhibit signs of a disease, disorder, and/or condition,
and/or to a subject who exhibits only early signs of a disease, disorder, and/or condition,
including an infection, for the purpose of decreasing the risk of developing pathology associated
with the disease, disorder, and/or condition.

[0082] As used herein, unless explicitly stated otherwise or clearly implied otherwise, the

2% 2%

terms “therapeutically effective dose,” “therapeutically effective amounts,” “effective dose” and
the like, refer to any amount of a recombinant rotavirus that has a net positive effect on the
health and wellbeing of a human or other animal. Therapeutic effects may include an
improvement in longevity, quality of life and the like, and may also include a reduced
susceptibility to developing a disease, disorder, and/or condition, or slow or prevent deteriorating
health or wellbeing. The effects of treatment may be realized after a single dose and/or treatment
or they may be realized after a series of doses and/or treatments. A "therapeutically effective
amount" or “effective amount” in general means any amount that, when administered to a subject
or animal for treating a disease or eliciting an immune response in the subject or animal, is
sufficient to affect the desired degree of treatment for the disease, disorder, and/or condition, or
to elicit a protective immune response, at a reasonable benefit/risk ratio applicable to medical

treatment. The specific therapeutically effective dose for any particular subject can depend upon
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a variety of factors, including the particular disease, disorder, and/or condition being treated,
virulence of the specific recombinant rotavirus employed, the specific pharmaceutical
composition employed; the age, body weight, general health, sex and diet of the patient; the time
of administration, and route of administration; the duration of the treatment; and like factors
well-known in the medical arts.

[0083] Pharmaceutical formulations described herein may be suitable for oral, parenteral
(including subcutaneous, intradermal, intramuscular and intravenous) and/or rectal
administration. The formulations may be presented in unit dosage form and may be prepared by
any of the methods well known in the art of pharmacy. All methods include the step of bringing
into association the active ingredient (i.e., a recombinant rotavirus of the present disclosure) with
a carrier. In general, the formulations are prepared by uniformly and intimately bringing into
association the active ingredient with a liquid carrier or, a finely divided solid carrier or both, and
then, if necessary, forming the associated mixture into the desired dosage form.

[0084] Pharmaceutical formulations of the present disclosure suitable for oral
administration can be presented as discrete units, such as a capsule, cachet, tablet, or lozenge,
each containing a predetermined amount of the active ingredient; as a powder or granules; as a
solution or a suspension in an aqueous liquid or non-aqueous liquid such as a syrup, elixir or a
draught, or as an oil-in-water liquid emulsion or a water-in-oil liquid emulsion. The formulation
can also be a bolus, electuary, or paste.

[0085] Pharmaceutical formulations of the present disclosure suitable for parenteral
administration can include aqueous and non-aqueous sterile injectable solutions, and may also
include an adjuvant, an antioxidant; a buffer; a bacteriostat; a solution which renders the
composition isotonic with the blood of the recipient; and aqueous and non-aqueous sterile
suspensions which can contain, for example, a suspending agent and a thickening agent. The
formulations can be presented in a single unit-dose or multi-dose containers, and can be stored in
a lyophilized condition requiring the addition of a sterile liquid carrier prior to use.

[0086] The term “pharmaceutically acceptable carrier or excipient”, unless stated or
implied otherwise, can be used herein to describe any ingredient other than the active
component(s) that can be included in a formulation (e.g., carriers and adjuvants). The choice of

carrier and/or adjuvant will to a large extent depend on factors such as the particular mode of
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administration, the effect of the carrier on solubility and stability, and the nature of the dosage
form.

[0087] Unless explicitly stated otherwise or clearly implied otherwise, the term
“immunogenic composition” can be used to refer to a composition (e.g., a pharmaceutical
formulation) that induces an immune response in a subject when introduced to the subject; for

example, a vaccine.
DETAILED DESCRIPTION

[0088] Embodiments herein provide compositions, methods, uses and manufacturing
procedures for recombinant rotaviruses and immunogenic compositions thereof. Some
embodiments concern compositions that include, but are not limited to, chimeric rotaviruses of
use in immunogenic compositions against rotavirus infection and coronavirus infection in a
subject. In certain embodiments, recombinant rotaviruses are generated using a rotavirus reverse
genetics system that includes an expression vector encoding rotavirus NSP3 and one or more
coronavirus spike (S) protein fragments.

[0089] FIG. 1 depicts a phylogenetic tree of rotavirus species. RVA is the major cause of
rotavirus illness in humans. Referring now to FIG. 2, rotaviruses have a non-enveloped
icosahedral capsid that encloses a genome consisting of 11 segments of double-stranded
(ds)RNA. The G and P genotypes of rotavirus isolates are defined by the outer capsid proteins
VP7 (glycoprotein) and VP4 (protease-sensitive attachment protein), respectively. The rotavirus
genome segments are mostly monocistronic, containing a single open-reading-frame (ORF) that
encodes a structural protein (VP1-VP4, VP6-VP7) or nonstructural protein (NSP1-NSP6). Two
of the nonstructural proteins, the interferon antagonist NSP1 and translation regulator NSP3, are
not essential for virus replication in cell culture; however, these proteins can affect progeny
yields. During rotavirus genome replication, viral (+)RNAs not only direct protein synthesis but
also act as templates for dSRNA synthesis. Segment 5 encodes the interferon antagonist NSP1, a
non-essential viral protein. Others have used RG systems to generate recombinant rotaviruses
with modified segment 5 RNAs that express truncated NSP1 and GFP and UnaG reporter
proteins. With this system, recombinant SA11 viruses have been made in which the ORF of
segNSP1 has been partially deleted and replaced with a foreign reporter protein (eGFP or
mCherry). However, no recombinant rotaviruses have been reported that express a foreign

protein, without sacrificing the coding potential of one of the viral ORFs.
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[0090] In a first aspect, provide herein is a recombinant rotavirus expression system
rotavirus. In certain embodiments, the recombinant rotavirus expression system comprises a
rotavirus nonstructural protein 3 (NSP3) expression vector including a nucleotide sequence
encoding rotavirus (NSP3) and a nucleotide sequence encoding a coronavirus S protein
fragment. In such embodiments, NSP3 and the coronavirus S protein fragment are encoded by a
single open reading frame, separated by a self-cleavage protease domain. The recombinant
rotavirus expression system further include a VP1 expression vector; a VP2 expression vector; a
VP3 expression vector, a VP4 expression vector ;a VPS5 expression vector; a VP6 expression
vector; a VP7 expression vector; a NSP1 expression vector; a NSP2 expression vector; a NSP4
expression vector;a NSP5/6 expression vector; and an African Swine Fever Virus (ASFV)
NP868R RNA capping enzyme expression vector. Unlike previous recombinant rotavirus
expression systems that rely on modification of segment 5, modification of segment 7, as is done
in the present system, does not result in interruption or deletion of any portion of the segment’s
ORF. The recombinant rotavirus expression system allows for up to 2.5 kB of foreign (i.e., non-
rotavirus) sequence to be added to the rotavirus genome.

[0091] The expression vectors used to express VP1-VP7, NSP1-NSP5/6, and ASFV
NP868R RNA capping enzyme can be any appropriate expression vector capable of expression
in a selected cell line. In some embodiments, BHK-T7 cells are transfected with the recombinant
rotavirus expression system, and thus the expression vectors used to express VP1-VP7, NSP1-
NSP5/6 are T7 expression vectors. In some embodiments, the expression vector used to express
ASFV NP868R RNA capping enzyme is a CMV expression vector.

[0092] The self-cleavage protease domain is provided between the NSP3 polypeptide and
the coronavirus S protein fragment, so that NSP3 and the coronavirus S protein fragment are
automatically separated during translation. That is, the self-cleavage protease domain separates
NSP3 from the non-rotavirus polypeptide.

[0093] In certain embodiments, the self-cleavage protease domain is a 2A cleavage
element. Many viruses use 2A 'self-cleavage' elements to generate more than one protein from a
single ORF. 2A elements are roughly 20 amino acids in length and end with a conserved Pro-
Gly-Pro motif. During translation of the 2A element, the ribosome fails to form a peptide bond
between the Gly-Pro residues, thus disconnecting the protein product synthesized upstream of

the residues from any protein product synthesized downstream of the residues. The presence of a
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2A element causes the upstream protein to end with a few extra 2A-derived residues and the
downstream polypeptide to start with a Pro residue. In particular embodiments, the self-cleavage
protease is a tesco porcine virus 2A (P2A) element. The P2A element has the sequence
SKFQIDKILISGDIELNPGP (SEQ ID NO: 1). In some embodiments the 2A element has a
sequence having at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%,
or 100% sequence identity to SEQ ID NO: 1.

[0094] In some embodiments, the nucleotide sequence encoding the coronavirus S
protein fragment is derived from a coronavirus such as, but not limited to, SARS-CoV; MERS-
CoV; SARS-CoV-2; HCoV-299E; HCoV-OC43; HCoV-HKU1; and HCoV-NL63.

[0095] HCoV-229E, HCoV-0C43,HCoV-NL63, and HCoV-HKUT are endemic locally,
and have been associated mainly with mild, self-limiting disease (e.g., the common cold). SARS-
CoV causes severe acute respiratory syndrome (SARS), with cases being first reported in Asia in
February 2003. The virus spread to more than two dozen countries, with about 8,000 people
worldwide developing SARS. The 2003 SARS epidemic was contained, with not case of SARS
being reported since 2004. MERS-CoV similarly causes severe acute respiratory illness (Middle
East Respiratory Syndrome, or MERS). First identified in Saudi Arabia in 2012, MERS-CoV
does not pass easily from person to person; person-to-person transmission primarily occurred in
healthcare settings. In late 2019, a new coronavirus began causing febrile respiratory illness in
China. The virus, provisionally known as 2019-nCoV (2019 novel coronavirus; now known as
SARS-CoV-2), was first detected in Wuhan, China. SARS-CoV-2 was sequenced and identified
as a betacoronavirus belonging to the sarbecovirus, with 75-80% similarity in genetic sequence
to SARS-CoV.

[0096] As with other coronaviruses, SARS-CoV-2 is an enveloped virus characterized by
the presence of large spikes formed by trimers of the viral spike (S) protein. In addition to
mediating virus entry, the S protein is a major inducer of host immune responses. The
coronavirus S protein includes a large ectodomain, a single-pass transmembrane anchor domain,
and a short intracellular tail. The ectodomain includes a receptor binding subunit S1 and a
membrane-fusion subunit S2. The S protein has been demonstrated to be cleaved at an S1/S2
cleavage site by host cell proteases during infection. During virus entry, viral attachment results

from S1 binding to a receptor on the host cell, while S2 fuses the host and viral membranes,
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allowing viral genome entry into the host cell. Receptor binding and membrane fusion are early
and essential to the coronavirus infection cycle.

[0097] The SARS-CoV S1 subunit includes a conserved Receptor Binding Domain
(RBD), which recognizes the angiotensin-converting enzyme 2 (ACE2). A 14 aa domain of the
SARS-CoV S1 submit has been demonstrated to complex with ACE2. Eight of these residues are
strictly conserved in SARS-CoV-2, implicating ACE2 as the receptor for SARS-CoV-2. This
receptor binding motif (RBM) directs specific binding to ACE2. The S1 subunit also includes a
signal sequence (SS). The S2 domain is responsible for S protein homo-trimerization and
includes core and transmembrane anchor domains, which function as fusion domains, promoting
virus entry via fusion of the viral envelope with the host cell membrane.

[0098] In certain embodiments, the coronavirus S protein fragment is one of: an S1
subunit N-terminal domain; an S1 subunit N-terminal domain with the signal sequence; an S1
receptor binding domain; an extended form of the receptor binding domain; an S1 subunit
lacking the signal sequence; an S2 core domain; or an S2 subunit lacking the transmembrane
anchor domain.

[0099] In particular embodiments, the corona S protein fragment is a SARS-CoV-2 S
protein fragment. FIG. 8A depicts the SARS-CoV-2 spike gene. As illustrated, the S1 and S2
subunits are produced by furin cleavage. The S1 fragment includes a signal sequence (SS), N-
terminal domain (NTD), receptor binding domain (RBD), and receptor binding motif (RBM).
The S2 subunit includes a trimeric core region and a transmembrane (TM) anchor domain. FIG.
8B provides those domains of the SARS-CoV-2 S protein S1 and S2 subunits that can be
expressed by the recombinant rotavirus expression system described herein. FIG. 8B provides
size and location information, where the positional information is provided with reference to the
full-length amino acid sequence for the SARS-CoV-2 S protein (SEQ ID NO: 2). FIG. 8C
provides 3-dimensional illustrations of an SARS-CoV-2 S protein monomer, identifying
locations of the RBD, extended RBD, NTD, and core domains.

[00100] In those embodiments where the S protein fragment is a SARS-CoV-2 S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 2; the S1 N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 15-294 of SEQ ID NO: 2 (SEQ ID NO: 3); the S1 N-

terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
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acid sequence identity with amino acids 1-294 of SEQ ID NO: 2 (SEQ ID NO: 4); the S1 subunit
without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 15-685 of SEQ ID NO: 2; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 335-523 of SEQ ID NO: 2 (SEQ ID NO: 5); an extended S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 311-599 of SEQ ID NO: 2 (SEQ ID NO: 9); the S2 core domain has an amino acid
sequence that shares at least 95% amino acid sequence identity with amino acids 711-1077 of
SEQ ID NO: 2 (SEQ ID NO: 10); and the S2 subunit without a transmembrane anchor domain
has an amino acid sequence that shares at least 95% amino acid sequence identity with amino
acids 686-1194 of SEQ ID NO: 2 (SEQ ID NO: 11). Illustrations of the NSP3-P2A-coronavirus
S protein fragment are provided in FIG. 7.

[00101] In other embodiments, the S protein fragment is derived from a coronavirus other
than SARS-CoV-2, such as, for example, SARS-CoV; MERS-CoV; HCoV-299E; HCoV-0C43;
HCoV-HKU1; and HCoV-NL63.

[00102] In those embodiments where the S protein fragment is a SARS-CoV S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 12; the ST N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 16-281 of SEQ ID NO: 12 (SEQ ID NO: 13); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-281 of SEQ ID NO: 12 (SEQ ID NO: 14); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 16-685 of SEQ ID NO: 12; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 322-509 of SEQ ID NO: 12 (SEQ ID NO: 15); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 298-585 of SEQ ID NO: 12 (SEQ ID NO: 17); the S2 core domain has
an amino acid sequence that shares at least 95% amino acid sequence identity with amino acids
693-1059 of SEQ ID NO: 12 (SEQ ID NO: 18); and the S2 subunit without a transmembrane
anchor domain has an amino acid sequence that shares at least 95% amino acid sequence identity

with amino acids 686-1194 of SEQ ID NO: 12 (SEQ ID NO: 19).
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[00103] In those embodiments where the S protein fragment is a MERS-CoV S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 20; the ST N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 26-342 of SEQ ID NO: 20 (SEQ ID NO: 21); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-342 of SEQ ID NO: 20 (SEQ ID NO: 22); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 26-768 of SEQ ID NO: 20; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 383-579 of SEQ ID NO: 20 (SEQ ID NO: 23); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 359-663 of SEQ ID NO: 20 (SEQ ID NO: 24); the S2 core domain has
an amino acid sequence that shares at least 95% amino acid sequence identity with amino acids
776-1151 of SEQ ID NO: 20 (SEQ ID NO: 25); and the S2 subunit without a transmembrane
anchor domain has an amino acid sequence that shares at least 95% amino acid sequence identity
with amino acids 769-1277 of SEQ ID NO: 20 (SEQ ID NO: 26).

[00104] In those embodiments where the S protein fragment is an HCoV-299E S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 27, the S1 N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 8-151 of SEQ ID NO: 27 (SEQ ID NO: 28); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-293 of SEQ ID NO: 27 (SEQ ID NO: 29); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 8-581 of SEQ ID NO: 27; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 192-424 of SEQ ID NO: 27 (SEQ ID NO: 30); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 167-5065 of SEQ ID NO: 27 (SEQ ID NO: 31); the S2 core domain
has an amino acid sequence that shares at least 95% amino acid sequence identity with amino

acids 582-962 of SEQ ID NO: 27 (SEQ ID NO: 32); and the S2 subunit without a
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transmembrane anchor domain has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 582-1096 of SEQ ID NO: 27 (SEQ ID NO: 33).

[00105] In those embodiments where the S protein fragment is an HCoV-OC43 S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 34, the ST N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 21-293 of SEQ ID NO: 34 (SEQ ID NO: 35); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-293 of SEQ ID NO: 34 (SEQ ID NO: 36); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 21-772 of SEQ ID NO: 34; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 335-599 of SEQ ID NO: 34 (SEQ ID NO: 37); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 310-683 of SEQ ID NO: 34 (SEQ ID NO: 38); the S2 core domain has
an amino acid sequence that shares at least 95% amino acid sequence identity with amino acids
780-1161 of SEQ ID NO: 34 (SEQ ID NO: 39); and the S2 subunit without a transmembrane
anchor domain has an amino acid sequence that shares at least 95% amino acid sequence identity
with amino acids 773-1278 of SEQ ID NO: 34 (SEQ ID NO: 40).

[00106] In those embodiments where the S protein fragment is an HCoV-HKU1 S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 41; the ST N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 20-285 of SEQ ID NO: 41 (SEQ ID NO: 42); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-285 of SEQ ID NO: 41 (SEQ ID NO: 43); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 20-774 of SEQ ID NO: 41; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 327-599 of SEQ ID NO: 41 (SEQ ID NO: 44); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 302-683 of SEQ ID NO: 41 (SEQ ID NO: 45); the S2 core domain has

an amino acid sequence that shares at least 95% amino acid sequence identity with amino acids
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782-1162 of SEQ ID NO: 41 (SEQ ID NO: 46); and the S2 subunit without a transmembrane
anchor domain has an amino acid sequence that shares at least 95% amino acid sequence identity
with amino acids 775-1281 of SEQ ID NO: 41 (SEQ ID NO: 47).

[00107] In those embodiments where the S protein fragment is an HCoV-NL63 S protein
fragment: the full length S protein shares at least 95% amino acid sequence identity with SEQ ID
NO: 48; the S1 N-terminal domain has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 32-334 of SEQ ID NO: 48 (SEQ ID NO: 49); the S1 N-
terminal domain with signal sequence has an amino acid sequence that shares at least 95% amino
acid sequence identity with amino acids 1-334 of SEQ ID NO: 48 (SEQ ID NO: 50); the S1
subunit without signal sequence has an amino acid sequence that shares at least 95% amino acid
sequence identity with amino acids 32-762 of SEQ ID NO: 48; the S protein receptor binding
domain has an amino acid sequence that shares at least 95% amino acid sequence identity with
amino acids 375-605 of SEQ ID NO: 48 (SEQ ID NO: 51); an extended S protein receptor
binding domain has an amino acid sequence that shares at least 95% amino acid sequence
identity with amino acids 350-687 of SEQ ID NO: 48 (SEQ ID NO: 52); the S2 core domain has
an amino acid sequence that shares at least 95% amino acid sequence identity with amino acids
763-1143 of SEQ ID NO: 48 (SEQ ID NO: 53); and the S2 subunit without a transmembrane
anchor domain has an amino acid sequence that shares at least 95% amino acid sequence identity
with amino acids 763-1277 of SEQ ID NO: 48 (SEQ ID NO: 54).

[00108] In some embodiments, a single open reading frame encodes rotavirus NSP3 and
two coronavirus S protein fragments. The two coronavirus S protein fragments can be the same S
protein fragment, two different S protein fragments from the same coronavirus species,
orthologous S protein fragments from two different coronavirus species, or non-orthologous S
protein fragments from two different coronavirus species. In certain embodiments, the two
coronavirus S protein fragments are in tandem, separated by a molecular hinge. Suitable
molecular hinges are known in the art, and include, for example, GGSGGS (SEQ ID NO: 55).
[00109] For example, a single rotavirus ORF can encode rotavirus NSP3 and two copies
of the SARS-CoV-2 receptor binding domain (RBD) (i.e., two copies of SEQ ID NO: 5). When
separated by the linker GGSGGS (SEQ ID NO: 55), the 2x SARS-CoV-2 S1 RBD peptide has
the amino acid sequence of SEQ ID NO: 6. Further examples include, but are not limited to,

SARS-CoV-2/SARS-CoV S1 RBDs (SEQ ID NO: 7), SARS-CoV/SARS-CoV-2 S1 RBDs (SEQ
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ID NO: 8), and 2x SARS-CoV RBD (SEQ ID NO: 16). Other combinations that include non-
RBD domains, as well as S protein fragments from other coronavirus species are also
contemplated.

[00110] In certain embodiments, the 2A element is fused to a fluorescent reporter protein
to allow for visualization of construct expression.

[00111] In particular embodiments, the coronavirus S protein fragment(s) is capable of
inducing an immunological response against the coronavirus from which it originated. In such
embodiments, a resulting recombinant rotavirus expresses both the rotavirus polypeptides and
the coronavirus S protein fragment, allowing the recombinant rotavirus to be used as a dual
vaccine, eliciting protective immune responses to both the rotavirus and the coronavirus. In
embodiments where S protein fragments from two different coronavirus species are encoded by a
single NSP3 ORF, recombinant rotaviruses express the rotavirus NSP3 and the S protein
fragment of each coronavirus species, allowing the recombinant rotavirus to be used as a
trivalent vaccine, eliciting protective immune responses to both the rotavirus and both
coronavirus species.

[00112] In some embodiments, the recombinant rotavirus expression system is based upon
rotavirus strain GI1P[8]. That is, one or more of the rotavirus gene segments (i.e., VP1-VP7
segments and NSP1-NSP5/6 segments) originate from strain G1P[8]. In some embodiments, the
recombinant rotavirus expression system includes gene segments from two or more viral
rotavirus strains, resulting in a reasortant virus. For example, in some embodiments, at least one
of the gene segments is a human G1P[8] strain gene segment, and at least one of the gene
segments is a simian SA11 strain gene segment. In other embodiments, all rotavirus gene
segments of the recombinant rotavirus expressions system are G1P[8] strain gene segments.
[00113] In some embodiments, the recombinant rotavirus expression system and
expressed recombinant rotaviruses can be tailored for use in, for example, humans, livestock, or
poultry. Using a particular rotavirus strain as the basis for the expression system or recombinant
virus, or two or more rotavirus strains to produce a reasortant virus, a recombinant rotavirus
expression system and the resulting recombinant rotaviruses can be tailed for use in a desired
species.

[00114] In another aspect, provided herein are recombinant rotaviruses obtainable from

the recombinant rotavirus expression systems described herein. In some embodiments,
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recombinant rotaviruses obtainable from the recombinant rotavirus expression systems described
herein express all rotavirus proteins in their entirety in addition to the coronavirus S protein
fragment(s). As provided above, in some embodiments the coronavirus S protein fragment can
induce an immune response to one or more coronavirus species in addition to rotavirus. In this
regard, the recombinant rotavirus can confer dual immunity to two different viruses
simultaneously, or trivalent immunity to three different viruses simultaneously.

[00115] As the recombinant rotavirus is obtained from the described recombinant
rotavirus expression systems, it will necessarily include a nucleotide sequence encoding rotavirus
nonstructural protein 3 (NSP3) and a nucleotide sequence encoding a coronavirus S protein
fragment (or two coronavirus S protein fragments in tandem), wherein the NSP3 and the
coronavirus S protein fragment(s) are encoded by a single open reading frame, separated by a
self-cleavage protease domain. The details of these elements are provided above in relation to the
recombinant rotavirus expression systems.

[00116] In some embodiments, the recombinant rotavirus is attenuated. Attenuated
rotavirus strains are known, such as attenuated G1P[8]. Thus, in some embodiments,
recombinant rotavirus expression systems and the resulting recombinant rotavirus can be based
on an attenuated strain.

[00117] In another aspect, provided herein are immunogenic compositions comprising a
recombinant rotavirus described herein. Imnmunogenic compositions may further comprise, for
example a pharmaceutically acceptable excipient. The immunogenic compositions can be
formulated for administration to the subject for delivery orally, subcutaneously, intramuscularly,
intradermally, intranasally, topically, transdermally, parenterally, gastrointestinally,
transbronchially, transalveolarly, or mucosally. In some embodiments, immunogenic
compositions are formulated for oral, subcutaneous, or intramuscular administration.

[00118] In another aspect, provided herein are methods for inducing a protective immune
response against rotavirus and a second virus in a subject. In some embodiments, such a method
includes administering an effective amount an immunogenic composition described above to the
subject.

[00119] In another aspect, provided herein are methods for producing a recombinant
rotavirus. In certain embodiments, such methods include transfecting BHK-T7 cells with the

recombinant rotavirus expression system described herein; overseeding the transfected BHK-T7

32



WO 2021/216575 PCT/US2021/028195

cells with MA 104 cells; preparing a clarified cell lysate; and isolating recombinant rotavirus. In
some embodiments, plasmid mixtures used for transfecting BHK-T7 cells include 1x levels of
plasmid vectors encoding VP1-VP7, NSP1, NSP3, and NSP4, and about 3x levels or higher of
plasmid vectors encoding NSP2 and NSPS5. Transfected BHK-T7 cells are overseeded with
MAT104 cells to promote amplification of the recombinant rotavirus. Consistent with these
embodiments, the method may further include the step of freeze-thawing the BHK-T7/MA104
cell cultures. For example, following amplification of the recombinant rotavirus in BHK-
T7/MA104 cells, the cells may be freeze-thawed three times. In some embodiments, cells are
centrifuged at low speed to remove large debris. In certain embodiments, recombinant viruses in
cell lysates are amplified by passage in MA104 cells, plaque isolated, and amplified again in
MA104 cells.

[00120] In some embodiments, the recombinant rotavirus is isolated by plaque
purification. In certain embodiments, the produced recombinant rotavirus is attenuated.

[00121] In some embodiments reverse genetics is used to generate recombinant
rotaviruses that express, as separate products, portions of the SARS-CoV-2 S protein, including
its immunodominant RBD. These embodiments may include COVID-19 combination vaccines
which induce immunological protective responses against both rotavirus and SARS-CoV-2. In
some embodiments this combination vaccine is used in infants and young children. Some of
these embodiments allow the widespread distribution and administration of COVID-19-targeted
vaccines by piggy backing onto current rotavirus immunization programs used in the USA and

many other countries, both developed and developing.

[0100] Some embodiments include a 18.6-kbp rotavirus dsRNA incorporating as much as
2.2-kbp of foreign sequence, sufficient to encode the SARS-CoV-2 S1 protein. The coding
capacity provided by 1.0-1.5-kbp of extra sequence is sufficient to produce recombinant
rotaviruses that encode the SARS-CoV-2 NTD, RBD, or S2 core along with trafficking signals
that can promote engagement of S products with antigen-presenting cells and naive B-

lymphocytes.
EXAMPLES

[00122] Kanai et al., Entirely plasmid-based reverse genetics system for rotaviruses, PROC
NATL ACAD SCIUSA 2017; 114(9):2349-2354, developed a plasmid-based reverse genetics (RG)
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system that allows genetic modification of any of the 11 dsRNA genome segments of simian
rotavirus SA11. The RG system includes eleven SA11 T7 transcription vectors and three CMV
support vectors - two expressing vaccinia virus D1R and D12L RNA capping enzymes and one
expressing reovirus plOFAST fusion protein.

[00123] To enhance the recovery of recombinant virus by the RG system, the capping-
enzyme gene of African swine fever virus (ASFV) NP868R, a protein with triphosphatase,
guanylyltransferase, and methyltransferase activities was synthesized. Then, the two support
vectors expressing vaccinia virus D1R/D12L were replaced with a single vector expressing the
African Swine Fever Virus (ASFV) NP868R RNA capping enzyme. Accordingly, the modified
RG system contains eleven (pT7) T7-promoter plasmids expressing SA11 (+)RNAs, a CMV-
promoter plasmid expressing the AFSV NP868R capping enzyme, and a pCAG vector
expressing plOFAST fusion protein. Referring now to FIG. 3, in this modified rotavirus RG
system, baby hamster kidney cells expressing T7 polymerase (BHK-T7) are transfected with T7
vectors for rotavirus (+)RNAs, a CMV vector for ASFV NP868R, and a pCAG vector for
plOFAST. Three days after transfection, BHK-T7 cells are overseeded with MA104 cells in
trypsin-containing media. The combined BHK-T7/MA104 cultures are harvested six days post
transfection, and recombinant virus amplified by passage in MA104 cells.

[00124] Referring now to FIG. 4, the experiments provided that replacing the D1IR/D12L
support vectors with an NP868R-expression vector enhanced recovery of recombinant virus from
the rotavirus RG system. About 10-fold more recombinant virus were recovered in RG
experiments expressing ASFV NP868R capping enzyme than vaccinia virus capping DIR/D12L
enzymes. (FIG. 4C). The modified RG system uses a single support plasmid (NP868R) in place
of the originally described two support plasmids (vaccinia virus D1R & D12L) to generate
capping activity. The ASFV NP868R capping enzyme promotes greater recovery of recombinant
virus than the vaccinia virus D1R and D12L capping enzymes.

[00125] The collective size of the 11 rotavirus genome segments is about 18.5 kB.
However, a number of naturally occurring rotavirus variants have been recovered with genomes
that are significantly larger, in some cases approaching 20 kB. The increased size typically
results from the introduction of sequence duplication within a genome segment, yielding viral
variants that display unusual genome profiles upon gel electrophoresis (FIG. 5). The most

commonly characterized rotavirus variants have sequence duplications in the segNSP1 and

34



WO 2021/216575 PCT/US2021/028195

segNSP3 dsRNAs. The longest segNSP1 duplication described so far is about 1.2 kB. The
longest segNSP3 duplication is about 0.9 kB, yielding an atypical genome segment with a size of
about 2.0 kB instead of its wild type about 1.1 kB size. Notably, these rotavirus variants are
genetically stable and, in general, grow about as well as wildtype viruses. It is also possible to
use RG systems to create genetically stable recombinant rotaviruses that maintain sequence
duplications. Accordingly, the ability of rotaviruses to carry extra genetic information of greater
than 1kB suggests that it is possible to re-engineer the virus to produce a foreign protein that is
more than 300 amino acids in size.

[00126] Many viruses use 2A 'self-cleavage' elements to generate more than one protein
from a single ORF. 2A elements are roughly 20 amino acids in length and end with a conserved
Pro-Gly-Pro motif. During translation of the 2A element, the ribosome fails to form a peptide
bond between the Gly-Pro residues, thus disconnecting the protein product synthesized upstream
of the residues from any protein product synthesized downstream of the residues. The presence
of a 2A element causes the upstream protein to end with a few extra 2A-derived residues and the
downstream polypeptide to start with a Pro residue. While group A rotaviruses, like those that
formulate rotavirus vaccines, do not use 2A elements to produce viral proteins, group C
rotaviruses do. In particular, the segNSP3 dsRNA of group C viruses contains an ORF that
encodes an NSP3 protein that is functionally and structurally similar to RVA NSP3, but due to a
downstream 2A element, also produces a second protein (dsRBP) - a double-strand RNA binding
protein that inhibits protein kinase R (PKR) activation (see FIG. 6). Based on the properties of
the group C segNSP3 dsRNA, one can create group A rotaviruses with an analogous segNSP3
dsRNA (i.e., a rotavirus that expresses a functional NSP3 protein and, through downstream
placement of a 2A element, a second foreign protein). There is precedence for using 2A elements
to drive the expression of extra proteins for other members of the Reoviridae. For example,
recombinant mammalian reoviruses have been generated with 2A elements that direct expression
of the HIV gag protein and the eel epi fluorescence green protein (UnaG). More recently,
recombinant rotaviruses have been described that contain re-engineered segNSP1 dsRNA,
wherein the NSP1 ORF has been largely replaced with a 2A element fused to a fluorescent
reporter protein. In the present disclosure, 2A self-cleavage elements were used to produce
recombinant SA11 rotaviruses that express all 12 viral proteins plus an additional separate

foreign protein.
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[0101] Modified reverse genetics system. The plasmid-based rotavirus RG system
developed by Kanai et al. relies on co-transfection of BHK-T7 cells with three types of plasmids:
(1) eleven T7 transcription (pT7) vectors that direct the expression of the 11 rotavirus (+)RNAs;
(2) two CMV-pol II plasmids that direct the expression of the vaccinia virus D1R and D12L
RNA capping enzymes; and (3) a CMV-pol II plasmid that directs the expression of the avian
reovirus plOFAST fusion protein. The system was inefficient, leading the inventors to make
changes that improved the recovery of recombinant virus by at least 10-fold (FIG. 4). With the
modified system, recombinant SA11 viruses with mutations in several genome segments (e.g.,
NSP1, NSP2, NSP3, and/or VP3) have been generated. The major changes that were made to the
RG system are replacing the two plasmids for the vaccinia virus capping enzyme complex with a
single plasmid encoding the African swine fever virus (ASFV) NP868R capping enzyme and
discontinuing use of the plOFAST plasmid. These results provide that a vector expressing
plOFAST is no longer necessary for the modified reverse genetics system disclosed herein.
[00127] This modified reverse genetics system and its ability to express a foreign protein
are described by Philip et al., J Virol 2019 Nov 26;93(24). pii: €01616-19; Philip et al.,
Microbiol Resour Announc 2019 Jul 3;8(27). pii: €00523-19; and Philip et al., J Vis Exp 2020,
e61039 (in press), each of which is expressly incorporated by reference in its entirety.
Recombinant rotaviruses were found to be well-growing, genetically stable, and to efficiently
express a foreign protein. Generated recombinant rotaviruses include those that express all or a
portion of the capsid proteins of human norovirus (NoV; CP1, P, or P2), hepatitis E virus (HEV;
VP1), and human astrovirus (HAstrV; VP34, VP70, or VP90). Recombinant rotaviruses
expressing various fluorescent reporter proteins have also successfully been generated, and are
contemplated herein.

[00128] FIG. 9 highlights the inventors’ ability to recover recombinant rotaviruses (rRV)
expressing foreign antigens. FIG. 9A illustrates the reverse genetics that was used to replace the
rotavirus segment 7 (NSP3) RNA with an analogous segment encoding both NSP3 and a foreign
antigen (NoV VP1) as separate proteins. FIG. 9B illustrates the plasmid design for expression of
NSP3 and NoV VP1 from segment 7 as separate proteins, driven by an intervening 2A self-
cleaving element. The genome of rRV encoding NSP3-2A-NoV VP1 contained a 2.9-kB
segment 7 RNA instead of a wildtype 1.1-kB segment 7 RNA (see FIG. 9C). rRV containing the
2.9-kB segment RNA produced VP1 dimers in infected cells (see FIG. 9D). A similar approach
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was used to generate rRV with a segment 7 RNA encoding NSP1 and the astrovirus VP90
protein. The rRV contained a 3.6-kB segment 7 RNA, revealing the remarkable flexibility of the
rotavirus genome and its capacity to accommodate extra RNA (see FIG. 9E).

[00129] To generate recombinant rotaviruses expressing foreign proteins, a T7
transcription vector-based reverse genetics system was used to replace the NSP3 ORF of the
rotavirus segment 7 dSRNA with an ORF encoding NSP3 fused to a foreign protein. Inserted at
the fusion junction was a porcine teschovirus 2A-like translation stop-restart (self-cleaving)
element designed to direct the separate expression of NSP3 and the foreign protein. In some
cases, 3xFLAG and 6xHis tags were placed at the ends of the foreign ORF sequence to facilitate
detection of foreign protein. Through engineering of segment 7, the inventors determined that as
much as 2.5 kB of foreign sequence could be added to the rotavirus genome and that
recombinant rotaviruses could be generated that expressed large-sized foreign protein including
the 56-kDa NoV VP1 protein, and the 70- and 90-kDa HAstrV VP70 and VP90 proteins,

respectively.

[0102] Method for generating recombinant viruses. A modification of the plasmid-based
reverse genetics system reported by Kanai ef al (2017) was used to generate rRVs. Day 0: BHK-
T7 cells were seeded into 12-well plates (about 2 x 10° cells/well) in G418-free Glasgow/FBS+
medium. Day 1: Plasmid mixture was prepared that contained 0.8 |1g each of the 11 SA11
rotavirus pT7 plasmids and 0.8 ng of pCMV-NP868R. The plasmid combination was added to
100 ul of pre-warmed (37°C) Opti-MEM (Gibco, 31985-070) and mixed by gently pipetting up
and down. Afterwards, 25 ul of TransIT-LTT transfection reagent (Mirus, MIR2305) was added,
and the transfection mixture gently vortexed and incubated at room temperature for 20 min.
During the incubation period, BHK-T7 cells in 12-well plates were washed once with
Glasgow/FBS- complete medium and the cells overlaid with 1 ml of SMEM complete medium
[MEM Eagle Joklik (Lonza 04-719Q), 10% tryptone-peptide broth, 2% NEAA, 1% penicillin-
streptomycin, 1% glutamine). The transfection mixture was added drop-by-drop to the SMEM
complete medium in the 12-well plates and the plates returned to a 37°C, 5% CO: incubator. Day
3:2 x10° MA104 cells in 0.25 ml of M199/FBS-free complete medium were added to plate
wells, along with trypsin to a final concentration of 0.5 pwg/ml. Day 6: Cells in plates were freeze-

thawed 3-times and the lysates were placed in 1.5 ml microfuge tubes. After centrifugation at
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500 x g for 10 min (4°C), 300 pl of the clarified lysates were transferred onto MA104
monolayers in 6-well plates containing 2 ml of M199/FBS-free complete medium and 0.5 pg/ml
trypsin. The plates were incubated in a 37°C, 5% COz incubator for 7 days or until complete
cytopathic effects (CPE) were observed. Typically, complete CPE occurred at 4-6 days for wells
containing rRV. Recombinant viruses are plaque purified and analyzed by sequencing.

[0103] Modified segment 7 (NSP3) expression vectors containing SARS-CoV-2 S
sequences. To examine the possibility of using rotavirus as an expression platform for regions of
the SARS-CoV-2 S protein, we replaced the NSP3 ORF in the pT7/NSP3SA11 transcription
vector with a cassette comprised of the NSP3 ORF, a porcine teschovirus 2A element, and a
coding sequence of the S protein (FIG. 11). The cassette included a flexible GAG hinge between
the coding sequence for NSP3 and the 2A element and a 3x FLAG (f) tag between the coding
sequences for the 2A element and the S region. This approach was used to generate a set of
vectors (collectively referred to as pT7/NSP3-CoV2/S vectors) that contained coding sequences
for SARS-CoV-2 S1 (pT7/NSP3-2A-fS1), NTD (pT7/NSP3-2A-fNTD), RBD (pT7/NSP3-2A-
fRBD), an extended form of the RBD (ExRBD) (pT7/NSP3-2A-fExRBD), and the S2 core
region (CR) including its fusion domains (pT7/NSP3-2A-fCR) (FIG. 10). The S sequences were
inserted into the pT7/NSP3SA11 vector at the same site as used before in the production of
recombinant SA11 (rSA11) rotaviruses expressing FPs.

[0104] Recovery of rSA11 rotaviruses with segment 7 dsSRNA containing S sequences.
To generate rSA11 viruses, BHK-T7 monolayers were transfected with a complete set of
pT7/SA11 expression vectors, except pT7/NSP3SA11 was replaced with a pT7/NSP3-CoV2/S
vector, and a CMV expression plasmid (pCMV-NP868R) encoding the capping enzyme of
African swine fever virus. In transfection mixtures, plasmids encoding rotavirus NSP2
(pT7/NSP2SA11) and NSPS5 (pT7/NSP5SA11) were included at levels three-fold greater than the
other pT7/SA11 vectors. BHK-T7 cells were overseeded with MA104 cells two days following
transfection. The BHK-T7/MA 104 cell mixture was freeze-thawed three days later, and the
rSA11 viruses were recovered by plaque isolation and amplified by 1 or 2 cycles of growth in
MA104 cells prior to characterization. Properties of the rSA11 viruses are summarized in FIG.
18.

[0105] Based on gel electrophoresis, rSA11 viruses generated with pT7/NSP3-S vectors
(collectively referred to as rSA11/NSP3-CoV2/S viruses) contained segment 7 dsSRNAs that
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were much larger than that of wildtype rSA11 (rSA11/wt) virus (FIG. 12). Sequence analysis
confirmed that the segment 7 dsSRNAs of the rSA11/NSP3-CoV2/S viruses matched the segment
7 sequences present in the pT7/NSP3-CoV2/S vectors (data not shown). The re-engineered
segment 7 dsSRNA of virus isolate rSA11/NSP3-fS1 had a length of 3.3 kbp, accounting for its
electrophoretic migration near the largest rotavirus genome segment (segment 1), which is
likewise 3.3 kbp in length (FIG. 18, FIG. 12A). The segment 7 dsSRNA of rSA11/NSP3-fS1
contains a 2.2-kbp foreign sequence insertion, the longest foreign sequence that has been
introduced into the segment 7 dsRNA, or for that matter, any rotavirus genome segment. The
previously longest 7 dsSRNA engineered into rSA11 was the 2.4-kbp segment 7 dsSRNA of
rSA11/NSP3-fmRuby-P2A-fUnaG, which contained a cassette that encoded three proteins
(NSP3, UnaG, mRuby). The total genome size of rSA11/NSP3-fS1 is 20.8 kbp, 12% greater than
that of rSA11/wt. This is the largest genome known to exist within a rotavirus isolate and
demonstrates the capacity of rotavirus to replicate and package large amounts of foreign
sequence.

[0106] The segment 7 dsRNAs of virus isolates, rSA11/NSP3-fNTD, -fRBD, -fExRBD,
and -fCR, were determined to have lengths of 2.1, 1.8, 2.1, and 2.3 kbp, respectively (FIG. 18),
and as expected from their sizes, migrated on RNA gels between rotavirus genome segments 3
(2.6 kbp) and 5 (1.6 kbp) (FIG. 12B). The segment 7 dsSRNAs of the rfSA11/NSP3-fNTD, -fRBD,
-fExRBD, and -fCR isolates contained foreign sequence insertions of 1.0, 0.7, 1.0, and 1.2 kbp,
respectively, significantly smaller than the 2.1-kbp foreign sequence insertion of rSA11/NSP3-
fS1. The smaller sizes of the foreign-sequence inserts contained in the segment 7 RNAs of
rSA11/NSP3-fNTD, -fRBD, -fExRBD, and -fCR may provide the additional genetic space
necessary for re-engineering the S-protein products of these viruses to include routing and
localization tags capable of enhancing antigen recognition and processing by immune cells.
Particularly valuable may be the inclusion of tags that promote interaction of the S-protein
products with antibody heavy-chain (Fc) receptors (e.g., FcRn), enable aggregation or
multivalent presentation of the products, or increase the efficiency of synthesis or secretion of
the products.

[0107] Consistent with previous studies examining the phenotypes of rSA11 isolates
expressing FPs (18-19), the sizes of plaques formed by rSA11/NSP3-CoV2/S viruses were
smaller than plaques formed by rSA11/wt (FIG. 12C). Similarly, rSA11 viruses containing S-
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protein coding sequences grew to maximum titers that were up to 0.5-1 log lower than rSA11/wt
(FIG. 12D). The reason for the smaller plaques and lower titers of the rSA11/NSP3-CoV2/S
viruses is unknown, but may reflect the longer elongation time likely required for the viral RNA
polymerase to transcribe their segment 7 dsSRNAs during viral replication. Alternatively, it may
reflect the longer time required to translate segment 7 (+)RNAs that contain S-protein coding
sequences.

[0108] Expression of S coding sequences by rSA11 rotaviruses. To determine whether
the rSA11/NSP3-CoV2/S viruses expressed products from their S sequences, lysates prepared
from MA104 cells infected with these viruses were examined by immunoblot assay using
FLAG- and RBD-specific antibodies (FIGs. 4A, B). Immunoblots probed with FLAG antibody
showed that rSA11/NSP3-fNTD, -fExRBD, -fRBD, and -fCR viruses generated S products and
that their sizes were as predicted for an active 2A element in the segment 7 ORF: {NTD (34.8
kDa), fExXRBD (35.2 kDa), fRBD (24.3 kDa), and fCR (42.9 kDa) (FIG. 18). Immunoblot assays
indicated that the rSA11/NSP3-fExRBD yielded higher levels of S product than any of the other
rSA11/NSP3-CoV2/S viruses. The basis for the higher levels of the fExRBD product is unclear,
but does not correlate with increased levels of expression of other viral products, such as NSP3
and VP6. Nonetheless, the high levels of ExXRBD expression by rSA11/NSP3-fExRBD suggests
that such viruses may be best suited in pursing the development of combined rotavirus/COVID
vaccines.

[0109] FLAG antibody did not detect the expected 79.6-kDa fS1 product in cells infected
with rSAT11/NSP3-fS1 (FIG. 13A). The explanation for this is unknown, may relate to
modifications made to the S protein during its synthesis. Notably, the S1 coding sequence in the
segment 7 ORF includes an N-terminal signal sequence which, in SARS-CoV-2 infected cells, is
cleaved from the S1 protein during synthesis on the endoplasmic reticulum (ER). Cleavage of the
signal sequence may have removed the upstream 3x FLAG tag from a S1 product, preventing its
detection by the FLAG antibody. Alternatively, because the membrane anchor domain is located
at the C-terminus of the SARS-CoV-2 S protein, it is possible that the S1 product was secreted
from rSA11/NSP3-fS1-infected cells and thus lost. It is also possible that glycosylation and/or
degradation of the 79.6 kDa-S1 product by ER-associated proteases may have prevented the

protein's detection. Finally, because rotavirus usurps and possibly remodels the ER in support of
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glycoprotein (NSP4 and VP7) synthesis and virus morphogenesis may perturb ER-interaction
with the S signal sequence in such a way to prevent S1 synthesis.

[0110] Interestingly, all the rfSA11/NSP3-CoV2/S viruses, including rSA11/NSP3-£S1,
generated 2A read-through products that were detectable using FLAG antibody(FIG. 13A). Thus,
the 2A stop-start element in the rSA11/NSP3-2A-CoV2/S viruses was not fully active, which is
consistent with previous reports analyzing the functionality of 2A elements within cells.
However, with the exception of the rSA11/NSP3-£S1, all the viruses generated more 2A-cleaved
S product than read-through product. Mutation of residues in and around the 2A element,
including the inclusion of flexible linker sequences, may decrease the relative frequency of read
through.

[0111] Lysates from MA104 cells infected with rSA11/wt, rSA11/NSP3-fRBD, and
rSA11/NSP3-fExRBD were also probed with RBD-specific polyclonal antibody prepared against
a peptide mapping to the C-terminal end of the RBD domain (ProSci 9087). The RBD antibody
recognized the fExXRBD product of the rSA11/NSP3-fExRBD virus, but not the fRBD product of
rSA11/NSP3-fRBD (FIG. 13B), presumably because the latter product lacked the peptide
sequence used in generating the ProSci RBD antibody. To gain insight into whether the fRBD
and fExRBD products folded into native structures mimicking those present in the SARS-CoV-2
S protein, lysates prepared from MA104 cells infected with rfSA11/NSP3-fRBD and
rSA11/NSP3-fExRBD were probed by pulldown assay using an anti-RBD conformation-
dependent neutralizing monoclonal antibody (GeneTex CR3022). As shown in FIG 13C, the
CR3022 immunoprecipitate included fEXRBD, indicating that this product included a
neutralizing epitope found in authentic SARS-CoV-2 S protein. Thus, at least some of the RBD
product of rSA11/NSP3-fExRBD has likely folded in a conformation capable of inducing a
protective antibody response. Unlike the successful pulldown of ExXRBD with CR3022 antibody,
it was not clear if the antibody likewise immunoprecipitated the fRBD product of rSA11/NSP3-
fRBD. This uncertainty stems from the light chain of the CR3022 antibody obscuring the
electrophoretically closely-migrating fRBD product in immunoblot assays (FIG. 13C).

[0112] Expression of the ExXRBD and RBD products by rSA11s during rotavirus
infection. To gain insight into fExXRBD and fRBD expression during virus replication, MA104
cells were infected with rSA11/wt, rSA11/NSP3-fExRBD or rSA11/NSP3-fRBD and then
harvested at intervals between 0 and 12 hr p.i. Analysis of the infected cell lysates by
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immunoblot assay showed that fExXRBD and fRBD were readily detectable by 4 hp.i.,
paralleling the expression of rotavirus proteins NSP3 and VP6 (FIG. 14). Increased levels of
fExRBD and fRBD were present at 8 and 12 h p.i., without obvious accumulation of FLAG-
tagged products of smaller sizes. Thus, the fExRBD and fRBD products appear to be relatively
stable.

[0113] Density of rSA11 virus particles containing S sequences. The introduction of S
sequences into the rSA11/NSP3-CoV2/S viruses increased the size of their viral genomes by 1.0
to 2.5 kbp beyond that of SA11/wt. Assuming the rSA11/NSP3-CoV2/S viruses are packaged
efficiently and contain a complete constellation of 11 genome segments, the increased content of
dsRNA within the core of rSA11/NSP3-CoV2/S particles should cause their densities to be
greater than that of SA11/wt particles. To explore this possibility, rSA11/wt (18.6-kbp genome),
rSA11/NSP3-fExRBD (19.5 kbp) and rSA11/NSP3-£fS1 (20.8 kbp) were amplified in MA 104
cells. The infected-cell lysates were then treated with EDTA to convert rotavirus virions (triple-
layered particles) into double-layered particles (DLPs). The particles were centrifuged to
equilibrium on CsCl gradients and the density of the DLP bands determined by refractometry
(FIG. 15). The analysis indicated that the density of rSA11/NSP3-fExRBD DLPs (1.386 g/cm?)
was greater than SA11/wt DLPs (1.381 g/cm?) (panel A) and similarly, the density of
rSA11/NSP3-fS1 DLPs (1.387 g/cm®) was greater that SA11/wt DLPs (1.38 g/cm?) (panel B).
Analysis of the banded DLPs by gel electrophoresis confirmed that they contained the expected
constellation of eleven genome segments. To confirm that the density of rfSA11/NSP3-fS1 DLPs
was different that rSA11/wt DLPs, infected-cell lysates containing each of these viruses were
pooled, treated with EDTA, and the viral DLPs in the combined sample banded by centrifugation
on a CsCl gradient (FIG. 15E). Analysis of the gradient revealed the presence of two bands of
particles, indicating that rSA11/NSP3-fSA11-fS1 and rSA11/wt DLPs were of different
densities. Gel electrophoresis of the combined DLP bands showed, as expected, that both
rSA11/NSP3-fSA11-fS1 and rSA11/wt were present. Taken together, these results demonstrate
that rSA11/NSP3-CoV-2/S virions contain complete genome constellations despite the fact that
their genome sizes are significantly greater than that of wildtype SA11 virus. Indeed, the 20.8-
kbp rSA11/NSP3-fS1 genome is 12% greater in size than the 18.6-kbp rSA11/wt genome (FIG.
18). Thus, the rotavirus core has space to accommodate large amounts of additional foreign

sequence. How the dsRNA within the core is re-distributed to accommodate large amounts of
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additional sequence is not known, but clearly the core remains a transcriptionally-active
nanomachine despite the additional sequence. Whether other genome segments can be
engineered similarly to segment 7 of rSA11/NSP3-fS1 to include 2 kb of additional sequence
remains to be determined. The maximum packaging capacity of the core also remains to be
determined.

[0114] Genetic stability of rSA11 rotaviruses containing S sequences. The genetic
stability of the rSA11/NSP3-CoV2/S viruses were assessed by serial passage, with a fresh
monolayer of MA104 cells infected with 1:1000 dilutions of cell lysates at each round.
Electrophoretic analysis of the dSRNAs recovered from cells infected with rSA11/NSP3-fNTD, -
fRBD, -ExRBD, or -ExCR showed no changes in the sizes of any of the 11 genome segments
over 5 rounds of passage (P1-P5), including segment 7, indicating that these viruses were
genetically stable (FIG. 16A). In contrast, serial passage of rSA11/NSP3-S1 showed evidence of
instability (FIG. 16A). By the third round of passage, novel genome segments were appearing
that were smaller than the 3.3-kbp segment 7 RNA. With continued passage, four novel
segments (R1 to R4) became prominent and the 3.3-kbp segment 7 RNA was no longer
detectable, suggesting that the high-passage virus pools (P3-P6) were populated by variants
containing segment 7 RNAs derived from the 3.3-kb segment 7 RNA through internal sequence
deletion. To evaluate this possibility, 8 variants were recovered from the P6 virus pool by plaque
isolation, 4 with a large (L) plaque phenotype and 4 with a small (S) plaque phenotype.
Electrophoretic analysis of the genomes of the variants showed that none contained the 3.3-kbp
segment 7 RNA (FIG. 16B). Instead, 6 variants (L1, L2, L3, L4, S2, and S4) contained the R3
segment, and the other two variants contained either the R1 (S1) or R2 (R2) segment. No
variants were recovered that contained the novel R4 segment.

[0115] Sequencing showed that the R1, R2, and R3 segments were in fact derivatives of
the 3.3-kbp segment 7 RNA (FIG. 16C). The R1, R2, and R3 RNAs all retained the complete 5'-
and 3'-UTRs and NSP3 ORF of segment 7, but contained sequence deletions of 1.0 (R1), 1.5
(R2), or 1.8 (R3) kbp of S1 coding sequence. The fact that 6 of the 8 variants isolated by plaque
assay contained the R3 segment suggests that variants with this RNA may have a growth
advantage over variants with the R1, R2, or R4 RNAs. Although genetic instability gave rise to
rSA11/NSP3-fS1 variants lacking portions of the S1 ORF, none were identified that lacked
portions of the NSP3 ORF. This suggests that NSP3 may be essential for virus replication, which
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would explain the failure of previous efforts by us to recover viable rSA11s encoding truncated
forms of NSP3 through insertion of stop codons in the NSP3 ORF (data not shown). To gain a
better understanding of the diversity of deletions introduced into the segment 7 (NSP3-fS1) RNA
during serial passage, the total population of viral RNAs in high passaged virus pools are being
examined by direct RNA sequencing.

[0116] Cell culture. Embryonic monkey kidney cells (MA104) were grown in medium
199 (M199) containing 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Baby
hamster kidney cells expressing T7 RNA polymerase (BHK-T7) were provided by Dr. Ulla
Buchholz, Laboratory of Infectious Diseases, NIAID, NIH (Bethesda, Maryland, USA), and
were propagated in Glasgow minimum essential media (GMEM) containing 5% heat-inactivated
fetal bovine serum (FBS), 10% tryptone-peptide broth, 1% penicillin-streptomycin, 2% non-
essential amino acids, and 1% glutamine (41). BHK-T7 cells were grown in medium
supplemented with 2% Geneticin (Invitrogen) with every other passage.

[0117] Plasmid construction. Recombinant SA11 rotaviruses were prepared using
plasmids (pT7/VP1SA11, pT7/VP2SAL11, pT7/VP3SA11, pT7/VP4SAL1, pT7/VP6SAL1IL,
pT7/VPTSA11, pT7/NSP1SA11, pT7/NSP2SAT11, pT7/NSP3SA11, pT7/NSP4SA11, and
pT7/NSP5SA11) obtained from the Addgene plasmid repository
[https://www.addgene.org/Takeshi Kobayashi/] and pPCMV-NP868R (Y. Kanai, et al., Proc.
Natl Acad Sci USA 114:2349-2354 ). The plasmid pT7/NSP3-P2A-fUnaG was produced, as
described elesewhere, by fusing a DNA fragment containing the ORF for P2A-3xFL-UnaG to
the 3'-end of the NSP3 ORF in pT7/NSP3SA11. A plasmid (pTWIST/COVID19spike)
containing a full-length cDNA of the SARS-CoV-2 S gene (GenBank MN908947.3) was
purchased from Twist Bioscience. The plasmids pT7/NSP3-2A-fNTD, pT7/NSP3-2A-fExRBD,
pT7/NSP3-2A-fRBD, pT7/NSP3-2A-fCR, and pT7/NSP3-2A-S1 were made by replacing the
UnaG ORF in pT7/NSP3-2A-fUnaG with ORFs for the NTD, ExRBD, RBD, CR, and S1
regions, respectively, of the SARS-CoV-2 S protein, by In-Fusion cloning. DNA fragments
containing NTD, ExXRBD, RBD, CR, and S1 coding sequences were amplified from
pTWIST/COVID19spike using the primer pairs NTD For and NTD Rev, ExXRBD For and
ExRBD Rev, RBD Forand RBD Rev, CR Forand CR Rev, and S1 _For and S1 Reyv,

respectively (FIG 17). Transfection quality plasmids were prepared commercially
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(www.plasmid.com) or using Qiagen plasmid purification kits. Primers were provided by and
sequences determined by EuroFins Scientific.

[0118] Recombinant viruses. The reverse genetics protocol used to generate recombinant
rotaviruses was described in detail previously. To summarize, BHK-T7 cells were transfected
with SA11 pT7 plasmids and pCMV-NP868R using Mirus TransIT-LT1 transfection reagent.
Two days later, the transfected cells were overseeded with MA104 cells and the growth medium
(serum-free) adjusted to a final concentration of 0.5 pg/ml porcine pancreatic trypsin (Type IX,
Sigma Aldrich). Three days later, the BHK-T7/MA104 cell mixture was freeze-thawed 3-times
and the lysates clarified by low-speed centrifugation. Recombinant virus in clarified lysates were
amplified by one or two rounds of passage in MA104 cells maintained in serum-free medium
containing 0.5 pg/ml trypsin. Individual virus isolates were obtained by plaque purification and
typically amplified 1 or 2 rounds in MA104 cells prior to analysis. Viral dsSRNAs were recovered
from infected-cell lysates by Trizol extraction, resolved by electrophoresis on Novex 8%
polyacrylamide gels (Invitrogen) in Tris-glycine buffer, and detected by staining with ethidium
bromide. Viral dsRNAs in gels were visualized using a BioRad ChemiDoc MP Imaging System.
The genetic stability of plaque isolated rSA11s was assessed by serial passage as described
previously.

[0119] Immunoblot analysis. MA 104 cells were mock infected or infected with 5 PFU of
recombinant virus per cell and harvested at 8 h p.i. Cells were washed with cold phosphate-
buffered saline (PBS), pelleted by low-speed centrifugation, and lysed by resuspending in lysis
buffer [300 mM NaCl, 100 mM Tris-HCI, pH 7.4, 2% Triton X-100, and 1x EDTA-free protease
inhibitor cocktail (Roche cOmplete)]. For immunoblot assays, lysates were resolved by
electrophoresis on Novex linear 8-16% polyacrylamide gels and transferred to nitrocellulose
membranes. After blocking with phosphate-buftered saline containing 5% non-fat dry milk, blots
were probed with guinea pig polyclonal NSP3 (Lot 55068, 1:2000) or VP6 (Lot 53963, 1:2000)
antisera, mouse monoclonal FLAG M2 (Sigma F1804, 1:2000), rabbit monoclonal PCNA
[13110S, Cell Signaling Technology (CST), 1:1000] antibody or rabbit anti-RBD (ProSci 9087,
1:200) antibody. Primary antibodies were detected using 1:10,000 dilutions of horseradish
peroxidase (HRP)-conjugated secondary antibodies: horse anti-mouse IgG (CST), anti-guinea
pig IgG (KPL), or goat anti-rabbit IgG (CST). Signals were developed using Clarity Western
ECL Substrate (Bio-Rad) and detected using a Bio-Rad ChemiDoc imaging system.
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[0120] Immunoprecipitation assay. Mock-infected and infected cell lysates were
prepared as above. Lysates were mixed with a SARS-CoV-2 S1 specific monoclonal antibody
(GeneTex CR3022, 1:150 dilution) or an NSP2 monoclonal antibody (#171, 1:200). After
incubation at 4°C with gentle rocking for 18 h, antigen-antibody complexes were recovered using
Pierce magnetic IgA/IgG beads (ThermoFisher Scientific), resolved by gel electrophoresis, and
blotted onto nitrocellulose membranes. Blots were probed with FLAG antibody (1:2000) to
detect fRBD and fExRBD and NSP2 antibody (1:2000).

[0121] CsCl gradient centrifugation. MA104-cell monolayers in 10-cm cell culture plates
were infected with rSA11 viruses at an MOI of 5 and harvested at 12 h p.i. Cells were lysed by
adjusting media to 0.5% Triton X100 (Sigma) and incubation on ice for 5 min. Lysates were then
clarified by centrifugation at 500 x g at 4°C for 6 min. The clarified lysates were adjusted to 10
mM EDTA and incubated for 1 h at 37°C to cause the conversion of rotavirus TLPs to DLPs
(36). CsCl was added to samples to a density of 1.367 g/cm® and samples were centrifuged at
110,000 x g with a Beckman SW55Ti rotor at 8°C for 22 h. Fractions containing viral bands
were recovered using a micropipettor and fraction densities were determined using a
refractometer.

[0122] Genetic stability of rSA11 viruses. Viruses were serially passaged on MA104-cell
monolayers using 1:1000 dilutions of infected cell lysates prepared in serum-free M199 medium
and 0.5 pg/ml trypsin. When cytopathic effects reached completion (4-5 days), cells were freeze-
thawed twice in their medium, and lysates were clarified by low-speed centrifugation. To recover
dsRNA, clarified lysates (600 ul) were extracted with Trizol (ThermoFisher Scientific). The
RNA samples were resolved by electrophoresis on 8% polyacrylamide gels and the bands of
dsRNA detected by ethidium-bromide staining.

[0123] GenBank accession numbers. Segment 7 sequences in rSA11 viruses have been
deposited in Genbank: wt (LC178572), NSP3-P2A-fNTD (MW059024), NSP3-P2A-fRBD
(MT655947), NSP3-P2A-ExRBD (MT655946), NSP3-P2A-fCR (MW059025), NSP3-P2A-S1
(MW059026), NSP3-P2A-S1/R1 (MW353715), NSP3-P2A-S1/R2 (MW353716), and NSP3-
P2A-S1/R3 (MW353717). See also FIG. 18.

[0124] We have shown that reverse genetics can be used to generate recombinant
rotaviruses that express, as separate products, portions of the SARS-CoV-2 S protein, including

its immunodominant RBD. These results indicate that it may be possible to develop rotaviruses
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as vaccine expression vectors, providing a path for generating oral live-attenuated rotavirus-
COVID-19 combination vaccines able to induce immunological protective responses against
both rotavirus and SARS-CoV-2. Such combination vaccines would be designed for use in
infants and young children and would allow the widespread distribution and administration of
COVID-19-targeted vaccines by piggy backing onto current rotavirus immunization programs
used in the USA and many other countries, both developed and developing. In addition, our
findings raise the possibility that through the use of rotavirus as vaccine expression platforms,
rotavirus-based combination vaccines could be made against other enteric viruses including
norovirus, astrovirus, and hepatitis E virus.

[0125] We have determined that the 18.6-kbp rotavirus dSRNA can accommodate as
much as 2.2-kbp of foreign sequence, which is sufficient to encode the SARS-CoV-2 S1 protein.
However, in our hands, rSA11s encoding S1 were not genetically stable and failed to express the
appropriate S1 product, for reasons that are uncertain but under further investigation. Rotaviruses
carrying large amounts of foreign sequence are characteristically genetically unstable (this study
and data not shown), but those with foreign sequences of <1.0-1.5-kbp are stable over 5-10
rounds of serial passage at low MOI and, thus, can be developed into vaccine candidates. The
coding capacity provided by 1.0-1.5-kbp of extra sequence is sufficient to produce recombinant
rotaviruses that encode the SARS-CoV-2 NTD, RBD, or S2 core along with trafficking signals
that can promote engagement of S products with antigen-presenting cells and naive B-
lymphocytes. Current work is underway to gain insight how successful rotaviruses expressing
SARS-CoV-2 products are in inducing neutralizing antibodies in immunized animals.

[0126] While the disclosed subject matter is amenable to various modifications and
alternative forms, specific embodiments are described herein in detail. The intention, however,
is not to limit the disclosure to the particular embodiments described. The disclosure is intended
to cover all modifications, equivalents, and alternatives falling within the scope of the disclosure
as defined by the appended claims.

[0127] Similarly, although illustrative methods may be described herein, the description
of the methods should not be interpreted as implying any requirement of, or particular order
among or between, the various steps disclosed herein. However, certain embodiments may
require certain steps and/or certain orders between certain steps, as may be explicitly described

herein and/or as may be understood from the nature of the steps themselves (e.g., the
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performance of some steps may depend on the outcome of a previous step). Additionally, a

(13 2%

set,” “subset,” or “group” of items (e.g., inputs, algorithms, data values, etc.) may include one
or more items, and, similarly, a subset or subgroup of items may include one or more items. A
“plurality” means more than one.

[0128] As the terms are used herein with respect to ranges, “about” and “approximately”
may be used, interchangeably, to refer to a measurement that includes the stated measurement
and that also includes any measurements that are reasonably close to the stated measurement, but
that may differ by a reasonably small amount such as will be understood, and readily ascertained,
by individuals having ordinary skill in the relevant arts to be attributable to measurement error,
differences in measurement and/or manufacturing equipment calibration, human error in reading
and/or setting measurements, adjustments made to optimize performance and/or structural
parameters in view of differences in measurements associated with other components, particular

implementation scenarios, imprecise adjustment and/or manipulation of objects by a person or

machine, and/or the like.
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CLAIMS
What is claimed is:

1. A recombinant rotavirus comprising a gene segment including a first nucleotide sequence
encoding rotavirus nonstructural protein 3 (NSP3) and a second nucleotide sequence
encoding a coronavirus S protein fragment selected from:

an S1 N-terminal domain;
an S1 N-terminal domain with signal sequence;
an S1 subunit without signal sequence;
an S protein receptor binding domain;
an extended S protein receptor binding domain,;
an S2 core domain; and
an S2 subunit without a transmembrane anchor domain,
wherein the NSP3 and the coronavirus S protein fragment are encoded by a single open

reading frame, separated by a self-cleavage protease domain.

2. The recombinant rotavirus of claim 1, wherein the coronavirus is SARS-CoV-2 and:
the S1 N-terminal domain is at least 95% identical to SEQ ID NO: 3;
the S1 N-terminal domain with signal sequence is at least 95% identical to SEQ ID NO:
4;
the S protein receptor binding domain is at least 95% identical to SEQ ID NO: 5;
the extended S protein receptor binding domain is at least 95% identical to SEQ ID NO:
9,
the S2 core domain is at least 95% to SEQ ID NO: 10; and
the S2 subunit without a transmembrane anchor domain is at least 95% identical to SEQ

IDN: 11.

3. The recombinant rotavirus of claim 1, further comprising a third nucleotide sequence
encoding a second coronavirus S protein fragment selected from:
an S1 N-terminal domain;
an S1 N-terminal domain with signal sequence;

an S1 subunit without signal sequence;
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an S protein receptor binding domain;

an extended S protein receptor binding domain,;

an S2 core domain; and

an S2 subunit without a transmembrane anchor domain,
wherein the NSP3 the coronavirus S protein fragment, and the second coronavirus S protein
fragment are encoded by a single open reading frame, wherein the NSP3 and the coronavirus
S protein fragment are separated by a self-cleavage protease domain and the coronavirus S

protein fragment and the second coronavirus fragment are separated by a molecular hinge.

The recombinant rotavirus of claim 1, wherein the self-cleavage protease domain is a 2A

cleavage element.

The recombinant rotavirus of claim 1, wherein the self-cleavage protease domain is a tesco

porcine virus 2A (P2A) element.

The recombinant rotavirus of claim 5, wherein the P2A element has a sequence having at

least 80% sequence identity to SEQ ID NO: 1 (SKFQIDKILISGDIELNPGP).

The recombinant rotavirus of claim 1, wherein the nucleotide sequence encoding the
coronavirus S protein fragment is derived from a coronavirus selected from: SARS-CoV;

MERS-CoV; SARS-CoV-2; HCoV-299E; HCoV-0OC43; HCoV-HKU1; and HCoV-NL63.

The recombinant rotavirus of claim 3, wherein the third nucleotide sequence encoding the
second coronavirus S protein fragment is derived from a same or a different coronavirus

species.
The recombinant rotavirus of claim 1, wherein the recombinant rotavirus induces an

immunological response against rotavirus and coronavirus in a subject when administered to

the subject.
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The recombinant rotavirus of claim 1, wherein the recombinant rotavirus is based upon strain

GI1P[8].

The recombinant rotavirus of claim 1, wherein the recombinant rotavirus is attenuated.

An immunogenic composition comprising the recombinant rotavirus of any one of claims 1-

11.

The immunogenic composition of claim12, further comprising a pharmaceutically acceptable

excipient.

The immunogenic composition of claim 13, wherein the immunogenic composition is

formulated for oral, subcutaneous, or intramuscular administration.

A method for inducing a protective immune response against rotavirus and a coronavirus in a
subject, the method comprising administering an effective amount of the immunogenic

composition of claim 12 to the subject.

The method of claim 15, wherein the immunogenic composition comprises a
pharmaceutically acceptable excipient and is formulated for oral, subcutaneous, or

intramuscular administration.

A recombinant rotavirus expression system comprising:

a nonstructural protein 3 (NSP3) expression vector including a nucleotide sequence
encoding rotavirus (NSP3) and a nucleotide sequence encoding a coronavirus S protein
fragment selected from:

an S1 N-terminal domain;

an S1 N-terminal domain with signal sequence;

an S1 subunit without signal sequence;

an S protein receptor binding domain;

an extended S protein receptor binding domain;

2
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an S2 core domain; and
an S2 subunit without a transmembrane anchor domain,
wherein the NSP3 and the coronavirus S protein fragment are encoded by a single
open reading frame, separated by a self-cleavage protease domain,;
a VP1 expression vector;
a VP2 expression vector;
a VP3 expression vector;
a VP4 expression vector;
a VPS5 expression vector;
a VP6 expression vector;
a VP7 expression vector;
a NSP1 expression vector;
a NSP2 expression vector;
a NSP4 expression vector;
a NSP5/6 expression vector; and

an African Swine Fever Virus NP868R RNA capping enzyme expression vector.

18. The recombinant rotavirus expression system of claim 17, wherein the coronavirus is SARS-
CoV-2 and:
the S1 N-terminal domain is at least 95% identical to SEQ ID NO: 3;
the S1 N-terminal domain with signal sequence is at least 95% identical to SEQ ID NO:
4;
the S protein receptor binding domain is at least 95% identical to SEQ ID NO: 5;
the extended S protein receptor binding domain is at least 95% identical to SEQ ID NO:
9,
the S2 core domain is at least 95% to SEQ ID NO: 10; and
the S2 subunit without a transmembrane anchor domain is at least 95% identical to SEQ

IDN: 11.

19. The recombinant rotavirus expression system of claim 17, further comprising a third

nucleotide sequence encoding a second coronavirus S protein fragment selected from:
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an S1 N-terminal domain;

an S1 N-terminal domain with signal sequence;

an S1 subunit without signal sequence;

an S protein receptor binding domain;

an extended S protein receptor binding domain,;

an S2 core domain; and

an S2 subunit without a transmembrane anchor domain,
wherein the NSP3 the coronavirus S protein fragment, and the second coronavirus S protein
fragment are encoded by a single open reading frame, wherein the NSP3 and the coronavirus
S protein fragment are separated by a self-cleavage protease domain and the coronavirus S

protein fragment and the second coronavirus fragment are separated by a molecular hinge.

The recombinant rotavirus expression system of claim 17, wherein each of the NSP3
expression vector, VP1 expression vector, VP2 expression vector, VP3 expression vector,
VP4 expression vector, VP5 expression vector, VP6 expression vector, VP7 expression
vector, NSP1 expression vector, NSP2 expression vector, NSP4 expression vector, and

NSP5/6 expression vector are T7 expression vectors.

The recombinant rotavirus expression system of claim 17, wherein the self-cleavage protease

domain is a 2A cleavage element.

The recombinant rotavirus expression system of claim 17, wherein the self-cleavage protease

domain is a tesco porcine virus 2A (P2A) element.
The recombinant rotavirus expression system of claim 21, wherein the 2A element has a
sequence having at least 80% sequence identity to SEQ ID NO: 1

(SKFQIDKILISGDIELNPGP).

The recombinant rotavirus expression system of claim 17, wherein the nucleotide sequence

encoding the coronavirus S protein fragment is derived from a coronavirus selected from:
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SARS-CoV; MERS-CoV; SARS-CoV-2; HCoV-299E; HCoV-0C43; HCoV-HKU1; and
HCoV-NL63.

25. The recombinant rotavirus expression system of claim 17, wherein the third nucleotide
sequence encoding the second coronavirus S protein fragment is derived from a same or a

different coronavirus species.

26. The recombinant rotavirus expression system of claim 23, wherein the recombinant rotavirus

expression system is based upon rotavirus strain G1P[8].

27. A method for producing a recombinant rotavirus, the method comprising:
transfecting BHK-T7 cells with the recombinant rotavirus expression system of any one
of claims 17-26;
overseeding the transfected BHK-T7 cells with MA104 cells;
preparing a clarified cell lysate; and

isolating recombinant rotavirus.

28. The method of claim 27, wherein recombinant rotavirus is isolated by plaque purification.

29. The method of claim 27, wherein the recombinant rotavirus is attenuated.
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Properties of recombinant rRV/NSP3-2A-CoV2 strains.

Genome segment 7

Virus strain
Protein product
NCB#
Genome size/ RNA accession
_ " . o ! {bp) | uncleaved | 2A cleaved | uncleaved | 2A cleaved
Abbreviated name Formal name’ increase over wt #
op) {aa) {aa) (kDa) {kDa}
RVA/Simian-
/ X .
rSA1T At abUSASAT 1w2019/G3P[2] 18,559/0 1105 315 nd 364 nd LC178572
RVA/Simian-ab/AJSA/SATT(NSP3-P2A. -
rSA11/NSP3-NTD CoV2INTDY2020/G3PR) 19,537/978 2083 641 336 + 305 732 38.5 +34.8 | MW0S3024
RVA/Simian-tab/USA/SATT{NSP3-P2A
rSA11/NSP3-IRBD CoV2IRBO)2020:G3P[2) 19,264/705 1810 550 336 + 214 627 38.5+24.3| MTE55947
RVA/Simian-ab/USAISAT1{NSP3-P2A
{1 - i
rSA11/NSP3ExRBD COV2ExRBD)/2020/G3P[2] 19,564/1005 2110 6850 336 + 314 747 38.5 +35.2| MTES55946
. RVA/Simian4ab/USA/SAT1{NSP3-P2A . i
rSA11/NSPSfCR CoV2ACRY2020/G3R2] 19,7898/1239 2344 728 336 + 392 814 3856 + 428 MWO50025
RVA/Simian-tab/USA/SAT1(NSP3-P24
rSAT1NSP3-181 Cov2:181)2020/GIPiZ] 20,752/2193 3298 1046 336 + 710 1184 385+ 796 MWOSE025
aa RVA/SImiantab/USA/SAT1(NSP3-P2A ] 5
rSAT1/NSP3-fS1/R1 CoVRFS1RT)2020/G3P12] 19,757/1198 2303 431 336 + 95 49.86 385+ 114 | MW3S3715
g RVA/Simian-ab/USASATT(NSP3-F2A 2 -
rSAT1/NSP3-{81/R2 GOV R2)2020/G3R2] 19,333/683 1788 367 336 + 3t 421 385+ 37 | MW3E3T16
i -3 i -
FSATUNSPRISIRE | ASINEN-BLUSASATINSES-PRAY g oryaon 1457 410 336+ 74 472 | 385+88 | Mw3s3T7

CoV2:fS1RIN2020/G3P[2]

* Formal strain names were assigned according to Matthiinssens et al (44). nd: not defermined, no 2A cleavage site present; wt: wild type

FIG. 17
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Primers used o produce pT7/NSP3-2A-CoV2 plasmids.

Primer Sequence

Veclor_Far TCACCATTTTGATACATGTTGAATAATCAAATATAG

Vector Rev  [GCTAGCCTTETCATCGTCATICT

NTD_For GATGACAAGGRCTAGCTGTGTTAATCTTACAACCAGAACTCAATTACCCC
NTD_Rev GTATCARAATGGTCAGTCAAGTGCACAGTCTACAGCATC

ExRBD_For [GATGACAAGGCTAGLGGAATCTATCAAALTTCTAACTTTAGAGTCCAALCA
ExRBD_Rev [GTATCAAAATGGTCATGTTATAACACTGACACCACCAAAAGAACA

RBC For GATGACAAGGCTAGLTTGTOLCCTTTTGGTGAAGTTT

RBD Rev GTATCAAAATGGTCAAGTTGUTGGTGCATGTAGAAGT

CR_For GATGACAAGGUTAGCTCTATTGCCATACCCACAAATTTTACTATTAGTGT
CR_Rev GTATCAAAATGCTCAAGTTCTGAAGTTCTTTTCTTETGCAGE

51 For GATGACAAGGLTAGCGTGTTTGTTITTCYTGTTTTATTGCCACTAGTCT
S1_Rev GTATCARAATGGTCAACGTGLCCGLLG

FIG. 18
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