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Abstract:

Provided herein are nucleic acid molecules encoding viral replication proteins and antigenic
coronavirus proteins or fragments thereof. Also provided herein are compositions that include
nucleic acid molecules encoding viral replication and antigenic proteins, and lipids. Nucleic acid
molecules provided herein are useful for inducing immune responses.
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COMPOSITIONS AND METHODS FOR INDUCING IMMUNE RESPONSES

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001]  This application claims the benefit of U.S. Provisional Application No.
62/987.191, filed March 9, 2020 and U.S. Provisional Application No. 63/073,900, filed
September 2, 2020.

REFERENCE TO A SEQUENCE LISTING

[0002] The instant application contains a Sequence Listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on March 8, 2021 is named 049386-
538001WO_SequenceListing_ ST25.txt and is 481,150 bytes in size.

TECHNICAL FIELD
[0003] The present disclosure relates generally to inducing immune responses against
infectious agents and tumor antigens and more specifically to self-transcribing and replicating

RNA for antigen expression.

BACKGROUND
[0004] Infectious diseases and cancer represent significant burdens on health worldwide.
According to the World Health Organization (WHO), lower respiratory tract infection was the
deadliest infectious disease worldwide in 2016, causing approximately 3 million deaths. The
impact of infectious diseases is illustrated by the coronavirus disease 2019 (COVID-19)
pandemic caused by severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2). SARS-
CoV-2 is a novel coronavirus that was first identified in December 2019 in Wuhan, China and
that has caused more than 20 million confirmed infections with more than 700,000 deaths
worldwide as of August 2020. Current control measures to curb the rapid worldwide spread of
SARS-CoV-2, such as national lockdowns, closure of work places and schools, and reduction
of international travel are threatening to result in a global economic recession to an extent not

seen since the Great Depression.

[0005]  Canceris the second leading cause of death globally, accounting for approximately

9.6 million deaths worldwide in 2018. Cancer is a large group of diseases that can affect almost
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any organ or tissue in the body. Cancer burden continues to grow globally, exerting physical,

emotional, and financial strains on patients and health care providers.

[0006] Self-replicating ribonucleic acids (RNAs), e.g., derived from viral replicons, are
useful for expression of proteins, such as heterologous proteins, for a variety of purposes, such
as expression of therapeutic proteins and expression of antigens for vaccines. A desirable

property of such replicons is the ability for sustained expression of the protein.

[0007] Few treatments for infections caused by viruses and eukaryotic organisms are
available, and resistance to antibiotics for the treatment of bacterial infections is increasing. In
addition, rapid responses, including rapid vaccine development, are required to effectively
control emerging infectious diseases and pandemics. Moreover, many cancer treatments
include costly and painful surgeries and chemotherapies that are often unsuccessful or only
modestly prolong life despite serious side effects. Thus, there exists a need for the prevention

and/or treatment of infectious diseases and cancer.

SUMMARY
[0008] In one aspect, the present disclosure provides a nucleic acid molecule comprising (1)
a first polynucleotide encoding one or more viral replication proteins, wherein the first
polynucleotide is codeon-optimized as compared to a wild-type polynucleotide encoding the
one or more viral replication proteins; and (ii) a second polynucleotide comprising a first
transgene encoding a first antigenic protein or a fragment thereof, wherein the first antigenic

protein is a coronavirus protein.

[0009] In some embodiments, the one or more viral replication proteins are alphavirus

proteins or rubivirus proteins.

[0010] In some embodiments, the alphavirus proteins are from Venezuelan Equine
Encephalitis Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus
(EVEYV), Mucambo Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV),
Middleburg Virus (MIDV), Chikungunya Virus (CHIKYV), O'Nyong-Nvong Virus (ONNV),
Ross River Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus
(SAGYV), Bebaru Virus (BEBYV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus
(SINV), Aura Virus (AURAYV), Whataroa Virus (WHAYV), Babanki Virus (BABYV),
Kyzylagach Virus (KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus
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(HJV), Fort Morgan Virus (FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV),
Buggy Creek Virus (BCRYV), or any combination thereof.

[0011] In some embodiments, the first polynucleotide encodes a polyprotein comprising an
alphavirus nsP1 protein, an alphavirus nsP2 protein, an alphavirus nsP3 protein, an alphavirus

nsP4 protein, or any combination thereof.

[0012] In some embodiments, the first polynucleotide encodes a polyprotein comprising an
alphavirus nsP1 protein, an alphavirus nsP2 protein, an alphavirus nsP3 protein, or any

combination thereof, and an alphavirus nsP4 protein.

[0013] In some embodiments, the nucleic acid molecule further comprises a first intergenic
region between a sequence encoding the polyprotein comprising an alphavirus nsP1 protein,
an alphavirus nsP2 protein, an alphavirus nsP3 protein, or any combination thereof, and a

sequence encoding an alphavirus nsP4 protein.
[0014] In some embodiments, the first intergenic region comprises an alphavirus sequence.

[0015] In some embodiments, the first polynucleotide comprises a sequence having at least

80% identity to a sequence of SEQ ID NO:72.

[0016] In some embodiments, the nucleic acid molecule further comprises a 5° untranslated

region (UTR).

[0017] In some embodiments, the 5> UTR comprises a viral 5 UTR, a non-viral 5 UTR,

or a combination of viral and non-viral 5 UTR sequences.
[0018] In some embodiments, the S UTR comprises an alphavirus 5 UTR.

[0019] In some embodiments, the alphavirus 5> UTR comprises a Venezuelan Equine
Encephalitis Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus
(EVEV), Mucambo Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV),
Middleburg Virus (MIDV), Chikungunya Virus (CHIKV), O'Nyong-Nyong Virus (ONNYV),
Ross River Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus
(SAGV), Bebaru Virus (BEBV), Mayaro Virus (MAYV), Una Virus (UNAYV), Sindbis Virus
(SINV), Aura Virus (AURAYV), Whataroa Virus (WHAYV), Babanki Virus (BABV),
Kyzylagach Virus (KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus
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(HJV), Fort Morgan Virus (FMV), Ndumu Virus (NDUV), Salmonid Alphavirus (SAV), or
Buggy Creek Virus (BCRV) 5° UTR sequence.

[0020] In some embodiments, the 5° UTR comprises a sequence of SEQ ID NO:73, SEQ
ID NO:74, or SEQ ID NO:75.

[0021] In some embodiments, the nucleic acid molecule further comprises a 3’ untranslated

region (UTR).

[0022] In some embodiments, the 3° UTR comprises a viral 3 UTR, a non-viral 3° UTR,
or a combination of viral and non-viral 3 UTR sequences. In some embodiments, the 3> UTR
comprises an alphavirus 3° UTR.

[0023] In some embodiments, the alphavirus 3° UTR comprises a Venezuelan Equine
Encephalitis Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus
(EVEV), Mucambo Virus (MUCV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV),
Middleburg Virus (MIDV), Chikungunya Virus (CHIKYV), O'Nyong-Nyong Virus (ONNV),
Ross River Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus
(SAGV), Bebaru Virus (BEBV), Mayaro Virus (MAYV), Una Virus (UNAV), Sindbis Virus
(SINV), Aura Virus (AURAYV), Whataroa Virus (WHAYV), Babanki Virus (BABV),
Kyzylagach Virus (KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus
(HJV), Fort Morgan Virus (FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), or
Buggy Creek Virus (BCRV) 3’ UTR sequence.

[0024] In some embodiments, the 3> UTR comprises a poly-A sequence.

[0025] In some embodiments, the 3 UTR comprises a sequence of SEQ ID NO:76.

[0026] In some embodiments, the antigenic protein is a SARS-CoV-2 protein.

[0027] In some embodiments, the antigenic protein is a SARS-CoV-2 spike glycoprotein.
[0028] In some embodiments, the SARS-CoV-2 spike glycoprotein is a wild-type SARS-
CoV-2 spike glycoprotein having an amino acid sequence of SEQ ID NO:123.

[0029] In some embodiments, the second polynucleotide comprises a sequence having at
least 85% identity to a sequence of SEQ ID NO:121 or SEQ ID NO:122.

[0030] In some embodiments, the second polynucleotide comprises at least two transgenes.
[0031] In some embodiments, a second transgene encodes a second antigenic protein or a

fragment thereof or an immunomodulatory protein.
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[0032] In some embodiments, the second polynucleotide further comprises a sequence
encoding a 2A peptide, an internal ribosomal entry site (IRES), or a combination thereol,
located between transgenes.
[0033] In some embodiments, the immunomodulatory protein is a cytokine, a chemokine,
or an interleukin.
[0034] In some embodiments, the second transgene encodes a second coronavirus protein.
[0035] In some embodiments, the first polynucleotide is located 5° of the second
polynucleotide.
[0036] In some embodiments, the nucleic acid molecule further comprises a second
intergenic region located between the first polynucleotide and the second polynucleotide.
[0037] In some embodiments, the second intergenic region comprises a sequence having at
least 85% identity to a sequence of SEQ ID NO:77.
[0038] In some embodiments, the nucleic acid molecule is
(a) a DNA molecule; or
(b) an RNA molecule, wherein T is substituted with U.

[0039] In some embodiments, the DNA molecule further comprises a promoter.
[0040] In some embodiments, the promoter is located 5° of the S’UTR.
[0041] In some embodiments, the promoter is a T7 promoter, a T3 promoter, or an SP6
promoter.
[0042] In some embodiments, the RNA molecule is a self-replicating RN A molecule.
[0043] In some embodiments, the RNA molecule further comprises a 5’ cap.
[0044] In some embodiments, the 5’ cap has a Cap 1 structure, a Cap 1 ("°A) structure, a
Cap 2 structure, a Cap O structure, or any combination thereof.
[0045] In another aspect, the disclosure provides a nucleic acid molecule comprising

(a) a sequence of SEQ ID NO:124;

(b) a sequence of SEQ ID NO:124, wherein T is substituted with U,

© a sequence of SEQ ID NO:125; or

(d a sequence of SEQ ID NO:125, wherein T is substituted with U,
[0046] In some embodiments, the nucleic acid molecule is an RNA molecule.
[0047] In some embodiments, the nucleic acid molecule further comprises a 5° cap having
a Cap 1 structure.
[0048] In yet another aspect the disclosure provides a nucleic acid molecule comprising:

6] a first polynucleotide comprising a sequence having at least 80% identity to a

sequence of SEQ ID NO:72; and
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(i) a second polynucleotide comprising a first transgene encoding a first antigenic
protein or a [ragment thereol, wherein the [irst antigenic protein is a coronavirus protein.
[0049] In some embodiments, the nucleic acid molecule further comprises a 5’ untranslated
region (UTR).

[0050] In some embodiments, the 5° UTR comprises a viral 5° UTR, a non-viral 5> UTR,
or a combination of viral and non-viral 5 UTR sequences.

[0051] In some embodiments, the 5 UTR comprises an alphavirus 5 UTR.

[0052] In some embodiments, the alphavirus 5> UTR comprises a Venezuelan Equine
Encephalitis Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus
(EVEV), Mucambo Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV),
Middleburg Virus (MIDV), Chikungunya Virus (CHIKYV), O'Nyong-Nyong Virus (ONNV),
Ross River Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETYV), Sagiyama Virus
(SAGV), Bebaru Virus (BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus
(SINV), Aura Virus (AURAYV), Whatarca Virus (WHAYV), Babanki Virus (BABYV),
Kyzylagach Virus (KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus
(HJV), Fort Morgan Virus (FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), or
Buggy Creek Virus (BCRV) 5’ UTR sequence.

[0053] In some embodiments, the 5° UTR comprises a sequence of SEQ 1D NO:73, SEQ
ID NO:74, or SEQ ID NO:75.

[0054] In some embodiments, the nucleic acid molecule further comprises a 3’ untranslated
region (UTR).

[0055] In some embodiments, the 3° UTR comprises a viral 3 UTR, a non-viral 3° UTR,
or a combination of viral and non-viral 3’ UTR sequences.

[0056] In some embodiments, the 3> UTR comprises an alphavirus 3° UTR.

[0057] In some embodiments, the alphavirus 3° UTR comprises a Venezuelan Equine
Encephalitis Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus
(EVEYVY), Mucambo Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV),
Middleburg Virus (MIDV), Chikungunya Virus (CHIKYV), O'Nyong-Nvong Virus (ONNYV),
Ross River Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus
(SAGV), Bebaru Virus (BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus
(SINV), Aura Virus (AURAYV), Whatarca Virus (WHAYV), Babanki Virus (BABYV),
Kyzylagach Virus (KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus
(HJV), Fort Morgan Virus (FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), or
Buggy Creek Virus (BCRV) 3” UTR sequence.

6
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[0058] In some embodiments, the 3’ UTR comprises a poly-A sequence.
[0059] In some embodiments, the 3’ UTR comprises a sequence of SEQ ID NO:76.
[0060] In some embodiments, the antigenic protein is a SARS-CoV-2 protein.
[0061] In some embodiments, the antigenic protein is a SARS-CoV-2 spike glycoprotein.
[0062] In some embodiments, the SARS-CoV-2 spike glycoprotein is a wild-type SARS-
CoV-2 spike glycoprotein having an amino acid sequence of SEQ ID NO:123.
[0063] In some embodiments, the second polynucleotide comprises a sequence having at
least 85% identity to a sequence of SEQ ID NO:121 or SEQ ID NO:122.
[0064] In some embodiments, the second polynucleotide comprises at least two transgenes.
[0065] In some embodiments, a second transgene encodes a second antigenic protein or a
fragment thereof or an immunomodulatory protein.
[0066] In some embodiments, the second polynucleotide further comprises a sequence
encoding a 2A peptide, an internal ribosomal entry site (IRES), or a combination thereof,
located between transgenes.
[0067] In some embodiments, the immunomodulatory protein is a cytokine, a chemokine,
or an interleukin.
[0068] In some embodiments, the second transgene encodes a second coronavirus protein.
[0069] In some embodiments, the first polynucleotide is located 5° of the second
polynucleotide.
[0070] In some embodiments, the nucleic acid molecule further comprises a second
intergenic region located between the first polynucleotide and the second polynucleotide.
[0071] In some embodiments, the second intergenic region comprises a sequence having at
least 85% identity to a sequence of SEQ ID NO:77.
[0072] In some embodiments, the nucleic acid molecule is

(a) a DNA molecule; or

(b) an RNA molecule, wherein T is substituted with U.
[0073] In some embodiments, the DNA molecule further comprises a promoter.
[0074] In some embodiments, the promoter is located 5° of the S’UTR.
[0075] In some embodiments, the promoter is a T7 promoter, a T3 promoter, or an SP6
promoter.
[0076] In some embodiments, the RNA molecule is a self-replicating RNA molecule.
[0077] In some embodiments, the RNA molecule further comprises a 5° cap.
[0078] In some embodiments, the 5’ cap has a Cap 1 structure, a Cap 1 ("°A) structure, a

Cap 2 structure, a Cap O structure, or any combination thereof.

7
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[0079] In yet another aspect, the disclosure provides a composition comprising any of the
nucleic acid molecules provided herein. In some embodiments, the composition further
comprises a lipid.

[0080] In some embodiments, the lipid comprises an ionizable cationic lipid.

[0081] In some embodiments, the ionizable cationic lipid has a structure of

/\/\/\/5
, or a pharmaceutically acceptable salt

thereof.

[0082] In yet another aspect, the disclosure provides a composition comprising any of the
nucleic acid molecules described herein and a lipid formulation.
[0083] In some embodiments, the lipid formulation comprises an ionizable cationic lipid.

[0084] In some embodiments, the ionizable cationic lipid has a structure of
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ﬁ>2m
jw A

, or a pharmaceutically acceptable salt

thereof.

[0085] In some embodiments, the lipid formulation is selected from a lipoplex, a liposome,
a lipid nanoparticle, a polymer-based carrier, an exosome, a lamellar body, a micelle, and an
emulsion.

[0086] In some embodiments, the lipid formulation is a liposome selected from a cationic
liposome, a nanoliposome, a proteoliposome, a unilamellar liposome, a multilamellar
liposome, a ceramide-containing nanoliposome, and a multivesicular liposome.

[0087] In some embodiments, the lipid formulation is a lipid nanoparticle.

[0088] In some embodiments, the lipid nanoparticle has a size of less than about 200 nm.
In some embodiments, the lipid nanoparticle has a size of less than about 150 nm. In some
embodiments, the lipid nanoparticle has a size of less than about 100 nm. In some
embodiments, the lipid nanoparticle has a size of about 55 nm to about 90 nm.

[0089] In some embodiments, the lipid formulation comprises one or more cationic lipids.
[0090] 1In some embodiments, the one or more cationic lipids is selected from 5-

carboxyspermylglycinedioctadecylamide (DOGYN), 2, 3-dioleyloxy-N-[2(spermine-
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carboxamido)ethyl]-N,N-dimethyl-1-propanaminium (DOSPA), 1,2-Dioleoyl-3-
Dimethylammonium-Propane  (DODAP), 1,2-Dioleoyl-3-Trimethylammonium-Propane
(DOTAP), 1,2-distearyloxy-N,N-dimethyl-3-aminopropane (DSDMA), 1,2-dioleyloxy-N,N-
dimethyl-3-aminopropane = (DODMA), 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane
(DLinDMA), 1,2-dilinolenyloxy-N,N-dimethyl-3-aminopropane (DLenDMA), N-dioleyl-
N,N-dimethylammonium chloride (DODAC), N,N-distearyl-N,N-dimethylammonium
bromide (DDAB), N-(1,2-dimyristyloxyprop-3-yl)-N,N-dimethyl-N-hydroxyethyl ammonium
bromide (DMRIE), 3-dimethylamino-2-(cholest-5-en-3-beta-oxybutan-4-oxy)-1-(cis,cis-9,12-
oc-tadecadienoxy)propane (CLinDMA), 2-[5'-(cholest-5-en-3-beta-oxy)-3'-oxapentoxy)-3-
dimethy 1-1-(cis,cis-9',1-2'-octadecadienoxy)propane (CpLinDMA), N, ZN-dimethyl-3 4-
dioleyloxybenzylamine (DMOBA), 1,2-N,N'-dioleylcarbamyl-3-dimethylaminopropane
(DOcarbDAP), 2,3-Dilinoleoyloxy-N,N-dimethylpropylamine (DLinDAP), 1,2-N,N'-
Dilinoleylcarbamyl-3-dimethylaminopropane (DLincarbDAP), 1,2-Dilinoleoylcarbamyl-3-
dimethylaminopropane (DLinCDAP), 2,2-dilincleyl-4-dimethylaminomethyl-[1,3]-dioxolane
(DLin-K-DMA), and 2,2-dilinoleyl-4-dimethylaminoethyl-[ 1,3]-dioxolane or (DLin-K-XTC2-
DMA).

[0091] In some embodiments, the lipid formulation comprises an ionizable cationic lipid.

[0092] In some embodiments, the ionizable cationic lipid has a structure of Formula I:

R?
@]
RS\XG/LE’\N)LU/’U\R/N\RB
L‘3\X5
F|<6 )

or a pharmaceutically acceptable salt or solvate thereof, wherein R> and R® are each
independently selected from the group consisting of a linear or branched C1.Cs1 alkyl, C2.C3;
alkenyl or C,.Cs1 alkynyl and cholesteryl; L’ and L° are each independently selected from the
group consisting of a linear C1.Czo alkyl and C2-Cao alkenyl; X* is -C(O)O-, whereby -C(0)O-
RS is formed or -OC(O)- whereby -OC(0O)-R® is formed; X°is -C(0)O- whereby -C(0)O-R?>
is formed or -OC(O)- whereby -OC(0)-R® is formed; X’ is S or O; L”is absent or lower alkyl;
R*is a linear or branched C1-Cs alkyl; and R” and R® are each independently selected from the

group consisting of a hydrogen and a linear or branched C1.C¢ alkyl.
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[0093] In some embodiments, the ionizable cationic lipid is selected from

ATX-011 ATX-012
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[0094] In some embodiments, the ionizable cationic lipid is ATX-126:

/:\‘b»)/_\—\ o _
w, ATX-126.
S

[0095] In some embodiments, the lipid formulation encapsulates the nucleic acid molecule.

J

[0096] Tn some embodiments, the lipid formulation is complexed to the nucleic acid
molecule.

[0097] Insomeembodiments, the lipid formulation further comprises a helper lipid. In some
embodiments, the helper lipid is a phospholipid. In some embodiments, the helper lipid is
selected from dioleoylphosphatidyl ethanolamine (DOPE), dimyristoylphosphatidyl choline
(DMPC), distearoylphosphatidyl choline (DSPC), dimyristoylphosphatidyl glycerol (DMPG),
dipalmitoyl phosphatidylcholine (DPPC), and phosphatidylcholine (PC). In specific
embodiments, the helper lipid is distearoylphosphatidylcholine (DSPC).

[0098] In some embodiments, the lipid formulation further comprises cholesterol.
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[0099] In some embodiments, the lipid formulation further comprises a polyethylene glycol
(PEG)-lipid conjugate. In some embodiments, the PEG-lipid conjugate is PEG-DMG. In some
embodiments, the PEG-DMG is PEG2000-DMG.

[0100] In some embodiments, the lipid portion of the lipid formulation comprises about 40
mol% to about 60 mol% of the ionizable cationic lipid, about 4 mol%s to about 16 mol% DSPC,
about 30 mol% to about 47 mol% cholesterol, and about 0.5 mol% to about 3 mol% PEG2000-
DMG.

[0101] In some embodiments, the lipid portion of the lipid formulation comprises about 42
mol% to about 58 mol% of the ionizable cationic lipid, about 6 mol% to about 14 mol% DSPC,
about 32 mol% to about 44 mol% cholesterol, and about 1 mol% to about 2 mol% PEG2000-
DMG.

[0102] In some embodiments, the lipid portion of the lipid formulation comprises about 45
mol% to about 55 mol% of the ionizable cationic lipid, about 8 mol% to about 12 mol% DSPC,
about 35 mol% to about 42 mol% cholesterol, and about 1.25 mol% to about 1.75 mol%
PEG2000-DMG.

[0103] In some embodiments, the composition has a total lipid:nucleic acid molecule
weight ratio of about 50:1 to about 10:1. In some embodiments, the composition has a total
lipid:nucleic acid molecule weight ratio of about 44:1 to about 24:1. In some embodiments, the
composition has a total lipid: nucleic acid molecule weight ratio of about 40:1 to about 28:1.
In some embodiments, the composition has a total lipid: nucleic acid molecule weight ratio of
about 38:1 to about 30:1. In some embodiments, the composition has a total lipid: nucleic acid
molecule weight ratio of about 37:1 to about 33:1. In some embodiments, the compasition
comprises a HEPES or TRIS buffer at a pH of about 7.0 to about 8.5.

[0104] In some embodiments, the HEPES or TRIS buffer is at a concentration of about 7
mg/mL to about 15 mg/mL.

[0105] In some embodiments, the composition further comprises about 2.0 mg/mL to about
4.0 mg/mL of NaCl.

[0106] 1In some embodiments, the composition further comprises one or more
cryoprotectants.

[0107] In some embodiments, the one or more cryoprotectants are selected from sucrose,
glycerol, or a combination of sucrose and glycerol.

[0108] In some embodiments, the composition comprises a combination of sucrose at a
concentration of about 70 mg/mL to about 110 mg/mL of sucrose and glycerol at a
concentration of about 50 mg/mL to about 70 mg/mL.
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[0109] In some embodiments, the composition is a lyophilized composition.
[0110] In some embodiments, the lyophilized composition comprises one or more
lyoprotectants.
[0111] In some embodiments, the lyophilized composition comprises a poloxamer,
potassium sorbate, sucrose, or any combination thereof.
[0112] In some embodiments, the poloxamer is poloxamer 188.
[0113] In some embodiments, the lyophilized composition comprises about 0.01 to about
1.0 % w/w of the nucleic acid molecule.
[0114] In some embodiments, the lvophilized composition comprises about 1.0 to about 5.0
% w/w lipids.
[0115] In some embodiments, the lyophilized composition comprises about 0.5 to about 2.5
% w/w of TRIS buffer.
[0116] In some embodiments, the lyophilized composition comprises about 0.75 to about
2.75 % w/w of NaCl.
[0117] In some embodiments, the lyophilized composition comprises about 85 to about 95
% w/w of a sugar. In some embodiments, the sugar is sucrose.
|[0118] In some embodiments, the lyophilized composition comprises about 0.01 to about
1.0 % w/w of a poloxamer. In some embodiments, the poloxamer is poloxamer 188.
[0119] In some embodiments, the lyophilized composition comprises about 1.0 to about 5.0
% w/w of potassium sorbate.
[0120] In some embodiments, the nucleic acid molecule comprises

(a) a sequence of SEQ ID NO:124;

(b) a sequence of SEQ ID NO:124, wherein T is substituted with U;

(c) a sequence of SEQ ID NO:125; or

(d) a sequence of SEQ ID NO:125, wherein T is substituted with U.
[0121] In yet another aspect, the disclosure provides a lipid nanoparticle composition
comprising

a. a lipid formulation comprising

i. about 45 mol% to about 55 mol% of an ionizable cationic lipid having the

structure of ATX-126:

8]
[\®]
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ii. about 8 mol% to about 12 mol% DSPC:

0.0

ATX-126;

e
T

O

o

iii. about 35 mol% to about 42 mol% cholesterol; and
iv. about 1.25 mol% to about 1.75 mol% PEG2000-DMG:; and

b. a nucleic acid molecule having at least 85% sequence identity to SEQ ID NO:125;
wherein the lipid formulation encapsulates the nucleic acid molecule and the lipid nanoparticle
has a size of about 60 to about 90 nm.
|0122] In yet another aspect, the disclosure provides a method for administering any ot the
compositions described herein to a subject in need thereof, wherein the composition is
administered intramuscularly, subcutaneously, intradermally, transdermally, intranasally,
orally, sublingually, intravenously, intraperitoneally, topically, by aerosol, or by a pulmonary
route. In specific embodiments, n the composition is administered intramuscularly.
[0123] In yet another aspect, the disclosure provides a method of administering any of the
compositions described herein to a subject in need thereof, wherein the composition is
lyophilized and is reconstituted prior to administration.
[0124] In yet another aspect, the disclosure provides a method of ameliorating COVID-19,
comprising administering any of the compositions described herein to a subject in need thereof.
[0125] In some embodiments, the composition is administered one time. In some
embodiments, the composition is administered two times.
[0126] In yet another aspect, the dislocusre provides a method of administering a booster
dose to a vaccinated subject, comprising administering any of the compositions described
herein to a subject who was previously vaccinated against coronavirus.
[0127] In some embodiments, the composition is administered at a dosage of about 0.01 ug

to about 1,000 pg of nucleic acid.
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[0128] In some embodiments, the composition is administered at a dosage of about 1, 2, 5,
7.5, or 10 ug of nucleic acid.

[0129] In yet another aspect, the disclosure provides a method of inducing an immune
response in a subject comprising administering to the subject an effective amount of any of the
nucleic acid molecules described herein.

[0130] In some embodiments, the nucleic acid molecule may be administered
intramuscularly, subcutaneously, intradermally, transdermally, intranasally, orally,
sublingually, intravenously, intraperitoneally, topically, by aerosol, or by a pulmonary route.
[0131] In yet another aspect, the disclosure provides a method of inducing an immune
response in a subject comprising administering to the subject an effective amount of any of the
compositions described herein.

[0132] In some embodiments, the composition may be administered intramuscularly,
subcutaneously, intradermally, transdermally, intranasally, orally, sublingually, intravenously,
intraperitoneally, topically, by aerosol, or by a pulmonary route.

[0133] In some embodiments, the nucleic acid molecules described herein may be used in
inducing an immune response to the first antigenic protein or fragment thereof.

[0134] In some embodiments, the nucleic acid molecules described herein may be used in
the manufacture of a medicament for inducing an immune response to the first antigenic protein

or fragment thereof.

BRIEF DESCRIPTION OF THE DRAWINGS
[0135] FIGs. 1A-1D show design and expression of a SARS-CoV-2 vaccine in mRNA and
self-replicating RNA (STARR™) platforms. (1A) Schematic diagram of the SARS-CoV-2
self-replicating STARR™ RNA and mRNA vaccine constructs. The STARR™ construct
encodes for the four non-structural proteins, nsl-ns4, from Venezuelan equine encephalitis
virus (VEEV) and the SARS-CoV-2 full length spike (S) protein. The mRNA construct codes
for the SARS-CoV-2 full length spike S protein. (1B) Physical characteristics and RNA
trapping efficiency of the LNP in the mRNA and STARR™ (seclf-replicating RNA
corresponding to SEQ ID NO:125; referred to herein as “STARR™ SARS-CoV-2 RNA”)
vaccines. (1C) Western blot detection of SARS-CoV-2 S protein following transfection of
HEK?293 cells with the STARR'™ RNA and mRNA constructs. (1D) In vivo comparison of

protein expression following intramuscular (IM) administration of LNP containing luciferase-
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expressing STARR™ RNA or mRNA. Balb/c mice (n=3/group) were injected IM with 0.2 ng,
2.0 pug and 10.0 pg of STARR™ RNA or mRNA in lipid formulation. Luciferase expression
was measured by in vivo bioluminescence on days 1, 3 and 7 post-IM administration. S domain

1 =81, S domain 2 = S2, transmembrane domain = TM, cytoplasmic domain = CP.

[0136] FIGs. 2A-21 show clinical scores, mouse weights and transcriptomic analysis of
immune genes following vaccination with STARR™ RNA or mRNA SARS-CoV-2 vaccine
candidates. (2A) C57BL/6 mice were immunized with either PBS, mRNA or STARR™ SARS-
CoV-2 RNA (doses 0.2 ng, 2 ug or 10 pg), weight and clinical scores assessed every day, bled
at day 1 post-immunization, sacrificed at 7 days post-vaccination and lymph nodes harvested.
Gene expression of inflammatory genes and immune genes were measured in whole blood (at
day 1) and lymph nodes (at day 7), respectively. (2B) Expression of IFN and inflammatory
response genes in whole blood presented as heatmap of z scores. (2C) Lymph node weights at
7 days post-vaccination. Principal component analysis (PCA) of immune gene expression
following vaccination with mRNA or STARR™ SARS-CoV-2 RNA at doses (2D) 0.2 ug,
(2E) 2 nug and (2F) 10 pg. Volcano plots of fold change of STARR™ SARS-CoV-2 RNA
versus mRNA (x-axis) and Log10 P-value of STARR™ SARS-CoV-2 RNA versus mRNA (y-
axis) for doses (2G) 0.2 pg, 2H) 2 ng and (21) 10 pg.

[0137]  FIGs. 3A-3J show cellular immune responses following vaccination with SARS-
CoV-2 STARR™ RNA and mRNA. C57BL/6 mice (n=5 per group) were immunized with 0.2
ug, 2 ug, or 10 ug of STARR™ RNA or mRNA via IM, sacrificed at day 7 post-vaccination
and spleens analyzed for cellular T cell responses by flow-cytometry and ELISPOT. (3A-3B)
CD8+ and C) CD4+ T effector cells were assessed in vaccinated animals using surface staining
for T cell markers and flow-cytometry. (3D-3E) IFNy+ CD8+ T cells and (3F) Ratio of IFNy+/
IL4+ CD4+ T cells in spleens of immunized mice were assessed following ex vivo stimulation
with PMA/ionomycin (I0) and intracellular staining. (3G-31) SARS-CoV-2 S protein-specific
responses to pooled S protein peptides were assessed using IFNy ELISPOT assays following
vaccination with mRNA (3H) or STARR™ RNA (31). A schematic of S protein domains is
shown in (37]).

[0138] FIGs. 4A-4G show humoral responses in multiple mouse strains following

immunization with mRNA and STARR™ vaccine candidates. (4A) BALB/c and C57BL/6]

mice were immunized via IM with 0.2 ug, 2 ug, or 10 pg of STARR'™ RNA or mRNA

(n=5/group). Blood sampling was conducted at baseline, and days 10, 19, 30, 40, 50 and 60
25
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post-vaccination for BALB/c and days 10, 20 and 30 for C57BL/6J. (4B-4C) IgM and (4D-4E)
IgG against the SARS-CoV-2 S protein over time, assessed using insect cell-derived whole S
protein in a Luminex immuno-assay (measured as MFI). IgG endpoint titers to mammalian-
derived whole S protein, S1, S2 and receptor binding domain (RBD) proteins at day 30 post-
vaccination were assessed in (4F) BALB/c and (4G) C57BL/6J.

[0139] FIGs. SA-5D show that STARR™ SARS-CoV-2 RNA elicits Thl skewed immune
responses. SARS-CoV-2 spike-specific 1gG subclasses and the ratio of IgG2a/c/IgG1 at 30
days post-vaccination with STARR™ RNA and mRNA in (5A) BALB/c and (5B) C57BL/6]
mice. Th2 cytokine and Th1/Th2 skew in CD4 T cells at day 7 post-vaccination in C57BL/6J
mice measured by ICS as (5C) percentage of IL4+ CD4 T cells and (5D) ratio of IFNy+/IL4+
CD4+ T cells.

[0140] FIGs. 6A-6E show that STARR'™ SARS-CoV-2 RNA elicits a higher quality
humoral response than mRNA platform. (6A) Avidity of SARS-CoV-2 S protein-specific IgG
at day 30 post-immunization was measured using 8M urea washes. (6B) Neutralizing antibody
(PRNTS50 titers) at day 30 post-vaccination against a clinically isolated live SARS-CoV-2 virus
measured in both BALB/c and C57B1./6]. Dashed lines depict the serum dilution range (i.e.
from 1:20 to 1:320) tested by PRNT. (6C) PRNT50 and (6D) PRNT70 of SARS-CoV-2
neutralization at day 60 post-vaccination and convalescent sera from COVID-19 patients. (GE)
Correlation analysis of Spike-specific IgG endpoint titers against SARS-CoV-2 neutralization
(PRNT50). PRNT — plaque reduction neutralization test.

[0141] FIGs. 7A-7E show clinical scores, body weight and immune responses to STARR™
SARS-CoV-2 RNA and mRNA following boost at day 30 post-prime in C57BL/6J. (7A)
Clinical scores and (7B) percentage of initial body weight following boost vaccinations. (7C)
Anti-Spike IgG responses following boost by mRNA and STARR™ SARS-CoV-2 RNA. Grey
dashed line marks the experimental assay saturation point. IFN y+ CD8+ T effector cells

responses (fold change over PBS) in animals either primed or prime & boosted with either (7D)

mRNA or (7E) STARR™ SARS-CoV-2 RNA vaccine candidates.

[0142]  FIGs. 8A-8B show whole blood transcriptomic data at 1-day post-prime vaccination
showing Nanostring counts per 50ng RNA of selected (8A) IFN and (8B) inflammatory genes.

[0143] FIGs. 9A-9B show correlation analysis of live SARS-CoV-2 neutralization against
binding IgG and IgG subclasses in BALB/c and C57BL/6J mouse strains. (9A) Spearman

26
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correlation analysis of SARS-CoV-2 neutralization (PRNT50) against total IgG specific to
several SARS-CoV-2 antigens, including S, S1, and RBD recombinant proteins. (9B)
Spearman correlation analysis of SARS-CoV-2 neutralization (PRNTS50) against SARS-CoV-
2 S-specific IgG subclasses (IgG1 and IgG2a or IgG2c).

[0144]  FIG. 10 shows Kaplan-Meier survival curves for unvaccinated mice (PBS) and mice
vaccinated with STARR™ SARS-CoV-2 RNA following challenge with a lethal dose of
SARS-CoV-2 virus. Upper line — STARR™ SARS-CoV-2 RNA (2ug, 10ug); dropping line —
PBS.

[0145]  FIG. 11 shows that STARR™ SARS-CoV-2 RNA vaccination protects against lung
and brain SARS-CoV-2 infection. Viral RNA levels in lungs (FIG. 11, left) and in brains (FIG.
11, right) of unvaccinated mice (PBS) and mice vaccinated with the indicated dose of
STARR'™ SARS-CoV-2 RNA are shown.

[0146] FIG. 12 shows viral titers in lungs of unvaccinated mice (PBS) and mice vaccinated
with the indicated dose of STARR™ SARS-CoV-2 RNA following challenge with SARS-
CoV-2.

[0147]  FIG. 13 shows an RNA dose-dependent immunogenicity comparison between G614
and D614 SARS CoV-2 glycoprotein expressed from self-replicating RNA.

[0148] FIG. 14 shows a schematic illustrating one aspect of STARR™ technology and
lipid-mediated delivery.

[0149]  FIGs. 15A-15C show duration of luciferase reporter gene expression for self-
replicating (replicon) RNA (STARR™) such as (15A) STARR™ FLuc, (15B) STARR™
FLuc IRES-E3L, and (15C) STARR™ FLuc IRES E3L (short 3° UTR) as compared to
mRNA .

[0150] FIG. 16A-16D show results of Luminex Assay for anti-SARS-Cov-2 Spike
Glycoprotein IgG in two pre-clinical studies. BALB/c mice were vaccinated with increasing
RNA doses of self-replicating RNA (SEQ ID NO:125) formulated as lyophilized lipid
nanoparticles (LYO-LNP) and liquid (frozen) lipid nanoparticles (Liquid-LNP). (16A) First
Study 0.2 ug, (16B) First Study 2 ng, (16C) Second Study 0.2 pug, and (16D) Second Study 2
ug. Blood was collected and processed to serum at various times post-vaccination and

evaluated for anti-SARS-CoV-2 spike glycoprotein IgG. Two way ANOVA, Tukey’s multiple
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comparison post-test compared LYO-LNP to Liquid-LNP where * p < 0.0332, ** p < 0.0021,
4% < 0,0002, **** p < 0.0001.

[0151]  FIGs. 17A-17B show the Area Under the Curve (AUC) Analysis for anti-SARS-
Cov-2 Spike Glycoprotein IgG (First and Second Study combined data). IgG assay results were
combined from two studies to evaluate self-replicating RNA (SEQ ID NO:125) formulated as
lyophilized lipid nanoparticles (LYO-LNP) and liquid (frozen) lipid nanoparticles (Liquid-
LNP) at (17A) 0.2 pg, and (17B) 2 pg. N=10/group. First Study Day 19 and 31 results were
combined with Second Study Day 20 and 30 results, respectively, and an Area Under the Curve
(AUC) analysis was performed. One way ANOVA, Sidak’s multiple comparison post-test
compared LYO-LNP to Liquid-LNP and resulted in no statistical differences.

[0152] FIGs. 18A-18D shows characterization of STARR™ technology with firefly
luciferase transgene expression. (18A) Firefly luciferase (FLuc) expression from STARR™
Fluc, SINV FLuc, and mRNA FLuc was monitored up to day 28 by In Vivo Imaging System
(IVIS). The average of total flux (p/s) from 6 injection sites in a mouse group was plotted at
each time point with a standard error of mean, SEM. (18B) LVIS picture of three mice (6
injection sites) per group on day 14 is shown for each group that was administered with the test
article labeled below the picture. (18C) Luciferase expression from mice that were
intramuscularly injected with STARR™ FLuc was monitored by IVIS up to 63 days post
administration. (18D) Effect of prior administration of replicon backbone was examined for
STARR™ (upper panel) and SINV (lower panel). Replicon encoding FLuc was IM injected
at 7 days post dose of replicon with homologous backbone with an irrelevant gene/sequence
(labeled STARR™ irr or SINV irr) at day 0. As a reference, a mouse group with PBS
administration at day O was included in each of STARR™ and SINV group.

[0153] FIG. 19 shows that STARR™ elicits antigen-specific IFN-gamma response.
Enzyme-linked immune absorbent spot ELISpot was used to count the number of splenocytes
that were specifically stimulated by an antigen peptide of the same amino acid sequence
encoded in TA STARR™. Neither no peptide (cell only) nor irrelevant peptide (Bgal) did not
elicit significant IFN-gamma from splenocytes from mice vaccinated with STARR™ FLuc or
TA STARR™. Stimulation with AH1-AS peptide resulted in the detection of IFN-gamma-
producing cells specifically from the mice that were vaccinated with TASTARR™.

Concanavalin A (ConA) was used as a positive control of IFN-gamma production.

CA 03171219 2022-9-9

SUBSTITUTE SHEET (RULE 26)



WO 2021/183563 PCT/US2021/021572

[0154] FIGs. 20A-20F illustrate reduced tumor growth rate by TA STARR™ vaccination
in a CT26 syngeneic mouse model. CT26 murine colorectal carcinoma cells (5x10%) were
subcutaneously implanted in 10-week old female BALB/c mice (n=8 per group). On days 1
and 8, the mice were vaccinated with STARR™ FLuc, a negative control, or TA STARR™,
which encodes AH1AS5 epitope. Tumor growth was monitored in mice vaccinated with (20A)
STARR'™ FLuc without checkpoint inhibitor treatment; (20B) STARR'™ FLuc with a
combination anti-PD1/PDL1 treatment; (20C) STARR™ FLuc with a combination anti-
CTLA4 treatment; (20D) STARR™ vaccine without checkpoint inhibitor treatment; (20E)
STARR™ vaccine with a combination treatment of anti-PD1 and anti-PDL1; and (20F)
STARR ™ vaccine with a combination treatment of anti-CTLA4. The individual tumor growth
curves from a mouse group that were administered with STARR™ FLuc and TA STARR™

are shown in upper and lower panels, respectively.

[0155]  FIG. 21 illustrates prolonged protection by combination treatment of TA STARR™
Vaccine with checkpoint inhibitors. Mice that were treated with TA STARR™ combined with
anti-PD1/PDL1 or anti-CTLA4 were found to be resistant to tumor growth following the CT26

challenge at day 25 to 42. Naive mice were used as a control for the CT26 tumor growth.

[0156] FIGs. 22A-22C show results from AHl-tetramer staining of CD8+ T-cells in the
form of (22A) a graph and (22B and 22C) plots. Splenocytes from the mice group with
combination treatment of TA STARR™ and anti-PD1/PDLI1 at day 42 were stained with AH1
(H-2Ld)-tetramer. The staining was specific to CD8+ T cells from the mouse group with TA
STARR™ treatment, and the population represented 9-17% of total CD8+ T cells from the

splenocytes.

[0157] FIG. 23 shows HAT titers obtained for self-replicating RNA (STARR'™) and mRNA
constructs encoding the hemagglutinin of influenza virus A/California/07/2009 (HIN1).

[0158]  FIGs. 24A-24B show RNA replication levels (FIG. 24A) and luciferase reporter
gene expression levels (FIG. 24B) for the indicated self-replicating (replicon) RNAs as
compared to mRNA.

DETAILED DESCRIPTION
[0159] The present disclosure relates to self-replicating RNAs and nucleic acids encoding
the same for expression of transgenes such as antigenic proteins and tumor antigens, for

example. Also provided herein are methods of administration (e.g., to a host, such as a

29

CA 03171219 2022-9-9

SUBSTITUTE SHEET (RULE 26)



WO 2021/183563 PCT/US2021/021572

mammalian subject) of self-replicating RNAs, whereby the self-replicating RNA is translated
in vivo and the heterologous protein-coding sequence is expressed and, e.g., can elicil an
immune response to the heterologous protein-coding sequence in the recipient or provide a
therapeutic effect, where the heterologous protein-coding sequence is a therapeutic protein.
Self-replicating RNAs provided herein are useful as vaccines that can be rapidly generated and
that can be effective at low and/or single doses. The present disclosure further relates to

methods of inducing an immune response using self-replicating RNAs provided herein.

[0160] In some embodiments, an immune response can be elicited against Coronavirus:
immunogens that include, but are not limited to, those derived from a SARS coronavirus, avian
infectious bronchitis (IBV), Mouse hepatitis virus (MHV), and Porcine transmissible

gastroenteritis virus (TGEV). The coronavirus immunogen may be a spike polypeptide.

[0161] Self-replicating RNAs are described, for example, in U.S. 2018/0036398, the

contents of which are incorporated by reference in their entirety.

Definitions

[0162]  Asused herein, the term “fragment,” when referring to a protein or nucleic acid, for
example, means any shorter sequence than the full-length protein or nucleic acid. Accordingly,
any sequence of a nucleic acid or protein other than the full-length nucleic acid or protein
sequence can be a fragment. In some aspects, a protein fragment includes an epitope. In other

aspects, a protein fragment is an epitope.

[0163]  As used herein, the term “nucleic acid” refers to any deoxyribonucleic acid (DNA)
molecule, ribonucleic acid (RNA) molecule, or nucleic acid analogues. A DNA or RNA
molecule can be double-stranded or single-stranded and can be of any size. Exemplary nucleic
acids include, but are not limited to, chromosomal DNA, plasmid DNA, cDNA, cell-free DNA
(cfDNA), mitochondrial DNA, chloroplast DNA, viral DNA, mRNA, tRNA, rRNA, long non-
coding RNA, siRNA, micro RNA (miRNA or miR), hnRNA, and viral RNA. Exemplary
nucleic analogues include peptide nucleic acid, morpholino- and locked nucleic acid, glycol
nucleic acid, and threose nucleic acid. As used herein, the term “nucleic acid molecule” is
meant to include fragments of nucleic acid molecules as well as any full-length or non-
fragmented nucleic acid molecule, for example. As used herein, the terms “nucleic acid” and
“nucleic acid molecule” can be used interchangeably, unless context clearly indicates

otherwise.
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[0164]  Asused herein, the term “protein” refers to any polymeric chain of amino acids. The
terms “peptide” and “polypeptide” can be used inlerchangeably with the term protein, unless
context clearly indicates otherwise, and can also refer to a polymeric chain of amino acids. The
term “protein” encompasses native or artificial proteins, protein fragments and polypeptide
analogs of a protein sequence. A protein may be monomeric or polymeric. The term “protein”
encompasses fragments and variants (including fragments of variants) thereof, unless

otherwise contradicted by context.

[0165] In general, “sequence identity” or “sequence homology,” which can be used
interchangeably, refer to an exact nucleotide-to-nucleotide or amino acid-to-amino acid
correspondence of two polynucleotides or polypeptide sequences, respectively. Typically,
techniques for determining sequence identity include determining the nucleotide sequence of a
polynucleotide and/or determining the amino acid sequence encoded thereby or the amino acid
sequence of a polypeptide, and comparing these sequences to a second nucleotide or amino
acid sequence. As used herein, the term “percent (%) sequence identity” or “percent (%)

B

identity,” also including “homology,” refers to the percentage of amino acid residues or
nucleotides in a sequence that are identical with the amino acid residues or nucleotides in a
reference sequence after aligning the sequences and introducing gaps, if necessary, to achieve
the maximum percent sequence identity, and not considering any conservative substitutions as
part of the sequence identity. Thus, two or more sequences (polynucleotide or amino acid) can
be compared by determining their “percent identity,” also referred to as “percent homology.”
The percent identity to a reference sequence (e.g., nucleic acid or amino acid sequences), which
may be a sequence within a longer molecule (e.g., polynucleotide or polypeptide), may be
calculated as the number of exact matches between two optimally aligned sequences divided
by the length of the reference sequence and multiplied by 100. Percent identity may also be
determined, for example, by comparing sequence information using the advanced BLAST
computer program, including version 2.2.9, available from the National Institutes of Health.
The BLAST program is based on the alignment method of Karlin and Altschul, Proc. Natl.
Acad. Sci. USA 87:2264-2268 (1990) and as discussed in Altschul et al., J. Mol. Biol. 215:403-
410 (1990); Karlin and Altschul, Proc. Natl. Acad. sci. USA 90:5873-5877 (1993); and
Altschul et al., Nucleic Acids Res. 25:3389-3402 (1997). Briefly, the BLAST program defines
identity as the number of identical aligned symbols (i.e., nucleotides or amino acids), divided
by the total number of symbols in the shorter of the two sequences. The program may be used

to determine percent identity over the entire length of the sequences being compared. Default
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parameters are provided to optimize searches with short query sequences, for example, with
the blastp program. The program also allows use of an SEG (ilter to mask-oll segments of the
query sequences as determined by the SEG program of Wootton and Federhen, Computers and
Chemistry 17: 149-163 (1993). Ranges of desired degrees of sequence identity are
approximately 80% tc 100% and integer values in between. Percent identities between a
reference sequence and a claimed sequence can be at least 80%, at least 85%, at least 90%, at
least 95%, at least 98%, at least 99%, at least 99.5%, or at least 99.9%. In general, an exact
match indicates 100% identity over the length of the reference sequence. Additional programs
and methods for comparing sequences and/or assessing sequence identity include the
Needleman-Wunsch algorithm (see, e.g., the EMBOSS Needle aligner available at
ebi.ac.uk/Tools/psa/emboss needle/, optionally with default settings), the Smith-Waterman
algorithm (see, e.g., the EMBOSS Water aligner available at ebi.ac.uk/Tools/psa/emboss
water/, optionally with default settings), the similarity search method of Pearson and Lipman,
1988, Proc. Natl. Acad. Sci. USA 85, 2444, or computer programs which use these algorithms
(GAP, BESTFIT, FASTA, BLAST P, BLAST N and TFASTA in Wisconsin Genetics
Software Package, Genetics Computer Group. 575 Science Drive, Madison, Wis.). In some
aspects, reference to percent sequence identity refers to sequence identity as measured using
BLAST (Basic Local Alignment Search Tool). In other aspects, ClustalW is used for multiple
sequence alignment. Optimal alignment may be assessed using any suitable parameters of a

chosen algorithm, including default parameters.

[0166] As used herein, the term “drug” or “medicament,” means a pharmaceutical

formulation or composition as described herein.

2% <C 29

[0167]  As used herein, the singular forms “a,” “an,” and “the” include plural references
unless the context clearly dictates otherwise. Thus, for example, references to "the method"
includes one or more methods, and/or steps of the type described herein which will become

apparent to those persons skilled in the art upon reading this disclosure and so forth.

[0168] “About” as used herein when referring to a measurable value such as an amount, a
temporal duration, and the like, is meant to encompass variations of +20%, or £10%, or £5%,
or even +1% from the specified value, as such variations are appropriate for the disclosed

methods or to perform the disclosed methods.

[0169] The term “expression” refers to the process by which a nucleic acid sequence or a

polynucleotide is transcribed from a DNA template (such as into mRNA or other RNA
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transcript) and/or the process by which a transcribed mRNA or other RNA is subsequently
translated into peptides, polypeplides, or proteins. Transcripts and encoded polypeptides may

be collectively referred to as “gene product.”

[0170] As used herein, the terms “self-replicating RNA,” “self-transcribing and self-
replicating RNA,” “self-amplifying RNA (saRNA),” and “replicon” may be used
interchangeably, unless context clearly indicates otherwise. Generally, the term “replicon” or
“viral replicon” refers to a self-replicating subgenomic RNA derived from a viral genome that
includes viral genes encoding non-structural proteins important for viral replication and that
lacks viral genes encoding structural proteins. A self-replicating RNA can encode further

subgenomic RNAs that are not able to self-replicate.

9 e

[0171]  As used herein, “operably linked,” “operable linkage,” “operatively linked,” or
grammatical equivalents thereof refer to juxtaposition of genetic elements, e.g., a promoter, an
enhancer, a polyadenylation sequence, etc., wherein the elements are in a relationship
permitting them to operate in the expected manner. For instance, a regulatory element, which
can comprise promoter and/or enhancer sequences, is operatively linked to a coding region if
the regulatory element helps initiate transcription of the coding sequence. There may be
intervening residues between the regulatory element and coding region sc long as this

functional relationship is - maintained.

Nucleic Acid Molecules
[0172] In some embodiments, provided herein are nucleic acid molecules comprising: (i) a
first polynucleotide encoding one or more viral replication proteins, wherein the first
polynucleotide is codon-optimized as compared to a wild-type polynucleotide encoding the
one or more viral replication proteins; and (ii) a second polynucleotide comprising a first
transgene encoding a first antigenic protein or a fragment thereof, wherein the first antigenic

protein is a coronavirus protein.

[0173] An RNA molecule can encode a single polypeptide immunogen or multiple
polypeptides. Multiple immunogens can be presented as a single polypeptide immunogen
(fusion polypeptide) or as separate polypeptides. If immunogens are expressed as separate
polypeptides from a replicon then one or more of these may be provided with an upstream
IRES or an additional viral promoter element. Alternatively, multiple immunogens may be
expressed from a polyprotein that encodes individual immunogens fused to a short

autocatalytic protease (e.g. foot-and-mouth disease virus 2A protein), or as inteins.
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[0174]  Also provided herein, in some embodiments, are nucleic acid molecules comprising:
(1) a [irst polynucleotide comprising a sequence having at least 80% identity to a sequence ol
SEQ ID NO:72; and (i1) a second polynucleotide comprising a first transgene encoding a first

antigenic protein or a fragment thereof.

Codon Optimization

[0175] In some embodiments, first polynucleotides of nucleic acid molecules provided
herein encoding one or more viral replication proteins include codon-optimized sequences. As
used herein, the term “codon-optimized” means a polynucleotide, nucleic acid sequence, or
coding sequence has been redesigned as compared to a wild-type or reference polynucleotide,
nucleic acid sequence, or coding sequence by choosing different codons without altering the
amino acid sequence of the encoded protein. Accordingly, codon-optimization generally refers
to replacement of codons with synonymous codons to optimize expression of a protein while
keeping the amino acid sequence of the translated protein the same. Codon optimization of a
sequence can increase protein expression levels (Gustafsson et al., Codon bias and
heterologous protein expression. 2004, Trends Biotechnol 22: 346-53) of the encoded proteins,
for example, and provide other advantages. Variables such as codon usage preference as
measured by codon adaptation index (CAI), for example, the presence or frequency of U and
other nucleotides, mRNA secondary structures, cis-regulatory sequences, GC content, and
other variables may correlate with protein expression levels (Villalobos et al., Gene Designer:
a synthetic biology tool for constructing artificial DNA segments. 2006, BMC Bioinformatics
7:285).

[0176]  Any method of codon optimization can be used to codon optimize polynucleotides
and nucleic acid molecules provided herein, and any variable can be altered by codon
optimization. Accordingly, any combination of codon optimization methods can be used.
Exemplary methods include the high codon adaptation index (CAT) method, the Low U
method, and others. The CAI method chooses a most frequently used synonymous codon for
an entire protein coding sequence. As an example, the most frequently used codon for each
amino acid can be deduced from 74,218 protein-coding genes from a human genome. The Low
U method targets U-containing codons that can be replaced with a synonymous codon with
fewer U moieties, generally without changing other codons. If there is more than one choice
for replacement, the more frequently used codon can be selected. Any polynucleotide, nucleic

acid sequence, or codon sequence provided herein can be codon-optimized.
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[0177] In some embodiments, the nucleotide sequence of any region of the RNA or DNA
templates described herein may be codon optimized. Prelerably, the primary cDNA template
may include reducing the occurrence or frequency of appearance of certain nucleotides in the
template strand. For example, the occurrence of a nucleotide in a template may be reduced to
a level below 25% of said nucleotides in the template. In further examples, the occurrence of a
nucleotide in a template may be reduced to a level below 20% of said nucleotides in the
template. In some examples, the occurrence of a nucleotide in a template may be reduced to a
level below 16% of said nucleotides in the template. Preferably, the occurrence of a nucleotide
in a template may be reduced to a level below 15%, and preferably may be reduced to a level

below 12% of said nucleotides in the template.

[0178] In some embodiments, the nucleotide reduced is uridine. For example, the present
disclosure provides nucleic acids with altered uracil content wherein at least one codon in the
wild-type sequence has been replaced with an alternative codon to generate a uracil-altered

sequence. Altered uracil sequences can have at least one of the following properties:

(1) an increase or decrease in global uracil content (i.e., the percentage of uracil of the
total nucleotide content in the nucleic acid of a section of the nucleic acid, e.g., the open

reading frame);

(i1) an increase or decrease in local uracil content (i.e., changes in uracil content are

limited to specific subsequences);
(iii) a change in uracil distribution without a change in the global uracil content;

(iv) a change in uracil clustering (e.g., number of clusters, location of clusters, or

distance between clusters);, or
(v) combinations thereof.

[0179] In some embodiments, the percentage of uracil nucleobases in the nucleic acid
sequence is reduced with respect to the percentage of uracil nucleobases in the wild-type
nucleic acid sequence. For example, 30% of nucleobases may be uracil in the wild-type
sequence but the nucleobases that are uracil are preferably lower than 15%, preferably lower
than 12% and preferably lower than 10% of the nucleobases in the nucleic acid sequences of
the disclosure. The percentage uracil content can be determined by dividing the number of

uracil in a sequence by the total number of nucleotides and multiplying by 100.
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[0180] In some embodiments, the percentage of uracil nucleobases in a subsequence of the
nucleic acid sequence is reduced with respect Lo Lthe percentage ol uracil nucleobases in the
corresponding subsequence of the wild-type sequence. For example, the wild-type sequence
may have a 5'-end region (e.g., 30 codons) with a local uracil content of 30%, and the uracil
content in that same region could be reduced to preferably 15% or lower, preferably 12% or
lower and preferably 10% or lower in the nucleic acid sequences of the disclosure. These
subsequences can also be part of the wild-type sequences of the heterologous 5 and 3> UTR

sequences of the present disclosure.

|0181] In some embodiments, codons in the nucleic acid sequence of the disclosure reduce
or modify, for example, the number, size, location, or distribution of uracil clusters that could
have deleterious effects on protein translation. Although lower uracil content is desirable in
certain aspects, the uracil content, and in particular the local uracil content, of some
subsequences of the wild-type sequence can be greater than the wild-type sequence and still

maintain beneficial features (e.g., increased expression).

|0182] In some embodiments, the uracil-modified sequence induces a lower Toll-Like
Receptor (TLR) response when compared to the wild-type sequence. Several TLRs recognize
and respond to nucleic acids. Double-stranded (ds)RINA, a frequent viral constituent, has been
shown to activate TLR3. Single-stranded (ss)RINA activates TLR7. RNA oligonucleotides, for
example RNA with phosphorothioate internucleotide linkages, are ligands of human TLRS.
DNA containing unmethylated CpG motifs, characteristic of bacterial and viral DNA, activate

TLRO.

[0183]  As used herein, the term “TLR response” is defined as the recognition of single-
stranded RNA by a TLR7 receptor, and preferably encompasses the degradation of the RNA
and/or physiological responses caused by the recognition of the single-stranded RNA by the
receptor. Methods to determine and quantify the binding of an RNA to a TLR7 are known in
the art. Similarly, methods to determine whether an RNA has triggered a TLR7-mediated
physiological response (e.g., cytokine secretion) are well known in the art. In some
embodiments, a TLR response can be mediated by TLR3, TLRS8, or TLRY instead of TLR7.
Suppression of TLR7-mediated response can be accomplished via nucleoside modification.
RNA undergoes over a hundred different nucleoside modifications in nature. Human rRNA,
for example, has ten times more pseudouracil ('P) and 25 times more 2'-O-methylated

nucleosides than bacterial rRNA. Bacterial RNA contains nce nucleoside modifications,
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whereas mammalian RNAs have modified nucleosides such as 5-methylcytidine (m5C), No6-
methyladenosine (m6A), inosine and many 2'-O-methylated nucleosides in addition to N7-

methylguanosine (m7QG).

[0184] In some embodiments, the uracil content of polynucleotides disclosed herein is less
than about 50%, 49%, 48%, 47%, 46%. 45%, 44%, 43%, 42%, 41%, 40%, 39%, 38%, 37%,
36%, 35%, 34%, 33%, 32%, 31%, 30%, 29%, 28%, 27%, 26%, 25%, 24%, 23%, 22%, 21%,
20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%,
2% or 1% of the total nucleobases in the sequence in the reference sequence. In some
embodiments, the uracil content of polynucleotides disclosed herein is between about 5% and
about 25%. In some embodiments, the uracil content of polynucleotides disclosed herein is

between about 15% and about 25%.

[0185] In some embodiments, first polynucleotides of nucleic acid molecules provided
herein comprise a sequence having at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 97.5%,
at least 98%, at least 98.5%, at least 99%, at least 99.5%, at least 99.6%, at least 99.7%, at least
99.8%, at least 99.9%, and any number or range in between, identity to a sequence of SEQ ID
NO:72. In some embodiments, first polynucleotides of nucleic acid molecules provided herein

comprise a sequence of SEQ ID NO:72.

[0186] In some aspects, first polynucleotides and second polynucleotides of nucleic acid
molecules provided herein are included in the same (i.e., a single) or in separate nucleic acid
molecules. Generally, first polynucleotides and second polynucleotides of nucleic acid
molecules provided herein are included in a single nucleic acid molecule. In one aspect, the
first polynucleotide is located 5° of the second polynucleotide. In one aspect, first
polynucleotides and second polynucleotides of nucleic acid molecules provided herein are
included in separate nucleic acid molecules. In yet another aspect, first polynucleotides and

second polynucleotides are included in two separate nucleic acid molecules.

[0187] In some aspects, first polynucleotides and second polynucleotides are included in
the same (i.e, a single) nucleic acid molecule. First polynucleotides and second
polynucleotides of nucleic acid molecules provided herein can be contiguous, i.e., adjacent to
each other without nucleotides in between. In one aspect, an intergenic region is located
between the first polynucleotide and the second polynucleotide. In another aspect, the

intergenic region located between the first polynucleotide and the second polynucleotide is a
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second intergenic region, with a first intergenic region included in the first polynucleotide as
described below. As used herein, the terms “intergenic region” and intergenic sequence” can

be used interchangeably, unless context clearly indicates otherwise.

[0188] An intergenic region located between the first polynucleotide and the second
polynucleotide can be of any length and can have any nucleotide sequence. As an example, the
intergenic region between the first polynucleotide and the second polynucleotide can include
about one nucleotide, about two nucleotides, about three nucleotides, about four nucleotides,
about five nucleotides, about six nucleotides, about seven nucleotides, about eight nucleotides,
about nine nucleotides, about ten nucleotides, about 11 nucleotides, about 12 nucleotides, about
13 nucleotides, about 14 nucleotides, about 15 nucleotides, about 16 nucleotides, about 17
nucleotides, about 18 nucleotides, about 19 nucleotides, about 20 nucleotides, about 21
nucleotides, about 22 nucleotides, about 23 nucleotides, about 24 nucleotides, about 25
nucleotides, about 26 nucleotides, about 27 nucleotides, about 28 nucleotides, about 29
nucleotides, about 30 nucleotides, about 31 nucleotides, about 32 nucleotides, about 33
nucleotides, about 34 nucleotides, about 35 nucleotides, about 36 nucleotides, about 37
nucleotides, about 38 nucleotides, about 39 nucleotides, about 40 nucleotides, about 41
nucleotides, about 42 nucleotides, about 43 nucleotides, about 44 nucleotides, about 45
nucleotides, about 46 nucleotides, about 47 nucleotides, about 48 nucleotides, about 49
nucleotides, about 50 nucleotides, about 60 nucleotides, about 70 nucleotides, about 80
nucleotides, about 90 nucleotides, about 100 nucleotides, about 125 nucleotides, about 150
nucleotides, about 175 nucleotides, about 200 nucleotides, about 250 nucleotides, about 300
nucleotides, about 350 nucleotides, about 400 nucleotides, about 450 nucleotides, about 500
nucleotides, about 600 nucleotides, about 700 nucleotides, about 800 nucleotides, about 1,000
nucleotides, about 1,500 nucleotides, about 2,000 nucleotides, about 2,500 nucleotides, about
3,000 nucleotides, about 3,500 nucleotides, about 4,000 nucleotides, about 4,500 nucleotides,
about 5,000 nucleotides, about 6,000 nucleotides, about 7,000 nucleotides, about 8,000
nucleotides, about 9,000 nucleotides, about 10,000 nucleotides, and any number or range in
between. In one aspect, the intergenic region between first and second polynucleotides includes
about 10-100 nucleotides, about 10-200 nucleotides, about 10-300 nucleotides, about 10-400
nucleotides, or about 10-500 nucleotides. In another aspect, the intergenic region between first
and second polynucleotides includes about 1-10 nucleotides, about 1-20 nucleotides, about 1-

30 nucleotides, about 1-40 nucleotides, or about 1- 50 nucleotides. In yet another aspect, the
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region includes about 44 nucleotides. In one aspect, the intergenic region between first and

second polynucleotides of nucleic acid molecules provided herein is a second intergenic region.

[0189] In one aspect, the intergenic region between first and second polynucleotides
includes a viral sequence. The intergenic region between first and second polynucleotides can
include a sequence from any virus, such as alphaviruses and rubiviruses, for example. In one
aspect, the intergenic region between the first polynucleotide and the second polynucleotide
comprises an alphavirus sequence, such as a sequence from Venezuelan Equine Encephalitis
Virus (VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus (EVEV),
Mucambo Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV), Middleburg
Virus (MIDV), Chikungunya Virus (CHIKV), O'Nyong-Nyong Virus (ONNV), Ross River
Virus (RRV), Barmah Forest Virus (BFV), Getah Virus (GETV), Sagivama Virus (SAGV),
Bebaru Virus (BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus (SINV),
Aura Virus (AURAYV), Whataroa Virus (WHAV), Babanki Virus (BABV), Kyzylagach Virus
(KYZV), Western Equine Encephalitis Virus (WEEV), Highland J Virus (HJV), Fort Morgan
Virus (FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), Buggy Creek Virus
(BCRYV), or any combination thereof. In another aspect, the intergenic region between first and
second polynucleotides comprises a sequence from Venezuelan Equine Encephalitis Virus
(VEEY). In yet another aspect, the intergenic region between first and second polynucleotides
comprises a sequence having at least 85%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 97.5%, at least 98%o, at least
98.5%, at least 99%, at least 99.5%, at least 99.6%, at least 99.7%, at least 99.8%, at least
99.9%, and any number or range in between, identity to SEQ ID NO:77. In a further aspect,
the intergenic region between first and second polynucleotides comprises a sequence of SEQ
ID NO:77. In yet a further aspect, the intergenic region between first and second
polynucleotides is a second intergenic region comprising a sequence having at least 85%
identity to SEQ ID NO:77.

Natural and Modified Nucleotides

[0190] A self-replicating RNA of the disclosure can comprise one or more chemically
modified nucleotides. Examples of nucleic acid monomers include non-natural, modified, and
chemically-modified nucleotides, including any such nucleotides known in the art. Nucleotides
can be artificially modified at either the base portion or the sugar portion. In nature, most
polynucleotides comprise nucleotides that are “unmodified” or “natural” nucleotides, which

include the purine bases adenine (A) and guanine (G), and the pyrimidine bases thymine (T),
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cytosine (C) and uracil (U). These bases are typically fixed to a ribose or deoxy ribose at the
1’ position. The use of RNA polynucleotides comprising chemically modified nucleotides have
been shown to improve RINA expression, expression rates, halt-life and/or expressed protein
concentrations. RNA polynucleotides comprising chemically modified nucleotides have also
been useful in optimizing protein localization thereby avoiding deleterious bio-responses such

as immune responses and/or degradation pathways.

[0191] Examples of modified or chemically-modified nucleotides include 5-
hydroxycytidines, 5-alkylcytidines, 5-hydroxyalkylcytidines, S-carboxycytidines, 5-
formylcytidines, 5-alkoxycytidines, 5-alkynylcytidines, 5-halocytidines, 2-thiocytidines, N4-
alkylcytidines, Nd4-aminocytidines, N4-acetylcytidines, and N4, N4-dialkylcytidines.

[0192] Examples of modified or chemically-modified nucleotides include 5-
hydroxycytidine, S-methylcytidine, 5-hydroxymethylcytidine, 5-carboxycytidine, 5-
formylcytidine, S-methoxycytidine, S-propynylcytidine, S-bromocytidine, S-iodocytidine, 2-
thiocytidine; N4-methylcytidine, N4-aminocytidine, N4-acetylcytidine, and N4,N4-
dimethylcytidine.

[0193] Examples of modified or chemically-modified nucleotides include 5-
hydroxyuridines, S-alkyluridines, S-hydroxyalkyluridines, S-carboxyuridines, 5-
carboxyalkylesteruridines, S-formyluridines, 5-alkoxyuridines, 5-alkynyluridines, 5-

halouridines, 2-thiouridines, and 6-alkyluridines.

[0194] Examples of modified or chemically-modified nucleotides include 5-
hydroxyuridine, S-methyluridine, S-hydroxymethyluridine, S-carboxyuridine, 5-
carboxymethylesteruridine, 5-formyluridine, 5-methoxyuridine (also referred to herein as
“5MeQOU”), 5-propynyluridine, S-bromouridine, 5-fluorouridine, 5-iodouridine, 2-thiouridine,

and 6-methyluridine.

[0195] Examples of modified or chemically-modified nucleotides include 5-
methoxycarbonylmethyl-2-thiouridine, S-methylaminomethyl-2-thiouridine, 5-
carbamoylmethyluridine, S5-carbamoylmethyl-2’-O-methyluridine, 1-methyl-3-(3-amino-3-
carboxypropy)pseudouridine, S-methylaminomethyl-2-selenouridine, 5-
carboxymethyluridine, S-methyldihydrouridine, 5-taurinomethyluridine, 5-taurinomethyl-2-
thiouridine, 5-(isopentenylaminomethyl)uridine, 2’-O-methylpseudouridine, 2-thio-2’0O-

methyluridine, and 3,2’-O-dimethyluridine.
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[0196] Examples of modified or chemically-modified nucleotides include No6-
methyladenosine, 2-aminoadenosine, 3-methyladenosine, 8-azaadenosine, 7-deazaadenosine,
8-oxoadenosine, 8-bromoadenosine, 2-methylthio-N6-methyladenosine, No6-
isopentenyladenosine, 2-methylthio-N6-isopentenyladenosine, N6-(cis-
hydroxyisopentenyl)adenosine, 2-methylthio-No6-(cis-hydroxyisopentenyl)adenosine, No6-
glycinylcarbamoyladenosine, No-threonylcarbamoyl-adenosine, No6-methyl-No6-
threonylcarbamoyl-adenosine, 2-methylthio-N6-threonylcarbamoyl-adenosine,  N6,N6-
dimethyladenosine, N6-hydroxynorvalylcarbamoyladenosine, 2-methylthio-N6-
hydroxynorvalylcarbamoyl-adenosine, N6-acetyl-adenosine, 7-methyl-adenine, 2-methylthio-
adenine, 2-methoxy-adenine, alpha-thio-adenosine, 2'-O-methyl-adenosine, N62'-O-
dimethyl-adenosine, N6,N6,2'-O-trimethyl-adenosine, 1,2'-O-dimethyl-adenosine, 2'-O-
ribosyladenosine, 2-amino-N6-methyl-purine, 1-thio-adenosine, 2'-F-ara-adenosine, 2'-F-

adenosine, 2'-OH-ara-adenosine, and N6-(19-amino-pentaoxanonadecyl)-adenosine.

[0197] Examples of modified or chemically-modified nucleotides include NI-
alkylguanosines, N2-alkylguanosines, thienoguanosines, 7-deazaguanosines, 8-
oxoguanosines, 8-bromoguanosines, O6-alkylguanosines, xanthosines, inosines, and NI-

alkylinosines.

[0198] Examples of modified or chemicallyv-modified nucleotides include NI-
methylguanosine, N2-methylguanosine, thienoguanosine, 7-deazaguanosine, 8-oxoguanosine,

8-bromoguanosine, O6-methylguancsine, xanthosine, inosine, and NI-methylinosine.

[0199] Examples of modified or chemically-modified nucleotides include pseudouridines.
Examples of pseudouridines include Nl-alkylpseudouridines, Nl-cycloalkylpseudouridines,
N1-hydroxypseudouridines, N1-hydroxyalkylpseudouridines, Nl-phenylpseudouridines, NI-
phenylalkylpseudouridines, NIl-aminoalkylpseudouridines, N3-alkylpseudouridines, No-
alkylpseudouridines, Ne6-alkoxypseudouridines, N6-hydroxypseudouridines, N6-
hydroxyalkylpseudouridines, N6-morpholinopseudouridines, N6-phenylpseudouridines, and
N6-halopseudouridines. Examples of pseudouridines include Nl-alkyl-N6-
alkylpseudouridines, Nl-alkyl-N6-alkoxypseudouridines, Nl-alkyl-N6-
hydroxypseudouridines, Nl-alkyl-N6-hydroxyalkylpseudouridines, Nl-alkyl-N6-
morpholinopseudouridines, Nl-alkyl-No6-phenylpseudouridines, and Nl-alkyl-N6-
halopseudouridines. In these examples, the alkyl, cycloalkyl, and phenyl substituents may be

unsubstituted, or further substituted with alkyl, halo, haloalkyl, amino, or nitro substituents.
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[0200] Examples of pseudouridines include Nl-methylpseudouridine (also referred to
herein as “N1IMPU”), Nl-ethylpseudouridine, Nl-propylpseudouridine, NI-
cyclopropylpseudouridine, NI-phenylpseudouridine, NI-aminomethylpseudouridine, N3-
methylpseudouridine, N1-hydroxypseudouridine, and N1-hydroxymethylpseudouridine.

[0201] Examples of nucleic acid monomers include modified and chemically-modified

nucleotides, including any such nucleotides known in the art.

[0202] Examples of modified and chemically-modified nucleotide monomers include any
such nucleotides known in the art, for example, 2'-O-methyl ribonucleotides, 2'-O-methyl
purine nucleotides, 2'-deoxy-2'-fluoro ribonucleotides, 2'-deoxy-2'-fluoro pyrimidine
nucleotides, 2'-deoxy ribonucleotides, 2'-deoxy purine nucleotides, universal base nucleotides,

5-C-methyl-nucleotides, and inverted deoxyabasic monomer residues.

[0203] Examples of modified and chemically-modified nucleotide monomers include 3'-
end stabilized nucleotides, 3'-glyceryl nucleotides, 3'-inverted abasic nucleotides, and 3'-

inverted thymidine.

[0204] Examples of modified and chemically-modified nucleotide monomers include
locked nucleic acid nucleotides (LNA), 2'-O,4'-C-methylene-(D-ribofuranosyl) nucleotides, 2'-
methoxyethoxy (MOE) nucleotides, 2'-methyl-thio-ethyl, 2'-deoxy-2'-fluoro nucleotides, and
2'-O-methyl nucleotides. In an exemplary embodiment, the modified monomer is a locked

nuclcic acid nuclcotide (LNA).

[0205] Examples of modified and chemically-modified nucleotide monomers include 2',4'-

constrained 2'-O-methoxyethyl (cMOE) and 2'-O-Ethyl (cEt) modified DNAs.

[0206] Examples of modified and chemically-modified nucleotide monomers include 2'-

amino nucleotides, 2'-O-amino nucleotides, 2'-C-allyl nucleotides, and 2'-O-allyl nucleotides.

[0207] Examples of modified and chemically-modified nucleotide monomers include N6-

methyladenosine nucleotides.

[0208] Examples of modified and chemically-modified nucleotide monomers include
nucleotide  monomers  with  modified bases  5-(3-amino)propyluridine,  5-(2-

mercapto)ethyluridine, 5-bromouridine; 8-bromoguanosine, or 7-deazaadenosine.
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[0209] Examples of modified and chemically-modified nucleotide monomers include 2’-O-

aminopropyl substituted nucleotides.

[0210] Examples of modified and chemically-modified nucleotide monomers include
replacing the 2'-OH group of a nucleotide with a 2'-R, a 2'-OR, a 2'-halogen, a 2'-SR, or a 2'-
amino, where R can be H, alkyl, alkenyl, or alkynyl.

[0211] Example of base modifications described above can be combined with additional
modifications of nucleoside or nucleotide structure, including sugar modifications and linkage
modifications. Certain modified or chemically-modified nucleotide monomers may be found

in nature.

[0212]  Preferred nucleotide modifications include NI1-methylpseudouridine and 5-

methoxyuridine.

Viral Replication Proteins and Polynucleotides Encoding Them
[0213] Provided herein, in some embodiments, are nucleic acid molecules comprising a first
polynucleotide encoding one or more viral replication proteins. As used herein, the term
“replication protein” or “viral replication protein” refers to any protein or any protein subunit
of a protein complex that functions in replication of a viral genome. Generally, viral replication
proteins are non-structural proteins. Viral replication proteins encoded by nucleic acid
molecules provided herein can function in the replication of any viral genome. The viral
genome can be a single-stranded positive-sense RNA genome, a single-stranded negative-sense
RNA genome, a double-stranded RINA genome, a single-stranded positive-sense DNA
genome, a single-stranded negative-sense DNA genome, or a double-stranded DNA genome.
Viral genomes can include a single nucleic acid molecule or more than one nucleic acid
molecule. Nucleic acid molecules provided herein can encode one or more viral replication
proteins from any virus or virus family, including animal viruses and plant viruses, for example.
Viral replication proteins encoded by first polynucleotides included in nucleic acid molecules

provided herein can be expressed from self-replicating RNA.

[0214]  First polynucleotide sequences of nucleic acid molecules provided herein can
encode one or more togavirus replication proteins. In some aspects, the one or more viral
replication proteins encoded by first polynucleotides of nucleic acid molecules provided herein
are alphavirus proteins. In some embodiments, the one or more viral replication proteins

encoded by first polynucleotides of nucleic acid molecules provided herein are rubivirus
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proteins. First polynucleotide sequences of nucleic acid molecules provided herein can encode
any alphavirus replication protein and any rubivirus replication protein. Exemplary replication
proteins from alphaviruses include proteins from Venezuelan Equine Encephalitis Virus
(VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus (EVEV), Mucambo
Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV), Middleburg Virus (MIDV),
Chikungunya Virus (CHIKYV), O'Nyong-Nyong Virus (ONNYV), Ross River Virus (RRV),
Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus (SAGV), Bebaru Virus
(BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus (SINV), Aura Virus
(AURAY), Whataroa Virus (WHAYV), Babanki Virus (BABV), Kyzylagach Virus (KYZV),
Western Equine Encephalitis Virus (WEEV), Highland J Virus (HJV), Fort Morgan Virus
(FMV), Ndumu Virus (NDUV), Salmonid Alphavirus (SAV), Buggy Creek Virus (BCRV),
and any combination thereof. Exemplary rubivirus replication proteins include proteins from

rubella virus.

[0215]  Viral replication proteins encoded by first polynucleotides of nucleic acid molecules
provided herein can be expressed as one or more polyproteins or as separate or single proteins.
Generally, polyproteins are precursor proteins that are cleaved to generate individual or
separate proteins. Accordingly, proteins derived from a precursor polyprotein can be expressed
from a single open reading frame (ORF). As used herein, the term “ORF” refers to a nucleotide
sequence that begins with a start codon, generally ATG, and that ends with a stop codon, such
as TAA, TAG, or TGA, for example. It will be appreciated that T is present in DNA, while U
is present in RNA. Accordingly, a start codon of ATG in DNA corresponds to AUG in RNA,
and the stop codons TAA, TAG, and TGA in DNA correspond to UAA, UAG, and UGA in
RNA. It will further be appreciated that for any sequence provided in the present disclosure, T
is present in DNA, while U is present in RNA. Accordingly, for any sequence provided herein,
T present in DNA is substituted with U for an RNA molecule, and U present in RNA is
substituted with T for a DNA molecule.

[0216] The protease cleaving a polyprotein can be a viral protease or a cellular protease. In
some aspects, the first polynucleotide of nucleic acid molecules provided herein encodes a
polyprotein comprising an alphavirus nsP1 protein, an alphavirus nsP2 protein, an alphavirus
nsP3 protein, an alphavirus nsP4 protein, or any combination thereof. In other aspects, the first
polynucleotide of nucleic acid molecules provided herein encodes a polyprotein comprising an
alphavirus nsP1 protein, an alphavirus nsP2 protein, an alphavirus nsP3 protein, or any

combination thereof, and an alphavirus nsP4 protein. In some aspects, the polyprotein is a
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VEEYV polyprotein. In other aspects, the alphavirus nsP1, nsP2, nsP3, and nsP4 proteins are
VEEYV proteins.

[0217]  In one aspect, first polynucleotides of nucleic acid molecules provided herein lack a
stop codon between sequences encoding an nsP3 protein and an nsP4 protein. Accordingly, in
some aspects, first polynucleotides of nucleic acid molecules provided herein encode a P1234
polyprotein comprising nsP1, nsP2, nsP3, and nsP4. First polynucleotides of nucleic acid
molecules provided herein can also include a stop codon between sequences encoding an nsP3
and an nsP4 protein. Accordingly, in some aspects, first polynucleotides of nucleic acid
molecules provided herein encode a P123 polyprotein comprising nsP1, nsP2, and nsP3 and a
P1234 polyprotein comprising nsP1, nsP2, nsP3, and nsP4 as a result of stop codon
readthrough, for example. In other aspects, first polynucleotides of nucleic acid molecules
provided herein encode a polyprotein having at least 80%, at least 85%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
97.5%, at least 98%, at least 98.5%, at least 99%o, at least 99.5%, at least 99.6%, at least 99.7%,
at least 99.8%, at least 99.9%, and any number or range in between, identity to a sequence of
SEQ ID NO:79. In some embodiments, first polynucleotides of nucleic acid molecules
provided herein encode a polyprotein having a sequence of SEQ ID NO:79. Further exemplary
polyproteins comprise a sequence of SEQ ID NO:80 or SEQ ID NO:81. In one aspect, nsP2
and nsP3 proteins include mutations. Exemplary mutations include G1309R and S13583G
mutations of VEEV proteins. In another aspect, the nsP1, nsP2, and nsP4 proteins are VEEV
proteins, and the nsP3 protein is a chikungunya virus (CHIKV) nsP3 protein.

[0218] In some aspects, first polynucleotides of nucleic acid molecules provided herein can
include a first intergenic region. In some aspects, the first intergenic region is located between
a sequence encoding a polyprotein comprising an alphavirus nsP1 protein, an alphavirus nsP2
protein, an alphavirus nsP3 protein, or any combination thereof, and a sequence encoding an
alphavirus nsP4 protein. A first intergenic region can comprise any sequence, such as any viral
or non-viral sequence. In one aspect, the first intergenic region comprises a viral sequence. In
another aspect, the first intergenic region comprises an alphavirus sequence. In yet another
aspect, the alphavirus is VEEV. In one aspect, nsP2 and nsP3 proteins include mutations.
Exemplary mutations include G1309R and S1583G mutations of VEEV proteins. In another
aspect, the nsP1, nsP2, and nsP4 proteins are VEEV proteins, and the nsP3 protein is a

chikungunya virus (CHIKV) nsP3 protein.
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[0219] In some embodiments, the first polynucleotide may comprise a sequence having at

least 80% identity to a sequence of SEQ ID NO:72.

[0220] In some embodiments, the nucleic acid molecule described herein may further
comprise a second polynuclectide comprising a first transgene encoding a first antigenic
protein or fragment thereof, wherein the first antigenic protein is a coronavirus protein. In
specific embodiments, the antigenic protein may be a SARS-CoV-2 protein. In specific
embodiments, the antigenic protein is a SARS-CoV-2 spike glycoprotein. In specific
embodiments, the SARS-CoV-2 spike glycoprotein is a wild-type SARS-CoV-2 spike
glycoprotein having an amino acid sequence of SEQ ID NO:123.

[0221] In some embodiments, the second polynucleotide comprises a sequence having at

least 85% identity to a sequence of SEQ ID NO:121 or SEQ ID NO:122.

5’ Untranslated Region (5° UTR)
[0222]  Nucleic acid molecules provided herein can further comprise untranslated regions
(UTRs). Untranslated regions, including 5> UTRs and 3° UTRs, for example, can affect RNA
stability and/or efficiency of RNA translation, such as translation of cellular and viral mRNAs,
for example. 5> UTRs and 3’ UTRs can also affect stability and translation of viral genomic
RNAs s and self-replicating RNAs, including virally derived self-replicating RNAs or replicons.
Exemplary viral genomic RNAs whose stability and/or efficiency of translation can be affected
by 5’ UTRs and 3’ UTRs include the genome nucleic acid of positive-sense RNA viruses. Both
genome nucleic acid of positive-sense RNA viruses and self-replicating RNAs, including
virally derived self-replicating RNAs or replicons, can be translated upon infection or

introduction into a cell.

[0223] In some aspects, nucleic acid molecules provided herein further include a 5’
untranslated region (5> UTR). Any 5° UTR sequence can be included in nucleic acid molecules
provided herein. In some embodiments, nucleic acid molecules provided herein include a viral
5 UTR. In one aspect, nucleic acid molecules provided herein include a non-viral 5> UTR.
Any non-viral 5 UTR can be included in nucleic acid molecules provided herein, such as 5’
UTRs of transcripts expressed in any cell or organ, including muscle, skin, subcutaneous tissue,
liver, spleen, lymph nodes, antigen-presenting cells, and others. In another aspect, nucleic acid
molecules provided herein include a 5° UTR comprising viral and non-viral sequences.
Accordingly, a 5> UTR included in nucleic acid molecules provided herein can comprise a

combination of viral and non-viral 5 UTR sequences. In some aspects, the 5> UTR included
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in nucleic acid molecules provided herein is located upstream of or 5° of the first polynucleotide
that encodes one or more viral replicalion proteins. In other aspects, the 5> UTR is localed 5’
of or upstream of the first polynucleotide of nucleic acid molecules provided herein that
encodes one or more viral replication proteins, and the first polynucleotide is located 5’ of or

upstream of the second polynucleotide of nucleic acid molecules provided herein.

[0224] In one aspect, the 5 UTR of nucleic acid molecules provided herein comprises an
alphavirus 5> UTR. A 5° UTR from any alphavirus can be included in nucleic acid molecules
provided herein, including 5 UTR sequences from Venezuelan Equine Encephalitis Virus
(VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus (EVEV), Mucambo
Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV), Middleburg Virus (MIDV),
Chikungunya Virus (CHIKV), O'Nyong-Nyong Virus (ONNV), Ross River Virus (RRV),
Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyvama Virus (SAGV), Bebaru Virus
(BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus (SINV), Aura Virus
(AURAYV), Whataroa Virus (WHAYV), Babanki Virus (BABV), Kyzylagach Virus (KYZV),
Western Equine Encephalitis Virus (WEEV), Highland J Virus (HJV), Fort Morgan Virus
(FMV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), or Buggy Creek Virus (BCRV).
In another aspect, the 5> UTR comprises a sequence having at least 80%, at least 85%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least
97%, at least 97.5%, at least 98%, at least 98.5%, at least 99%, at least 99.5%, at least 99.6%,
at least 99.7%, at least 99.8%, at least 99.9%, and any number or range in between, identity to
a sequence of SEQ ID NO:73, SEQ ID NO:74, or SEQ ID NO:75. In yet another aspect, the 5°
UTR comprises a sequence of SEQ ID NO:73, SEQ ID NO:74, or SEQ ID NO:75.

[0225] In some embodiments, the 5 UTR comprises a sequence selected from the 5 UTRs
of human IL-6, alanine aminotransferase 1, human apolipoprotein E, human fibrinogen alpha
chain, human transthyretin, human haptoglobin, human alpha-1-antichymotrypsin, human
antithrombin, human alpha-l-antitrypsin, human albumin, human beta globin, human
complement C3, human complement C5, SynK (thylakoid potassium channel protein derived
from the cyanobacteria, Synechocystis sp.), mouse beta globin, mouse albumin, and a tobacco
etch virus, or fragments of any of the foregoing. Preferably, the 5 UTR is derived from a
tobacco etch virus (TEV). Preferably, an mRNA described herein comprises a 5° UTR
sequence that is derived from a gene expressed by Arabidopsis thaliana. Preferably, the 5> UTR
sequence of a gene expressed by Arabidopsis thaliana is AT1G58420. Examples of 5 UTRs
and 3> UTRs are described in PCT/US2018/035419, the contents of which are herein
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incorporated by reference. Preferred 5° UTR sequences comprise SEQ ID NOs: 5-10 and 25-

45: as shown in Table 1.

Table 1. 5 UTR Sequences

Name

Sequence

Seq ID No.:

EV

UCAACACAACAUAUACAAAACAAACGAAUCUCAAGCAAUC
AAGCAUUCUACUUCUAUUGCAGCAAUUUAAAUCAUUUCU
UUUAAAGCAAAAGCAAUUUUCUGAAAAUUUUCACCAUUU
ACGAACGAUAG

SEQ ID NO:

ATI1G58420

AUUAUUACAUCAAAACAAAAAGCCGCCA

SEQ ID NO:

N

ARCS5-2

CUUAAGGGGGCGCUGCCUACGGAGGUGGCAGCCAUCUCCU
UCUCGGCAUCAAGCUUACCAUGGUGCCCCAGGCCCUGCUC
UUGGUCCCGCUGCUGGUGUUCCCCCUCUGCUUCGGCAAGU
UCCCCAUCUACACCAUCCCCGACAAGCUGGGGCCGUGGAG
CCCCAUCGACAUCCACCACCUGUCCUGCCCCAACAACCUCG
UGGUCGAGGACGAGGGCUGCACCAACCUGAGCGGGUUCUC
CUAC

SEQ ID NO:

HCV

UGAGUGUCGU ACAGCCUCCA GGCececece
UCCCGGGAGA GCCAUAGUGG
UCUGCGGAACCGGUGAGUAC ACCGGAAUUG
CCGGGAAGAC UGGGUCCUUU CUUGGAUAAA
CCCACUCUAUGCCCGGCCAU UUGGGCGUGC
CCCCGCAAGA CUGCUAGCCG AGUAGUGUUG GGUUGCG

SEQ ID NO:

HUMAN
ALBUMIN

AAUUAUUGGUUAAAGAAGUAUAUUAGUGCUAAUUUCCCU
CCGUUUGUCCUAGCUUUUCUCUUCUGUCAACCCCACACGC
CUUUGGCACA

SEQ ID NO:

EMCV

CUCCCUCCCC CCCCCCUAAC GUUACUGGCC
GAAGCCGCUU GGAAUAAGGC CGGUGUGCGU
UUGUCUAUAU GUUAUUUUCC ACCAUAUUGC
CGUCUUUUGG CAAUGUGAGG GCCCGGAAAC
CUGGCCCUGU CUUCUUGACG AGCAUUCCUA
GGGGUCUUUC CCCUCUCGCC AAAGGAAUGC
AAGGUCUGUU GAAUGUCGUG AAGGAAGCAG
UUCCUCUGGA AGCUUCUUGA AGACAAACAA
CGUCUGUAGC GACCCUUUGC AGGCAGCGGA
ACCCCCCACC UGGCGACAGG UGCCUCUGCG
GCCAAAAGCC ACGUGUAUAA GAUACACCUG
CAAAGGCGGC ACAACCCCAG UGCCACGUUG
UGAGUUGGAU AGUUGUGGAA AGAGUCAAAU
GGCUCUCCUC AAGCGUAUUC AACAAGGGGC
UGAAGGAUGC CCAGAAGGUA CCCCAUUGUA
UGGGAUCUGA UCUGGGGCCU CGGUGCACAU
GCUUUACGUG UGUUUAGUCG AGGUUAAAAA
ACGUCUAGGC CCCCCGAACC ACGGGGACGU
GGUUUUCCUU UGAAAAACAC GAUGAUAAU

SEQ ID NO:
10

ATI1G67090

CACAAAGAGUAAAGAAGAACA

SEQ ID NO:
25

ATI1G35720

AACACUAAAAGUAGAAGAAAA

SEq ID NO: 26

AT5G45900

CUCAGAAAGAUAAGAUCAGCC

SEQ ID NO:
27

AT5G61250

AACCAAUCGAAAGAAACCAAA

SEQ ID NO:
28
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Name Sequence Seq ID No.:
AT5G46430 | CUCUAAUCACCAGGAGUAAAA SEQ ID NO:
AT5G47110 | GAGAGAGAUCUUAACAAAAAA g?iQ ID NO:
AT1G03110 | UGUGUAACAACAACAACAACA é(])EQ ID NO:
AT3G12380 | CCGCAGUAGGAAGAGAAAGCC ?S)IIEQ D NO:
AT5G45910 | AAMAAAAAAAAGAAAUCAUAAA ZZEQ ID NO:
ATI1G07260 | GAGAGAAGAAAGAAGAAGACG ?EQ ID NO:
AT3G55500 | CAAUUAAAAAUACUUACCAAA g?aQ D NO:
AT3G46230 | GCAAACAGAGUAAGCGAAACG ;?EQ ID NO:
AT2G36170 | GCGAAGAAGACGAACGCAAAG §6EQ ID NO:
AT1G10660 | UUAGGACUGUAUUGACUGGCC §7EQ ID NO:
AT4G14340 | AUCAUCGGAAUUCGGAAAAAG g?sQ D NO.
AT1G49310 | AAAACAAAAGUUAAAGCAGAC égEQ ID NO:
AT4G14360 | UUUAUCUCAAAUAAGAAGGCA g(])EQ 1D NO:
ATIG28520 | GGUGGGGAGGUGAGAUUUCUU :IIEQ D NO:
ATI1G20160 | UGAUUAGGAAACUACAAAGCC éZEQ D NO:
AT5G37370 | CAUUUUUCAAUUUCAUAAAAC g?so ID NO:
AT4G11320 | UUACUUUUAAGCCCAACAAAA gA]rEQ ID NO:
AT5G40850 | GGCGUGUGUGUGUGUUGUUGA L;SEQ D NO:
AT1G06150 | GUGGUGAAGGGGAAGGUUUAG :?EQ ID NO:
AT2G26080 | UUGUUUUUUUUUGGUUUGGUU gEQ 1D NO:48

3’ Untranslated Region (3’ UTR)

[0226] In some aspects, nucleic acid molecules provided herein further include a 3’

untranslated region (3’ UTR). Any 3’ UTR sequence can be included in nucleic acid molecules

provided herein. In one aspect, nucleic acid molecules provided herein include a viral 3> UTR.

In another aspect, nucleic acid molecules provided herein include a non-viral 3° UTR. Any

non-viral 3° UTR can be included in nucleic acid molecules provided herein, such as 3 UTRs

of transcripts expressed in any cell or organ, including muscle, skin, subcutaneous tissue, liver,

spleen, lymph nodes, antigen-presenting cells, and others. In some aspects, nucleic acid

CA 03171219 2022-9-9

49

SUBSTITUTE SHEET (RULE 26)




WO 2021/183563 PCT/US2021/021572

molecules provided herein include a 3 UTR comprising viral and non-viral sequences.
Accordingly, a 3> UTR included in nucleic acid molecules provided herein can comprise a
combination of viral and non-viral 3° UTR sequences. In one aspect, the 3° UTR is located 3’
of or downstream of the second polynucleotide of nucleic acid molecules provided herein that
comprises a first transgene encoding a first antigenic protein or a fragment thereof. In another
aspect, the 3’ UTR is located 3 of or downstream of the second polynucleotide of nucleic acid
molecules provided herein that comprises a first transgene encoding a first antigenic protein or
a fragment thereof, and the second polynucleotide is located 3° of or downstream of the first

polynucleotide of nucleic acid molecules provided herein.

[0227]  In one aspect, the 3° UTR of nucleic acid molecules provided herein comprises an
alphavirus 3> UTR. A 3’ UTR from any alphavirus can be included in nucleic acid molecules
provided herein, including 3° UTR sequences from Venezuelan Equine Encephalitis Virus
(VEEV), Eastern Equine Encephalitis Virus (EEEV), Everglades Virus (EVEV), Mucambo
Virus (MUCYV), Semliki Forest Virus (SFV), Pixuna Virus (PIXV), Middleburg Virus (MIDV),
Chikungunya Virus (CHIKYV), O'Nyong-Nyong Virus (ONNYV), Ross River Virus (RRYV),
Barmah Forest Virus (BFV), Getah Virus (GETV), Sagiyama Virus (SAGV), Bebaru Virus
(BEBV), Mayaro Virus (MAYYV), Una Virus (UNAYV), Sindbis Virus (SINV), Aura Virus
(AURAYV), Whataroa Virus (WHAYV), Babanki Virus (BABYV), Kyzylagach Virus (KYZV),
Western Equine Encephalitis Virus (WEEV), Highland J Virus (HJV), Fort Morgan Virus
(FMYV), Ndumu Virus (NDUYV), Salmonid Alphavirus (SAV), or Buggy Creek Virus (BCRYV).
In another aspect, the 3> UTR comprises a sequence having at least 80%, at least 85%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least
97%, at least 97.5%, at least 98%, at least 98.5%, at least 99%, at least 99.5%, at least 99.6%,
at least 99.7%, at least 99.8%, at least 99.9%, and any number or range in between, identity to
a sequence of SEQ ID NO:76. In yet another aspect, the 3 UTR comprises a poly-A sequence.
In a further aspect, the 3° UTR comprises a sequence of SEQ ID NO:76.

[0228] In some embodiments, the 3’ UTR comprises a sequence selected from the 3° UTRs
of alanine aminotransferase 1, human apolipoprotein E, human fibrinogen alpha chain, human
haptoglobin, human antithrombin, human alpha globin, human beta globin, human complement
C3, human growth factor, human hepcidin, MALAT-1, mouse beta globin, mouse albumin,
and Xenopus beta globin, or fragments of any of the foregoing. In some embodiments, the 3’
UTR is derived from Xenopus beta globin. Exemplary 3° UTR sequences include SEQ ID NOs:
16-22 as shown in Table 2.
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Table 2. 3 UTR sequences.

Name

Sequence

Seq ID No.:

XBG

CUAGUGACUGACUAGGAUCUGGUUACCACUAAACCAG
CCUCAAGAACACCCGAAUGGAGUCUCUAAGCUACAUA
AUACCAACUUACACUUACAAAAUGUUGUCCCCCAAAA
UGUAGCCAUUCGUAUCUGCUCCUAAUAAAAAGAAAGU
UUCUUCACAU

SEQ ID NO:
16

HUMAN
HAPTOGLOBIN

UGCAAGGCUGGCCGGAAGCCCUUGCCUGAAAGCAAGA
UUUCAGCCUGGAAGAGGGCAAAGUGGACGGGAGUGG
ACAGGAGUGGAUGCGAUAAGAUGUGGUUUGAAGCUG
AUGGGUGCCAGCCCUGCAUUGCUGAGUCAAUCAAUAA
AGAGCUUUCUUUUGACCCAU

SEQ ID NO:
17

HUMAN
APOLIPOPROTEI
NE

ACGCCGAAGCCUGCAGCCAUGCGACCCCACGCCACCCC
GUGCCUCCUGCCUCCGCGCAGCCUGCAGCGGGAGACC
CUGUCCCCGCCCCAGCCGUCCUCCUGGGGUGGACCCU
AGUUUAAUAAAGAUUCACCAAGUUUCACGCA

SEQ ID NO:
18

HCV

UAGAGCGGCAAACCCUAGCUACACUCCAUAGCUAGUU
vucuuuuvuvuvvuvuGuuuuvvvduvvuuuvuyuuuuuyu
vuvvvvuvuvvuuuuvvvuccuvuCcuuuuCCuuCuuuuu
UUCCUCUUUUCUUGGUGGCUCCAUCUUAGCCCUAGUC
ACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUG
CAGAGAGUGCCGUAACUGGUCUCUCUGCAGAUCAUGU

SEQ ID NO:
19

MOUSE
ALBUMIN

ACACAUCACAACCACAACCUUCUCAGGCUACCCUGAG
AAAAAAAGACAUGAAGACUCAGGACUCAUCUUUUCUG
UUGGUGUAAAAUCAACACCCUAAGGAACACAAAUUUC
UUUAAACAUUUGACUUCUUGUCUCUGUGCUGCAAUUA
AUAAAAAAUGGAAAGAAUCUAC

SEQ ID NO:
20

HUMAN ALPHA
GLOBIN

GCUGGAGCCUCGGUAGCCGUUCCUCCUGCCCGCUGGG
CCUCCCAACGGGCCCUCCUCCCCUCCUUGCACCGGCCC
UUCCUGGUCUUUGAAUAAAGUCUGAGUGGGCAGCA

SEQ ID NO:
21

EMCV

UAGUGCAGUCAC UGGCACAACG CGUUGCCCGG
UAAGCCAAUC GGGUAUACAC
GGUCGUCAUACUGCAGACAG GGUUCUUCUA
CUUUGCAAGA UAGUCUAGAG UAGUAAAAUA
AAUAGUAUAAG

SEQ ID NO:
22

Triple Stop Codon

[0229]

In some embodiments, the self-replicating RNA may comprise a sequence

immediately downstream of a coding region (i.e., ORF) that creates a triple stop codon. A triple

stop codon is a sequence of three consecutive stop codons. The triple stop codon can ensure

total insulation of an expression cassette and may be incorporated to enhance the efficiency of

translation. In some embodiments, a self-replicating RNA of the disclosure may comprise a

triple combination of any of the sequences UAG, UGA, or UAA immediately downstream of

a ORF described herein.

different codons, or any other permutation of the three stop codons.

Translation Enhancers and Kozak Sequences
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[0230]  For translation initiation, proper interactions between ribosomes and mRNAs must
be established to determine the exact position of the translation initiation region. However,
ribosomes also must dissociate from the translation initiation region to slide toward the
downstream sequence during mRNA translation. Translation enhancers upstream from
initiation sequences of mMRNAs enhance the yields of protein biosynthesis. Several studies have
investigated the effects of translation enhancers. In some embodiments, an mRINA described
herein comprises a translation enhancer sequence. These translation enhancer sequences
enhance the translation efficiency of a self-replicating RNA of the disclosure and thereby
provide increased production of the protein encoded by the mRNA. The translation enhancer
region may be located in the 5° or 3° UTR of an mRNA sequence. Examples of translation
enhancer regions include naturally-occurring enhancer regions from the TEV 5° UTR and the
Xenopus beta-globin 3> UTR. Exemplary 5> UTR enhancer sequences include but are not
limited to those derived from mRNAs encoding human heat shock proteins (HSP) including
HSP70-P2, HSP70-M1 HSP72-M2, HSP17.9 and HSP70-P1. Preferred translation enhancer
sequences used in accordance with the embodiments of the present disclosure are represented
by SEQ ID Nos: 11-15 as shown in Table 3.

Table 3. 5° UTR Enhancers

Name Sequence Seq ID No.:
HSP70-P2 | GUCAGCUUUCAAACUCUUUGUUUCUUGUUUGUUGAUUGAGAA | SEQID NO:
UA 11
HSP70-M1 | CUCUCGCCUGAGAAAAAAAAUCCACCGAACCAAUVUCUCAGCA | SEQID NO:
ACCAGCAGCACG 12
HSP72-M2 | ACCUGUGAGGGUUCGAAGGAAGUAGCAGUGUUUUUUGUUCCY | SEQ ID NO:
AGAGGAAGAG 13
HSP17.9 | ACACAGAAACAUUCGCAAAAACAAAAUCCCAGUAUCAAAAUL | SEQID NO:
CUUCLUCUDUUUUUCAUAUUUCGCAAAGAC 14
HSP70-P1 | CAGAAAAAUVUGCUACAUUGUUUCACAAACUUCAAAUAUUAU | SEQID NO:
UCAUUUAUUU 15
[0231] In some embodiments, a self-replicating RNA of the disclosure comprises a Kozak

sequence. As is understood in the art, a Kozak sequence is a short consensus sequence centered
around the translational initiation site of eukaryotic mRNAs that allows for efficient initiation
of translation of the mRNA. See, for example, Kozak, Marilyn (1988) Mol. and Cell Biol,
8:2737-2744; Kozak, Marilyn (1991) J. Biol. Chem, 266: 19867-19870; Kozak, Marilyn (1990)
Proc Natl. Acad. Sci. USA, 87:8301-8305; and Kozak, Marilyn (1989) J. Cell Biol, 108:229-
241. It ensures that a protein is correctly translated from the genetic message, mediating

ribosome assembly and translation initiation. The ribosomal translation machinery recognizes
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the AUG initiation codon in the context of the Kozak sequence. A Kozak sequence may be
inserted upstream of the coding sequence [or the protein of interest, downstream ol a 5> UTR
or inserted upstream of the coding sequence for the protein of interest and downstream of a 5’
UTR. In some embodiments, a self-replicating RNA described herein comprises a Kozak
sequence having the amino acid sequence GCCACC (SEQ ID NO: 23). Preferably a self-
replicating RNA described herein comprises a partial Kozak sequence “p” having the amino
acid sequence GCCA (SEQ ID NO: 24).

Transgenes
10232] Transgenes included in nucleic acid molecules provided herein can encode an
antigenic protein or a fragment thereof. In some embodiments, second polynucleotides of
nucleic acid molecules provided herein comprise a first transgene. A first transgene included
in second polynucleotides of nucleic acid molecules provided herein can encode a first
antigenic protein or a fragment thereof. A transgene included in second polynucleotides of
nucleic acid molecules provided herein can comprise a sequence encoding the full amino acid
sequence of an antigenic protein or a sequence encoding any suitable portion or fragment of
the full amino acid sequence of an antigenic protein. In some embodiments, the antigenic

protein is a coronavirus protein.

[0233] In another embodiment, the antigenic protein, when administered to a mammalian
subject, raises an immune response to a pathogen, such as a coronavirus. In some more
particular embodiments, the antigenic protein is expressed on the outer surface of the
coronavirus; while in other more particular embodiments, the antigen may be a non-surface
antigen, e g, useful as a T-cell epitope. The immunogen may elicit an immune response against
a coronavirus. The immune response may comprise an antibody response (usually including
Ig(3) and/or a cell mediated immune response. The polypeptide immunogen will typically elicit
an immune response that recognizes the corresponding coronavirus The immunogen will

typically be a surface polypeptide e.g. an envelope glycoprotein, a spike glycoprotein, etc.

[0234] In some aspects, the viral protein encoded by transgenes included in nucleic acid
molecules provided herein is a coronavirus protein. In some embodiments, the antigenic

protcin is a SARS-CoV-2 protcin.

[0235] In one aspect, the antigenic protein is a SARS-CoV-2 spike glycoprotein or a
fragment thereof. In another aspect, the SARS-CoV-2 spike glycoprotein is a wild-type SARS-
CoV-2 spike glycoprotein. In some aspects, the wild-type SARS-CoV-2 spike glycoprotein has
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an amino acid sequence of SEQ ID NO:123. In yet another aspect, the second polynucleotide
of nucleic acid molecules provided herein comprises a sequence having al least 85%, al leaslt
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least
97%, at least 97.5%, at least 98%, at least 98.5%, at least 99%, at least 99.5%, at least 99.6%,
at least 99.7%, at least 99.8%, at least 99.9%, and any number or range in between, identity to
a sequence of SEQ ID NO:121 or SEQ ID NO:122. In another aspect, the second
polynucleotide of nucleic acid molecules provided herein comprises a sequence of SEQ ID
NO:121 or SEQ ID NO:122. Accordingly, in some aspects, first transgenes included in second
polynucleotides of nucleic acid molecules provided herein comprise a sequence having at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 97.5%, at least 98%, at least 98.5%, at least 99%, at least 99.5%, at
least 99.6%, at least 99.7%, at least 99.8%, at least 99.9%, and any number or range in between,

or 100% identity to a sequence of SEQ ID NO:121 or SEQ ID NO:122.

[0236] In one aspect, the second polynucleotide of nucleic acid molecules provided herein
encodes a wild-type SARS-CoV-2 spike glycoprotein or a fragment thereof. In some aspects,
a wild-type SARS-CoV-2 spike glycoprotein comprises a sequence of SEQ ID NO:123. In
another aspect, the second polynucleotide of nucleic acid molecules provided herein encodes a
SARS-CoV-2 spike protein comprising one or more mutations as compared to a wild-type
SARS-CoV-2 spike glycoprotein sequence. Mutations can include substitutions, deletions,
insertions, and others. Mutations can be present at any position or at any combination of
positions of a SARS-CoV-2 spike glycoprotein. Any number of substitutions, insertions,
deletions, or combinations thereof, can be present at any one or more positions of a SARS-
CoV-2 spike glycoprotein. As an example, substitutions can include a change of a wild-type
amino acid at any position or at any combination of positicns to any other amino acid or
combination of any other amino acids. Exemplary mutations include mutations at positions
614, 936, 320, 477, 986, 987, or any combination thereof. In one aspect, a SARS-CoV-2 spike
glycoprotein or a fragment thereof encoded by transgenes of second polynucleotides included
in nucleic acid molecules provided herein includes a D614G mutation, a D936Y mutation, a
D936H mutation, a V320G mutation, an S477N mutation, an S4771 mutation, an S477T
mutation, a K986P mutation, a V987P mutation, or any combination thereof. Additional
mutations and variants can be found in the National Bioinformatics Center 2019 Novel
Coronavirus Information Database (2019nCoVR), National Genomics Data Center, China

National Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of
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Science at bigd.big.ac.cn/ncov/variation/annotation. In another aspect, the second
polynucleotide includes a transgene encoding a SARS-CoV-2 glycoprotein having atl least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 97.5%, at least 98%, at least 98.5%, at least 99%, at least 99.5%, at
least 99.6%, at least 99.7%, at least 99.8%, at least 99.9%, and any number or range in between,

or 100% identity to a sequence of SEQ ID NO:123.

[0237] In some aspects, the second polynucleotide of nucleic acid molecules provided
herein comprises at least two transgenes, such as a second coronavirus protein. Any number of
transgenes can be included in second polynucleotides of nucleic acid molecules provided
herein, such as one, two, three, four, five, six, seven, eight, nine, ten, or more transgenes. In
one aspect, the second polynucleotide of nucleic acid molecules provided herein includes a
second transgene encoding a second antigenic protein or a fragment thereof or an
immunomodulatory protein. In one aspect, the second polynucleotide further comprises an
internal ribosomal entry site (IRES), a sequence encoding a 2A peptide, or a combination
thereof, located between transgenes. As used herein, the term “2A peptide” refers to a small
(generally 18-22 amino acids) sequence that allows for efficient, stoichiometric production of
discrete protein products within a single reading frame through a ribosomal skipping event
within the 2A peptide sequence. As used herein, the term “internal ribosomal entry site” or
“IRES” refers to a nucleotide sequence that allows for the initiation of protein translation of a
messenger RNA (mRNA) sequence in the absence of an AUG start codon or without using an
AUG start codon. An IRES can be found anywhere in an mRNA sequence, such as at or near

the beginning, at or near the middle, or at or near the end of the mRNA sequence, for example.

[0238] Any number of transgenes included in second polynucleotides of nucleic acid
molecules provided herein can be expressed via any combination of 2A peptide and TRES
sequences. For example, a second transgene located 3’ of a first transgene can be expressed via
a 2A peptide sequence or via an IRES sequence. As another example, a second transgene
located 3’ of a first transgene and a third transgene located 3’ of the second transgene can be
expressed via 2A peptide sequences located between the first and second transgenes and the
second and third transgenes, via an IRES sequence located between the first and second
transgenes and the second and third transgenes, via a 2A peptide sequence located between the
first and second transgenes and an IRES located between the second and third transgenes, or
via an IRES sequence located between the first and second transgenes and a 2A peptide

sequence located between the second and third transgenes. Similar configurations and
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combinations of 2A peptide and IRES sequences located between transgenes are contemplated
for any number of transgenes included in second polynucleotides ol nucleic acid molecules
provided herein. In addition to expression via 2A peptide and IRES sequences, two or more
transgenes included in nucleic acid molecules provided herein can also be expressed from

separate subgenomic RNAs.

[0239] A second, third, fourth, fifth, sixth, seventh, eighth, ninth, tenth, etc., transgene
included in second polynucleotides of nucleic acid molecules provided herein can encode an
immunomodulatory protein or a functional fragment or functional variant thereof. Any
immunomodulatory protein or a functional fragment or functional variant thereof can be

encoded by a transgene included in second polynucleotides.

[0240]  As used herein, the terms “functional variant” or “functional fragment” refer to a
molecule, including a nucleic acid or protein, for example, that comprises a nucleotide and/or
amino acid sequence that is altered by one or more nucleotides and/or amino acids compared
to the nucleotide and/or amino acid sequences of the parent or reference molecule. For a
protein, a functional variant is still able to function in a manner that is similar to the parent
molecule. In other words, the modifications in the amino acid and/or nucleotide sequence of
the parent molecule do not significantly affect or alter the functional characteristics of the
molecule encoded by the nucleotide sequence or containing the amino acid sequence. The
functional variant may have conservative sequence modifications including nucleotide and
amino acid substitutions, additions and deletions. These modifications can be introduced by
standard techniques known in the art, such as site-directed mutagenesis and random PCR-
mediated mutagenesis. Functional variants can also include, but are not limited to, derivatives
that are substantially similar in primary structural sequence, but which contain, e.g., in vitro or
in vivo modifications, chemical and/or biochemical, that are not found in the parent molecule.
Such modifications include, inter alia, acetylation, acylation, ADP-ribosylation, amidation,
covalent attachment of flavin, covalent attachment of a heme moiety, covalent attachment of a
nucleotide or nucleotide derivative, covalent attachment of a lipid or lipid derivative, covalent
attachment of phosphotidylinositol, cross-linking, cyclization, disulfide bond formation,
demethylation, formation of covalent cross-links, formation of cysteine, formation of
pyroglutamate, formylation, gamma-carboxylation, glycosylation, GPI-anchor formation,
hydroxylation, iodination, methylation, myristoylation, oxidation, pegylation, proteolytic

processing, phosphorylation, prenylation, racemization, selenoylation, sulfation, transfer-
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RNA-mediated addition of amino acids to proteins such as arginylation, ubiquitination, and the

like.

[0241] In one aspect, a second transgene included in second polynucleotides of nucleic acid
molecules provided herein encodes a cytokine, a chemokine, or an interleukin. Exemplary
cytokines include interferons, TNF- a , TGF-p3, G-CSF, and GM-CSF. Exemplary chemokines
include CCL3, CCL26, and CXCL7. Exemplary interleukins include IL-I, IL-2, IL-3, IL-4, IL-
5,IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IL-18, IL-21, and IL-23. Any transgene or combination
of transgenes encoding any cytokine, chemokine, interleukin, or combinations thereof, can be

included in second polynucleotides of nucleic acid molecules provided herein.
[0242] In some embodiments, the second transgene encodes a second coronavirus protein.

DNA and RNA Molecules
[0243] Nucleic acid molecules provided herein can be DNA molecules or RNA molecules.
It will be appreciated that T present in DNA is substituted with U in RNA, and vice versa. In
one aspect, nucleic acid molecules provided herein are DNA molecules. In another aspect,
DNA molecules provided herein further comprise a promoter. As used herein, the term
“promoter” refers to a regulatory sequence that initiates transcription. A promoter can be
operably linked to first and second polynucleotides of nucleic acid molecules provided herein.
Generally, promoters included in DNA molecules provided herein include promoters for in
vitro transcription (IVT). Any suitable promoter for in vitro transcription can be included in
DNA molecules provided herein, such as a T7 promoter, a T3 promoter, an SP6 promoter, and
others. In one aspect, DNA molecules provided herein comprise a T7 promoter. In another
aspect, the promoter is located 5° of the 5° UTR included in DNA molecules provided herein.
In yet another aspect, the promoter is a T7 promoter located 5 of the 5° UTR included in DNA
molecules provided herein. In yet another aspect, the promoter overlaps with the 5> UTR. A
promoter and a 5> UTR can overlap by about one nucleotide, about two nucleotides, about three
nucleotides, about four nucleotides, about five nucleotides, about six nucleotides, about seven
nucleotides, about eight nucleotides, about nine nucleotides, about ten nucleotides, about 11
nucleotides, about 12 nucleotides, about 13 nucleotides, about 14 nucleotides, about 15
nucleotides, about 16 nucleotides, about 17 nucleotides, about 18 nucleotides, about 19
nucleotides, about 20 nucleotides, about 21 nucleotides, about 22 nucleotides, about 23
nucleotides, about 24 nucleotides, about 25 nucleotides, about 26 nucleotides, about 27

nucleotides, about 28 nucleotides, about 29 nucleotides, about 30 nucleotides, about 31

57

CA 03171219 2022-9-9

SUBSTITUTE SHEET (RULE 26)



WO 2021/183563 PCT/US2021/021572

nucleotides, about 32 nucleotides, about 33 nucleotides, about 34 nucleotides, about 35
nucleotides, about 36 nucleotides, about 37 nucleotides, aboul 38 nucleotides, about 39
nucleotides, about 40 nucleotides, about 41 nucleotides, about 42 nucleotides, about 43
nucleotides, about 44 nucleotides, about 45 nucleotides, about 46 nucleotides, about 47
nucleotides, about 48 nucleotides, about 49 nucleotides, about 50 nucleotides, or more

nucleotides.

[0244] In some aspects, DNA molecules provided herein include a promoter for in vivo
transcription. Generally, the promoter for in vivo transcription is an RNA polymerase II (RNA
pol 11) promoter. Any RNA pol 11 promoter can be included in DNA molecules provided herein,
including constitutive promoters, inducible promoters, and tissue-specific promoters.
Exemplary constitutive promoters include a cytomegalovirus (CMV) promoter, an
EF 1o promoter, an SV40 promoter, a PGK1 promoter, a Ubc promoter, a human beta actin
promoter, a CAG promoter, and others. Any tissue-specific promoter can be included in DNA
molecules provided herein. In one aspect, the RNA pol II promoter is a muscle-specific
promoter, skin-specific promoter, subcutaneous tissue-specific promoter, liver-specific
promoter, spleen-specific promoter, lymph node-specific promoter, or a promoter with any
other tissue specificity. DNA molecules provided herein can also include an enhancer. Any

enhancer that increases transcription can be included in DNA molecules provided herein.

[0245] In some aspects, nucleic acid molecules provided herein are RNA molecules. An
RNA molecule provided herein can be generated by in vitro transcription (IVT) of DNA
molecules provided herein. In one aspect, RNA molecules provided herein are self-replicating
RNA molecules. In another aspect, RNA molecules provided herein further comprise a 5° cap.
Any 5’ cap can be included in RNA molecules provided herein, including 5’ caps having a Cap
1 structure, a Cap 1 (m6A) structure, a Cap 2 structure, a Cap O structure, or any combination
thereof. In one aspect, RNA molecules provided herein include a 5° cap having Cap 1 structure.
In yet another aspect, RNA molecules provided herein are self-replicating RNA molecules
comprising a 5° cap having a Cap 1 structure. In a further aspect, RNA molecules provided
herein comprise a cap having a Cap 1 structure, wherein a m7G is linked via a 5°-5’
triphosphate to the 5° end of the 5° UTR. In yet a further aspect, RNA molecules provided
herein comprise a cap having a Cap 1 structure, wherein a m7G is linked via a 5°-5°
triphosphate to the 5° end of the 5 UTR comprising a sequence of SEQ ID NO:73. Any method
of capping can be used, including, but not limited to using a Vaccinia Capping enzyme (New

England Biolabs, Ipswich, Mass.) and co-transcriptional capping or capping at or shortly after
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initiation of in vitro transcription (IVT), by for example, including a capping agent as part of

an in vitro transcription (IVT) reaction. (Nuc. Acids Symp. (2009) 53:129).

[0246]  Provided herein, in some embodiments, are nucleic acid molecules comprising (a) a
sequence of SEQ ID NO:10; (b) a sequence of SEQ ID NO:72, SEQ ID NO:73, SEQ ID NO:76,
and SEQ ID NO:77, wherein T is substituted with U; (c) a sequence of SEQ ID NO:124; (d) a
sequence of SEQ ID NO:124, wherein T is substituted with U; (e) a sequence of SEQ 1D
NO:125; or (f) a sequence of SEQ ID NO:125, wherein T is substituted with U. In one aspect,
nucleic acid molecules provided herein are RNA molecules. In another aspect, RNA molecules
provided herein further comprise a 5’ cap having a Cap 1 structure. Any RNA molecules

provided herein can be self-replicating RNA molecules.

[0247] Only those mRNAs that carry the Cap structure are active in Cap dependent
translation; “decapitation” of mRNA results in an almost complete loss of their template
activity for protein synthesis (Nature, 255:33-37, (1975); J. Biol. Chem ., vol. 253:5228-5231,
(1978); and Proc. Natl. Acad. Sci. USA, 72:1189-1193, (1975)).

[0248]  Another element of eukaryotic mRNA is the presence of 2'-O-methyl nucleoside
residues at transcript position 1 (Cap 1), and in some cases, at transcript positions 1 and 2 (Cap
2). The 2'-O-methylation of mRNA provides higher efficacy of mRINA translation in vivo
(Proc. Natl. Acad. Sci. USA, 77:3652-3956 (1980)) and further improves nuclease stability of
the 5’-capped mRNA. The mRNA with Cap 1 (and Cap 2)is a distinctive mark that allows cells
to recognize the bona fide mRNA 5' end, and in some instances, to discriminate against
transcripts emanating from infectious genetic elements (Nucleic Acid Research 43: 482-492

(2015)).

[0249] Some examples of 5' cap structures and methods for preparing mRNAs comprising
the same are given in WO2015/051169A2, WO/2015/061491, US 2018/0273576, and US
Patent Nos. 8,093,367, 8,304,529, and U.S. 10,487,105. In some embodiments, the 5’ cap is
m7GpppAmpG, which is known in the art. In some embodiments, the 5° cap is m7GpppG or
m7GpppGm, which are known in the art. Structural formulas for embodiments of 5° cap

structures are provided below.

[0250] In some embodiments, a self-replicating RNA of the disclosure comprises a 5’ cap

having the structure of Formula (Cap I).
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R2

d N L
B L \mRNA
: (Cap I)

wherein B! is a natural or modified nucleobase; R! and R? are each independently selected from
a halogen, OH, and OCHs; each L is independently selected from the group consisting of
phosphate, phophorothiocate, and boranophosphate wherein each L is linked by diester bonds;
nis 0 or 1. and mRNA represents an mRNA of the present disclosure linked at its 5 end. In
some embodiments B! is G, m’G, or A. In some embodiments, n is 0. In some embodiments n
is 1. In some embodiments, Blis A or m°A and R! is OCHjs; wherein G is guanine, m’G is 7-

methylguanine, A is adenine, and m®A is N®-methyladenine.

[0251] In some embodiments, a self-replicating RNA of the disclosure comprises a 5’ cap

having the structure of Formula (Cap II).

1 R
R
2
L L 0]
o L
B1 n
L R?
AN

mRNA  (Cap 1I)
wherein B! and B? are each independently a natural or modified nucleobase; R!, R?, and R? are
each independently selected from a halogen, OH, and OCHj;: each L is independently selected
from the group consisting of phosphate, phophorothioate, and boranophosphate wherein each
L is linked by diester bonds; mRNA represents an mRNA of the present disclosure linked at
its 5’ end; and n is 0 or 1.. In some embodiments B! is G, m’G, or A. In some embodiments,
n is 0. In some embodiments, n is 1. In some embodiments, B! is A or m°A and R' is OCHs;

wherein G is guanine, m’G is 7-methylguanine, A is adenine, and m°A is N°®-methyladenine.

[0252] In some embodiments, a self-replicating RN A of the disclosure comprises a 5° cap

having the structure of Formula (Cap III).
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mRNA R* (Cap III)
wherein B1, B2, and B3 are each independently a natural or modified nucleobase; R1, R2, R3,
and R4 are each independently selected from a halogen, OH, and OCH3; each L is
independently selected from the group consisting of phosphate, phosphorothioate, and
boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA of
the present disclosure linked at its 5° end; and n is O or 1.In some embodiments, at least one of
R1, R2, R3, and R4 is OH. In some embodiments B1 1s G, m7G, or A. In some embodiments,
B1lis A orm6A and R1is OCH3; wherein G is guanine, m7G is 7-methylguanine, A is adenine,

and m6A is N6-methyladenine. In some embodiments, n is 1.

[0253] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7GpppG 5° cap analog having the structure of Formula (Cap 1V).

R2 O
L1 |
N ; \[L]: o 1 NANHZ
N
/
H2N\< .
HN N\ L\ R?
MRNA
o (Cap IV)

wherein, R!, R%, and R? are each independently selected from a halogen, OH, and OCHj3. each
L is independently selected from the group consisting of phosphate, phospherothioate, and
boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA of
the present disclosure linked at its 5° end; n is O or 1. In some embodiments, at least one of R,
R?, and R’ is OH. In some embodiments, the 5° cap is m’GpppG wherein R!, R?, and R’ are

each OH, nis 1, and each L is a phosphate. In some embodiments, nis 1. In some embodiments,
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the 5’ cap is m7GpppGm, wherein R' and R” are each OH, R* is OCH3, each L is a phosphate,
mRNA is the mRNA encoding an enzyme having OTC activity linked atits 5” end, and n is 1.

[0254] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7Gpppm7G 5 cap analog having the structure of Formula (Cap V).

RrR2

R! \

o L L </, "
NG ER A S

L RS
o) \
mRNA (Cap V)
wherein, R!, R?, and R® are each independently selected from a halogen, OH, and OCH3; each
L is independently selected from the group consisting of phosphate, phospherothioate, and
boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA of
the present disclosure linked at its 5° end; and n is O or 1. In some embodiments, at least one

of R!, R%, and R? is OH. In some embodiments, n is 1.

[0255] In some embodiments, a self-replicating RNA of the disclosure comprises a
m7Gpppm7GpN, 5° cap analog, wherein N is a natural or modified nucleotide, the 5° cap
analog having the structure of Formula (Cap VI).

R2
0
R \

</’N/NC

MRNA R (Cap V1)
wherein B? is a natural or modified nucleobase; R!, R?>, R3, and R* are each independently
selected from a halogen, OH, and OCHs, each L is independently selected from the group
consisting of phosphate, phosphorothioate, and boranophosphate wherein each L is linked by
diester bonds; mRNA represents an mRNA of the present disclosure linked at its 5° end; and n

is 0 or 3. In some embodiments, at least one of R!, R%, R3 and R*is OH. In some embodiments
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B!is G, m’G, or A. In some embodiments, B'is A or m°A and R! is OCHj3; wherein G is

guanine, m’G is 7-methylguanine, A is adenine, and m®A is N®-methyladenine. In some

embodiments, nis 1.

[0256] In some embodiments, a self-replicating RINA of the disclosure comprises a

m7Gpppm7GpG 57 cap analog having the structure of Formula (Cap VII).

O r}’ (o)
L N\%\(
/ NH
MRNA R4 N§(
NH; (Cap VII)
wherein, R!, R? R? and R* are each independently selected from a halogen, OH, and OCHs.
each L is independently selected from the group consisting of phosphate, phosphorothioate,
and boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA

of the present disclosure linked at its 5” end; and nis 0 or 1. Tn some emhodiments, at least one

of R!, R2, R’ and R* is OH. In some embodiments, n is 1.

[0257] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7Gpppm7Gpm7G 5° cap analog having the structure of Formula (Cap VIII).

RZ
R! | O
N‘l‘
o L 4t </ / NH
N n o' N%
H,N /N \ 7,\1* Nz
2 _< N L
HN R
b o
- o)
/ N A
mRNA A L
Nay
NHz (Cap VIII)

wherein, R!, R% R*, and R* are each independently selected from a halogen, OH, and OCHs.

each L is independently selected from the group consisting of phosphate, phosphorothioate,
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and boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA
of the present disclosure linked at its 5’ end; nis O or 1. In some embodiments, at least one ol

R!, R? R’ and R*is OH. In some embodiments, nis 1.

[0258] In some embodiments, a self-replicating RINA of the disclosure comprises a

m7GpppA 5’ cap analog having the structure of Formula (Cap 1X).

TOXLHL e
\SN\?‘N\

L R3

0 }nRNA (Cap IX)

wherein, R!, R%, and R? are each independently selected from a halogen, OH, and OCHas. each
L is independently selected from the group consisting of phosphate, phospheorothioate, and
boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA of
the present disclosure linked at its 5° end; and n is O or 1. In some embodiments, at least one

of R' R2, and R? is OH. In some embodiments, n is 1.

[0259] In some embodiments, a self-replicating RNA of the disclosure comprises a
m7GpppApN 5° cap analog, wherein N is a natural or modified nucleotide, and the 5° cap has
the structure of Formula (Cap X).

P
\l }\Z

mRNA/ /é/
(Cap X)

wherein B? is a natural or modified nucleobase; R!, R%, R*, and R* are each independently

L

selected from a halogen, OH, and OCHs, each L is independently selected from the group
consisting of phosphate, phosphorothioate, and boranophosphate wherein each L is linked by
diester bonds; mRNA represents an mRNA of the present disclosure linked at its 5° end; and n

is 0 or 1. In some embodiments, at least one of R!, R?, R?, and R* is OH. In some embodiments
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B’ is G, m’G, A or m°A; wherein G is guanine, m’G is 7-methylguanine, A is adenine, and

mCA is N°-methyladenine. In some embodiments, n is 1.

[0260] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7GpppAmpG 5’ cap analog having the structure of Formula (Cap XI).

R2

OCHj5
/ e
MRNA =

N\

R1

HZN (Cap XI)
wherein, R', R? and R* are each independently selected from a halogen, OH, and OCH;, each L is
independently selected from the group consisting of phosphate, phosphorothioate, and boranophosphate
wherein each L is linked by diester bonds; mRNA represents an mRNA of the present disclosure linked
at its 5° end; and n is 0 or 1. In some embodiments, at least one of R!, R%, and R* is OH. In some
cmbodiments, thc compound of Formula Cap XIis m’GpppAmpG, whercin RY, R2, and R* arc cach OH,

nis 1, and each L is a phosphate linkage. In some embodiments, nis 1.

[0261] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7GpppApm7G 5 cap analog having the structure of Formula (Cap XII).

R2
R']
7 ]; ( / \
H2N—</ \;},
/ /= N+
MRNA NWO
R4

NYNH
HaN (Cap XII)
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wherein, R!, R?, R?, and R* are each independently selected from a halogen, OH, and OCHs.
each L is independently selected [rom the group consisting of phosphate, phosphorothioale,
and boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA
of the present disclosure linked at its 5’ end; and n is O orl. In some embodiments,at least one

of R', R? R? andR*is OH. In some embodiments, n is 1.

[0262] In some embodiments, a self-replicating RNA of the disclosure comprises a

m7GpppApm7G 5’ cap analog having the structure of Formula (Cap XI111).

N N> N JN

HN~7 T\ G N
X
L
le) OCH3

0 FN/

Y NN

mRNA R4 NYNH

HN (Cap XIII)

wherein, R', R?, and R* are each independently selected from a halogen, OH, and OCH3. each
L is independently selected from the group consisting of phosphate, phosphorothioate, and
boranophosphate wherein each L is linked by diester bonds; mRNA represents an mRNA of
the present disclosure linked at its 5° end; and nis O or 1. In some embodiments, at least one

of R!, R and R*is OH. In some embodiments, n is 1.

Poly-Adenine (Poly-A) Tail

[0263] Polyadenylation is the addition of a poly(A) tail, a chain of adenine nucleotides
usually about 100-120 monomers in length, to a mRNA. In eukaryotes, polyadenylation is part
of the process that produces mature mRNA for translation and begins as the transcription of
a gene terminates. The 3'-most segment of a newly made pre-mRNA is first cleaved off by a set
of proteins; these proteins then synthesize the poly(A) tail at the 3’ end. The poly(A) tail is
important for the nuclear export, translation, and stability of mRNA. The tail is shortened over
time, and, when it is short enough, the mRNA is enzymatically degraded. However, in a few
cell types, mRNAs with short poly(A) tails are stored for later activation by re-polyadenylation

in the cytosol.
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[0264]  Preferably, a self-replicating RNA of the disclosure comprises a 3’ tail region, which
can serve Lo protect the RNA [rom exonuclease degradation. The tail region may be a 3’poly(A)
and/or 3 poly(C) region. Preferably, the tail region is a 3” poly(A) tail. As used herein a 3’
poly(A) tail” is a polymer of sequential adenine nucleotides that can range in size from, for
example: 10 to 250 sequential adenine nucleotides; 60-125 sequential adenine nucleotides, 90-
125 sequential adenine nucleotides, 95-125 sequential adenine nucleotides, 95-121 sequential
adenine nucleotides, 100 to 121 sequential adenine nucleotides, 110-121 sequential adenine
nucleotides; 112-121 sequential adenine nucleotides; 114-121 adenine sequential nucleotides;
or 115 to 121 sequential adenine nucleotides. Preferably, a 3” poly(A) tail as described herein
comprise 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, or 125
sequential adenine nucleotides. 3° Poly(A) tails can be added using a variety of methods known
in the art, e g., using poly(A) polymerase to add tails to synthetic or in vitro transcribed RNA.
Other methods include the use of a transcription vector to encode poly(A) tails or the use of a
ligase (e.g., via splint ligation using a T4 RNA ligase and/or T4 DNA ligase), wherein poly(A)
may be ligated to the 3' end of a sense RNA. In some embodiments, a combination of any of

the above methods is utilized.

Design and Synthesis of Self-Replicating RNA

[0265] The constructs for exemplary self-replicating RNA sequences of the present

disclosure are provided in Tables 4-5.

Table 4: Comparison of STARR™ self-replicating RNA of the disclosure with

comparative self-replicating RNA as described

Construct Position Sequence Sequence
Type
STARR™ 5' UTR nucleotide | ATGGGCGGCGCATGAGAGAAGCCCAGACCAATTACCT
(SEQ D ACCCAAA
NO:49)
67
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Construct Position Sequence Sequence
Type
STARR'™ non- nucleotide | ATGGAGAAAGTTCACGTTGACATCGAGGAAGACAGCC
(SEQ D | structural CATTCCTCAGAGCTTTGCAGCGGAGCTTCCCGCAGTTT
. GAGGTAGAAGCCAAGCAGGTCACTGATAATGACCATG
NO:50) gene ORF

CTAATGCCAGAGCGTTTTCGCATCTGGCTTCAAAACTG
ATCGAAACGGAGGTGGACCCATCCGACACGATCCTTG
ACATTGGAAGTGCGCCCGCCCGCAGAATGTATTCTAA
GCACAAGTATCATTGTATCTGTCCGATGAGATGTGCGG
AAGATCCGGACAGATTGTATAAGTATGCAACTAAGCT
GAAGAAAAACTGTAAGGAAATAACTGATAAGGAATTG
GACAAGAAAATGAAGGAGCTGGCCGCCGTCATGAGCG
ACCCTGACCTGGAAACTGAGACTATGTGCCTCCACGA
CGACGAGTCGTGTCGCTACGAAGGGCAAGTCGCTGTT
TACCAGGATGTATACGCCGTCGACGGCCCCACCAGCC
TGTACCACCAGGCCAACAAGGGCGTGAGGGTGGCCTA
CTGGATCGGCTTCGACACCACACCCTTCATGTTCAAGA
ACCTGGCCGGCGCCTACCCCAGCTACAGCACCAACTG
GGCCGACGAGACCGTGCTGACCGCCAGGAACATCGGC
CTGTGCAGCAGCGACGTGATGGAGAGGAGCCGGAGAG
GCATGAGCATCCTGAGGAAGAAATACCTGAAGCCCAG
CAACAACGTGCTGTTCAGCGTGGGCAGCACCATCTAC
CACGAGAAGAGGGACCTGCTCAGGAGCTGGCACCTGC
CCAGCGTGTTCCACCTGAGGGGCAAGCAGAACTACAC
CTGCAGGTGCGAGACCATCGTGAGCTGCGACGGCTAC
GTGGTGAAGAGGATCGCCATCAGCCCCGGCCTGTACG
GCAAGCCCAGCGGCTACGCCGCTACAATGCACAGGGA
GGGCTTCCTGTGCTGCAAGGTGACCGACACCCTGAAC
GGCGAGAGGGTGAGCTTCCCCGTGTGCACCTACGTGC
CCGCCACCCTGTGCGACCAGATGACCGGCATCCTGGC
CACCGACGTGAGCGCCGACGACGCCCAGAAGCTGCTC
GTGGGCCTGAACCAGAGGATCGTGGTCAACGGCAGGA
CCCAGAGGAACACCAACACAATGAAGAACTACCTGCT
GCCCGTGGTGGCCCAGGCTTTCGCCAGGTGGGCCAAG
GAGTACAAGGAGGACCAGGAAGACGAGAGGCCCCTG
GGCCTGAGGGACAGGCAGCTGGTGATGGGCTGCTGCT
GGGCCTTCAGGCGGCACAAGATCACCAGCATCTACAA
GAGGCCCGACACCCAGACCATCATCAAGGTGAACAGC
GACTTCCACAGCTTCGTGCTGCCCAGGATCGGCAGCA
ACACCCTGGAGATCGGCCTGAGGACCCGGATCAGGAA
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Construct

Position

Sequence

Type

Sequence

GATGCTGGAGGAACACAAGGAGCCCAGCCCACTGATC
ACCGCCGAGGACGTGCAGGAGGCCAAGTGCGCTGCCG
ACGAGGCCAAGGAGGTGAGGGAGGCCGAGGAACTGA
GGGCCGCCCTGCCACCCCTGGCTGCCGACGTGGAGGA
ACCCACCCTGGAAGCCGACGTGGACCTGATGCTGCAG
GAGGCCGGCGCCGGAAGCGTGGAGACACCCAGGGGC
CTGATCAAGGTGACCAGCTACGACGGCGAGGACAAGA
TCGGCAGCTACGCCGTGCTGAGCCCACAGGCCGTGCT
GAAGTCCGAGAAGCTGAGCTGCATCCACCCACTGGCC
GAGCAGGTGATCGTGATCACCCACAGCGGCAGGAAGG
GCAGGTACGCCGTGGAGCCCTACCACGGCAAGGTGGT
CGTGCCCGAGGGCCACGCCATCCCCGTGCAGGACTTC
CAGGCCCTGAGCGAGAGCGCCACCATCGTGTACAACG
AGAGGGAGTTCGTGAACAGGTACCTGCACCATATCGC
CACCCACGGCGGAGCCCTGAACACCGACGAGGAATAC
TACAAGACCGTGAAGCCCAGCGAGCACGACGGCGAGT
ACCTGTACGACATCGACAGGAAGCAGTGCGTGAAGAA
AGAGCTGGTGACCGGCCTGGGACTGACCGGCGAGCTG
GTGGACCCACCCTTCCACGAGTTCGCCTACGAGAGCCT
GAGGACCAGACCCGCCGCTCCCTACCAGGTGCCCACC
ATCGGCGTGTACGGCGTGCCCGGCAGCGGAAAGAGCG
GCATCATCAAGAGCGCCGTGACCAAGAAAGACCTGGT
GGTCAGCGCCAAGAAAGAGAACTGCGCCGAGATCATC
AGGGACGTGAAGAAGATGAAAGGCCTGGACGTGAAC
GCGCGCACCGTGGACAGCGTGCTGCTGAACGGCTGCA
AGCACCCCATGGAGACCCTGTACATCGACGAGGCCTT
CGCTTGCCACGCCGGCACCCTGAGGGCCCTGATCGCC
ATCATCAGGCCCAAGAAAGCCGTGCTGTGCGGCGACC
CCAAGCAGTGCGGCTTCTTCAACATGATGTGCCTGAAG
GTGCACTTCAACCACGAGATCTGCACCCAGGTGTTCCA
CAAGAGCATCAGCAGGCGGTGCACCAAGAGCGTGACC
AGCGTCGTGAGCACCCTGTTCTACGACAAGAAAATGA
GGACCACCAACCCCAAGGAGACCAAAATCGTGATCGA
CACCACAGGCAGCACCAAGCCCAAGCAGGACGACCTG
ATCCTGACCTGCTTCAGGGGCTGGGTGAAGCAGCTGC
AGATCGACTACAAGGGCAACGAGATCATGACCGCCGC
TGCCAGCCAGGGCCTGACCAGGAAGGGCGTGTACGCC
GTGAGGTACAAGGTGAACGAGAACCCACTGTACGCTC

CA 03171219 2022-9-9

69

SUBSTITUTE SHEET (RULE 26)




WO 2021/183563

PCT/US2021/021572

Construct

Position

Sequence

Type

Sequence

CCACCAGCGAGCACGTGAACGTGCTGCTGACCAGGAC
CGAGGACAGGATCGTGTGGAAGACCCTGGCCGGCGAC
CCCTGGATCAAGACCCTGACCGCCAAGTACCCCGGCA
ACTTCACCGCCACCATCGAAGAGTGGCAGGCCGAGCA
CGACGCCATCATGAGGCACATCCTGGAGAGGCCCGAC
CCCACCGACGTGTTCCAGAACAAGGCCAACGTGTGCT
GGGCCAAGGCCCTGGTGCCCGTGCTGAAGACCGCCGG
CATCGACATGACCACAGAGCAGTGGAACACCGTGGAC
TACTTCGAGACCGACAAGGCCCACAGCGCCGAGATCG
TGCTGAACCAGCTGTGCGTGAGGTTCTTCGGCCTGGAC
CTGGACAGCGGCCTGTTCAGCGCCCCCACCGTGCCACT
GAGCATCAGGAACAACCACTGGGACAACAGCCCCAGC
CCAAACATGTACGGCCTGAACAAGGAGGTGGTCAGGC
AGCTGAGCAGGCGGTACCCACAGCTGCCCAGGGCCAT
GGCCACCGGCAGGGTGTACGACATGAACACCGGCACC
CTGAGGAACTACGACCCCAGGATCAACCTGGTGCCCG
TGAACAGGCGGCTGCCCCACGCCCTGGTGCTGCACCA
CAACGAGCACCCACAGAGCGACTTCAGCTCCTTCGTG
AGCAAGCTGAAAGGCAGGACCGTGCTGGTCGTGGGCG
AGAAGCTGAGCGTGCCCGGCAAGATGGTGGACTGGCT
GAGCGACAGGCCCGAGGCCACCTTCCGGGCCAGGCTG
GACCTCGGCATCCCCGGCGACGTGCCCAAGTACGACA
TCATCTTCGTGAACGTCAGGACCCCATACAAGTACCAC
CATTACCAGCAGTGCGAGGACCACGCCATCAAGCTGA
GCATGCTGACCAAGAAGGCCTGCCTGCACCTGAACCC
CGGAGGCACCTGCGTGAGCATCGGCTACGGCTACGCC
GACAGGGCCAGCGAGAGCATCATTGGCGCCATCGCCA
GGCTGTTCAAGTTCAGCAGGGTGTGCAAACCCAAGAG
CAGCCTGGAGGAAACCGAGGTGCTGTTCGTGTTCATC
GGCTACGACCGGAAGGCCAGGACCCACAACCCCTACA
AGCTGAGCAGCACCCTGACAAACATCTACACCGGCAG
CAGGCTGCACGAGGCCGGCTGCGCCCCCAGCTACCAC
GTGGTCAGGGGCGATATCGCCACCGCCACCGAGGGCG
TGATCATCAACGCTGCCAACAGCAAGGGCCAGCCCGG
AGGCGGAGTGTGCGGCGCCCTGTACAAGAAGTTCCCC
GAGAGCTTCGACCTGCAGCCCATCGAGGTGGGCAAGG
CCAGGCTGGTGAAGGGCGCCGCTAAGCACATCATCCA
CGCCGTGGGCCCCAACTTCAACAAGGTGAGCGAGGTG
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Position

Sequence

Type

Sequence

GAAGGCGACAAGCAGCTGGCCGAAGCCTACGAGAGC
ATCGCCAAGATCGTGAACGACAATAACTACAAGAGCG
TGGCCATCCCACTGCTCAGCACCGGCATCTTCAGCGGC
AACAAGGACAGGCTGACCCAGAGCCTGAACCACCTGC
TCACCGCCCTGGACACCACCGATGCCGACGTGGCCAT
CTACTGCAGGGACAAGAAGTGGGAGATGACCCTGAAG
GAGGCCGTGGCCAGGCGGGAGGCCGTGGAAGAGATCT
GCATCAGCGACGACTCCAGCGTGACCGAGCCCGACGC
CGAGCTGGTGAGGGTGCACCCCAAGAGCTCCCTGGCC
GGCAGGAAGGGCTACAGCACCAGCGACGGCAAGACCT
TCAGCTACCTGGAGGGCACCAAGTTCCACCAGGCCGC
TAAGGACATCGCCGAGATCAACGCTATGTGGCCCGTG
GCCACCGAGGCCAACGAGCAGGTGTGCATGTACATCC
TGGGCGAGAGCATGTCCAGCATCAGGAGCAAGTGCCC
CGTGGAGGAAAGCGAGGCCAGCACACCACCCAGCACC
CTGCCCTGCCTGTGCATCCACGCTATGACACCCGAGAG
GGTGCAGCGGCTGAAGGCCAGCAGGCCCGAGCAGATC
ACCGTGTGCAGCTCCTTCCCACTGCCCAAGTACAGGAT
CACCGGCGTGCAGAAGATCCAGTGCAGCCAGCCCATC
CTGTTCAGCCCAAAGGTGCCCGCCTACATCCACCCCAG
GAAGTACCTGGTGGAGACCCCACCCGTGGACGAGACA
CCCGAGCCAAGCGCCGAGAACCAGAGCACCGAGGGC
ACACCCGAGCAGCCACCCCTGATCACCGAGGACGAGA
CAAGGACCCGGACCCCAGAGCCCATCATTATCGAGGA
AGAGGAAGAGGACAGCATCAGCCTGCTGAGCGACGGC
CCCACCCACCAGGTGCTGCAGGTGGAGGCCGACATCC
ACGGCCCACCCAGCGTGTCCAGCTCCAGCTGGAGCAT
CCCACACGCCAGCGACTTCGACGTGGACAGCCTGAGC
ATCCTGGACACCCTGGAGGGCGCCAGCGTGACCTCCG
GCGCCACCAGCGCCGAGACCAACAGCTACTTCGCCAA
GAGCATGGAGTTCCTGGCCAGGCCCGTGCCAGCTCCC
AGGACCGTGTTCAGGAACCCACCCCACCCAGCTCCCA
GGACCAGGACCCCAAGCCTGGCTCCCAGCAGGGCCTG
CAGCAGGACCAGCCTGGTGAGCACCCCACCCGGCGTG
AACAGGGTGATCACCAGGGAGGAACTGGAGGCCCTGA
CACCCAGCAGGACCCCCAGCAGGTCCGTGAGCAGGAC
TAGTCTGGTGTCCAACCCACCCGGCGTGAACAGGGTG
ATCACCAGGGAGGAATTCGAGGCCTTCGTGGCCCAGC
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Position

Sequence

Type

Sequence

AACAGAGACGGTTCGACGCCGGCGCCTACATCTTCAG
CAGCGACACCGGCCAGGGACACCTGCAGCAAAAGAGC
GTGAGGCAGACCGTGCTGAGCGAGGTGGTGCTGGAGA
GGACCGAGCTGGAAATCAGCTACGCCCCCAGGCTGGA
CCAGGAGAAGGAGGAACTGCTCAGGAAGAAACTGCA
GCTGAACCCCACCCCAGCCAACAGGAGCAGGTACCAG
AGCAGGAAGGTGGAGAACATGAAGGCCATCACCGCCA
GGCGGATCCTGCAGGGCCTGGGACACTACCTGAAGGC
CGAGGGCAAGGTGGAGTGCTACAGGACCCTGCACCCC
GTGCCACTGTACAGCTCCAGCGTGAACAGGGCCTTCTC
CAGCCCCAAGGTGGCCGTGGAGGCCTGCAACGCTATG
CTGAAGGAGAACTTCCCCACCGTGGCCAGCTACTGCA
TCATCCCCGAGTACGACGCCTACCTGGACATGGTGGA
CGGCGCCAGCTGCTGCCTGGACACCGCCAGCTTCTGCC
CCGCCAAGCTGAGGAGCTTCCCCAAGAAACACAGCTA
CCTGGAGCCCACCATCAGGAGCGCCGTGCCCAGCGCC
ATCCAGAACACCCTGCAGAACGTGCTGGCCGCTGCCA
CCAAGAGGAACTGCAACGTGACCCAGATGAGGGAGCT
GCCCGTGCTGGACAGCGCTGCCTTCAACGTGGAGTGCT
TCAAGAAATACGCCTGCAACAACGAGTACTGGGAGAC
CTTCAAGGAGAACCCCATCAGGCTGACCGAAGAGAAC
GTGGTGAACTACATCACCAAGCTGAAGGGCCCCAAGG
CCGCTGCCCTGTTCGCTAAGACCCACAACCTGAACATG
CTGCAGGACATCCCAATGGACAGGTTCGTGATGGACC
TGAAGAGGGACGTGAAGGTGACACCCGGCACCAAGCA
CACCGAGGAGAGGCCCAAGGTGCAGGTGATCCAGGCC
GCTGACCCACTGGCCACCGCCTACCTGTGCGGCATCCA
CAGGGAGCTGGTGAGGCGGCTGAACGCCGTGCTGCTG
CCCAACATCCACACCCTGTTCGACATGAGCGCCGAGG
ACTTCGACGCCATCATCGCCGAGCACTTCCAGCCCGGC
GACTGCGTGCTGGAGACCGACATCGCCAGCTTCGACA
AGAGCGAGGATGACGCTATGGCCCTGACCGCTCTGAT
GATCCTGGAGGACCTGGGCGTGGACGCCGAGCTGCTC
ACCCTGATCGAGGCTGCCTTCGGCGAGATCAGCTCCAT
CCACCTGCCCACCAAGACCAAGTTCAAGTTCGGCGCT
ATGATGAAAAGCGGAATGTTCCTGACCCTGTTCGTGA
ACACCGTGATCAACATTGTGATCGCCAGCAGGGTGCT
GCGGGAGAGGCTGACCGGCAGCCCCTGCGCTGCCTTC
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Type
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ATCGGCGACGACAACATCGTGAAGGGCGTGAAAAGCG
ACAAGCTGATGGCCGACAGGTGCGCCACCTGGCTGAA
CATGGAGGTGAAGATCATCGACGCCGTGGTGGGCGAG
AAGGCCCCCTACTTCTGCGGCGGATTCATCCTGTGCGA
CAGCGTGACCGGCACCGCCTGCAGGGTGGCCGACCCC
CTGAAGAGGCTGTTCAAGCTGGGCAAGCCACTGGCCG
CTGACGATGAGCACGACGATGACAGGCGGAGGGCCCT
GCACGAGGAAAGCACCAGGTGGAACAGGGTGGGCAT
CCTGAGCGAGCTGTGCAAGGCCGTGGAGAGCAGGTAC
GAGACCGTGGGCACCAGCATCATCGTGATGGCTATGA
CCACACTGGCCAGCTCCGTCAAGAGCTTCTCCTACCTG
AGGGGGGCCCCTATAACTCTCTACGGCTAA
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Construct Position Sequence Sequence
Type
STARR'™ non- amino acid | MEKVHVDIEEDSPFLRALQRSFPQFEVEAKQVTDNDHAN
(SEQ D | structural ARAFSHLASKLIETEVDPSDTILDIGSAPARRMY SKHKYH
. CICPMRCAEDPDRLYKYATKLKKNCKEITDKELDKKMK
NO:51) gene ORF

ELAAVMSDPDLETETMCLHDDESCRYEGQVAVYQDVY
AVDGPTSLYHQANKGVRVAYWIGFDTTPFMEFKNLAGAY
PSYSTNWADETVLTARNIGLCSSDVMERSRRGMSILRKK
YLKPSNNVLFSVGSTIYHEKRDLLRSWHLPSVFHLRGKQ
NYTCRCETIVSCDGY VVKRIAISPGLYGKPSGYAATMHR
EGFLCCKVTDTLNGERVSFPVCTYVVPATLCDQMTGILAT
DVSADDAQKLLVGLNQRIVVNGRTQRNTNTMKNYLLPV
VAQAFARWAKEYKEDQEDERPLGLRDRQLVMGCCWAF
RRHKITSIYKRPDTQTUKVNSDFHSFVLPRIGSNTLEIGLR
TRIRKMLEEHKEPSPLITAEDVQEAKCAADEAKEVREAE
ELRAALPPLAADVEEPTLEADVDLMLQEAGAGSVETPRG
LIKVTSYDGEDKIGSYAVLSPQAVLKSEKLSCIHPLAEQVI
VITHSGRKGRYAVEPYHGKVVVPEGHAIPVQDFQALSES
ATIVYNEREFVNRYLHHIATHGGALNTDEEYYKTVKPSE
HDGEYLYDIDRKQCVKKELVTGLGLTGELVDPPFHEFAY
ESLRTRPAAPYQVPTIGVYGVPGSGKSGIIKSAVTKKDLV
VSAKKENCAEIIRDVKKMKGLDVNARTVDSVLLNGCKH
PVETLYIDEAFACHAGTLRALIAIIRPKKAVLCGDPKQCG
FFNMMCLKVHFNHEICTQVFHKSISRRCTKSVTSVVSTLF
YDKKMRTTNPKETKIVIDTTGSTKPKQDDLILTCFRGWYV
KQLQIDYKGNEIMTAAASQGLTRKGVYAVRYKVNENPL
YAPTSEHVNVLLTRTEDRIVWKTLAGDPWIKTLTAKYPG
NFTATIEEWQAEHDAIMRHILERPDPTD VFONKANVCWA
KALVPVLKTAGIDMTTEQWNTVDYFETDKAHSAEIVLN
QLCVRFFGLDLDSGLFSAPTVPLSIRNNHWDNSPSPNMY
GLNKEVVRQLSRRYPQLPRAVATGRVYDMNTGTLRNYD
PRINLVPVNRRLPHALVLHHNEHPQSDFSSFVSKLKGRTV
LVVGEKLSVPGKMVDWLSDRPEATFRARLDLGIPGD VP
KYDIIFVNVRTPYKYHHYQQCEDHAIKLSMLTKKACLHL
NPGGTCVSIGYGY ADRASESIIGAIARLFKFSRVCKPKSSL
EETEVLFVFIGYDRKARTHNPYKLSSTLTNIYTGSRLHEA
GCAPSYHVVRGDIATATEGVIINAANSKGOQPGGGVCGAL
YKKFPESFDLQPIEVGK ARLVKGAAKHIIHAVGPNFNKVS
EVEGDKQLAFAYESIAKIVNDNNYKSVAIPLLSTGIFSGN
KDRLTQSLNHLLTALDTTDADVATYCRDKKWEMTLKEA
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VARREAVEEICISDDSSVTEPDAEL VRVHPKSSLAGRKGY
STSDGKTFSYLEGTKFHQAAKDIAEINAMWPVATEANEQ
VCMYILGESMSSIR SKCPVEESEASTPPSTLPCLCIHAMTP
ERVQRLKASRPEQITVCSSFPLPK YRITGVQKIQCSQPILFS
PKVPAYIHPRKYLVETPPVDETPEPSAENQSTEGTPEQPPL
ITEDETRTRTPEPIIEEEEEDSISLLSDGPTHQVLQVEADIH
GPPSVSSSSWSIPHASDFDVDSLSILDTLEGASVTSGATSA
ETNSYFAKSMEFLARPVPAPRTVFRNPPHPAPRTRTPSLA
PSRACSRTSLVSTPPGVNRVITREELEALTPSRTPSRSVSR
TSLVSNPPGVNRVITREEFEAFVAQQQRRFDAGAYIFSSD
TGQGHLQQKSVRQTVLSEVVLERTELEISY APRLDQEKE
ELLRKKLQLNPTPANRSRYQSRK VENMK AITARRILQGL
GHYLKAEGKVECYRTLHPVPLYSSSVNRAFSSPKVAVEA
CNAMLKENFPTVASYCIPEYDAYLDMVDGASCCLDTAS
FCPAKLRSFPKKHSYLEPTIRSAVPSAIQNTLQNVLAAAT
KRNCNVTQMRELPVLDSAAFNVECFKKYACNNEYWETF
KENPIRLTEENVVNYITKLK GPKAAALFAKTHNLNMLQD
IPMDRFVMDLKRDVK VTPGTKHTEERPK VQVIQAADPL
ATAYLCGIHRELVRRLNAVLLPNIHTLFDMSAEDFDAIIA
EHFQPGDCVLETDIASFDKSEDDAMALTALMILEDLGVD
AELLTLIEAAFGEISSIHLPTK TKFKFGAMMKSGMFLTLF
VNTVINIVIASRVLRERLTGSPCAAFIGDDNIVK GVKSDK
LMADRCATWLNMEVKIIDAVVGEKAPYFCGGFILCDSVT
GTACRVADPLKRLFKLGKPLAADDEHDDDRRRALHEES
TRWNRVGILSELCKAVESRYETVGTSIIVMAMTTLASSV
KSFSYLRGAPITLY G*

STARR™

(SEQ ID
NO:52)

intergenic

region

nucleotide

CCTGAATGGACTACGACATAGTCTAGTCCGCCAAGGC
CGCCACC

STARR™

transgene

ORF

nucleotide

n/a (depends on gene of our interest)
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Construct

Position

Sequence

Type

Sequence

STARR™

(SEQ ID
NO:53)

3'UTR

nucleotide

ACTCGAGTATGTTACGTGCAAAGGTGATTGTCACCCCC
CGAAAGACCATATTGTGACACACCCTCAGTATCACGC
CCAAACATTTACAGCCGCGGTGTCAAAAACCGCGTGG
ACGTGGTTAACATCCCTGCTGGGAGGATCAGCCGTAA
TTATTATAATTGGCTTGGTGCTGGCTACTATTGTGGCC
ATGTACGTGCTGACCAACCAGAAACATAATTGAATAC
AGCAGCAATTGGCAAGCTGCTTACATAGAACTCGCGG
CGATTGGCATGCCGCCTTAAAATTTTTATTTTATTTTTT
CITTTCTTTTCCGAATCGGATTTTGTTTTTAATATTTCA
AAAAAAAAAAAAAAAAAAAAAAAATCTAGAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAA

Comparitive

5'UTR

nucleotide

unknown
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Construct Position Sequence Sequence
Type
Original non- nucleotide | ATGCCCGAGAAGGTGCACGTGGACATCGAGGAGGACA
tructural GCCCCTTCCTGAGGGCCCTGCAGAGGAGCTTCCCACA
(SEQ D structura
GTTCGAAGTGGAGGCCAAGCAGGTGACCGACAACGAC
NO:54) gene ORF

CACGCCAACGCCAGGGCCTTCAGCCACCTGGCCAGCA
AGCTGATCGAGACCGAGGTGGACCCCAGCGACACCAT
CCTGGACATCGGCAGCGCCCCAGCCAGGAGAATGTAC
AGCAAGCACAAGTACCACTGCATCTGCCCCATGAGGT
GCGCCGAGGACCCCGACAGGCTGTACAAGTACGCCAC
CAAACTGAAGAAGAACTGCAAGGAGATCACCGACAA
GGAGCTGGACAAGAAAATGAAGGAGCTGGCCGCCGTG
ATGAGCGACCCCGACCTGGAGACCGAGACAATGTGCC
TGCACGACGACGAGAGCTGCAGGTACGAGGGCCAGGT
GGCCGTCTACCAGGACGTGTACGCCGTCGACGGCCCC
ACCAGCCTGTACCACCAGGCCAACAAGGGCGTGAGGG
TGGCCTACTGGATCGGCTTCGACACCACACCCTTCATG
TTCAAGAACCTGGCCGGCGCCTACCCCAGCTACAGCA
CCAACTGGGCCGACGAGACCGTGCTGACCGCCAGGAA
CATCGGCCTGTGCAGCAGCGACGTGATGGAGAGGAGC
CGGAGAGGCATGAGCATCCTGAGGAAGAAATACCTGA
AGCCCAGCAACAACGTGCTGTTCAGCGTGGGCAGCAC
CATCTACCACGAGAAGAGGGACCTGCTCAGGAGCTGG
CACCTGCCCAGCGTGTTCCACCTGAGGGGCAAGCAGA
ACTACACCTGCAGGTGCGAGACCATCGTGAGCTGCGA
CGGCTACGTGGTGAAGAGGATCGCCATCAGCCCCGGC
CTGTACGGCAAGCCCAGCGGCTACGCCGCTACAATGC
ACAGGGAGGGCTITCCTGTGCTGCAAGGTGACCGACAC
CCTGAACGGCGAGAGGGTGAGCTTCCCCGTGTGCACC
TACGTGCCCGCCACCCTGTGCGACCAGATGACCGGCA
TCCTGGCCACCGACGTGAGCGCCGACGACGCCCAGAA
GCTGCTCGTGGGCCTGAACCAGAGGATCGTGGTCAAC
GGCAGGACCCAGAGGAACACCAACACAATGAAGAAC
TACCTGCTGCCCGTGGTGGCCCAGGCTTTCGCCAGGTG
GGCCAAGGAGTACAAGGAGGACCAGGAAGACGAGAG
GCCCCTGGGCCTGAGGGACAGGCAGCTGGTGATGGGC
TGCTGCTGGGCCTTCAGGCGGCACAAGATCACCAGCA
TCTACAAGAGGCCCGACACCCAGACCATCATCAAGGT
GAACAGCGACTTCCACAGCTTCGTGCTGCCCAGGATC
GGCAGCAACACCCTGGAGATCGGCCTGAGGACCCGGA
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Construct

Position

Sequence

Type

Sequence

TCAGGAAGATGCTGGAGGAACACAAGGAGCCCAGCCC
ACTGATCACCGCCGAGGACGTGCAGGAGGCCAAGTGC
GCTGCCGACGAGGCCAAGGAGGTGAGGGAGGCCGAG
GAACTGAGGGCCGCCCTGCCACCCCTGGCTGCCGACG
TGGAGGAACCCACCCTGGAAGCCGACGTGGACCTGAT
GCTGCAGGAGGCCGGCGCCGGAAGCGTGGAGACACCC
AGGGGCCTGATCAAGGTGACCAGCTACGACGGCGAGG
ACAAGATCGGCAGCTACGCCGTGCTGAGCCCACAGGC
CGTGCTGAAGTCCGAGAAGCTGAGCTGCATCCACCCA
CTGGCCGAGCAGGTGATCGTGATCACCCACAGCGGCA
GGAAGGGCAGGTACGCCGTGGAGCCCTACCACGGCAA
GGTGGTCGTGCCCGAGGGCCACGCCATCCCCGTGCAG
GACTTCCAGGCCCTGAGCGAGAGCGCCACCATCGTGT
ACAACGAGAGGGAGTTCGTGAACAGGTACCTGCACCA
TATCGCCACCCACGGCGGAGCCCTGAACACCGACGAG
GAATACTACAAGACCGTGAAGCCCAGCGAGCACGACG
GCGAGTACCTGTACGACATCGACAGGAAGCAGTGCGT
GAAGAAAGAGCTGGTGACCGGCCTGGGACTGACCGGC
GAGCTGGTGGACCCACCCTTCCACGAGTTCGCCTACGA
GAGCCTGAGGACCAGACCCGCCGCTCCCTACCAGGTG
CCCACCATCGGCGTGTACGGCGTGCCCGGCAGCGGAA
AGAGCGGCATCATCAAGAGCGCCGTGACCAAGAAAGA
CCTGGTGGTCAGCGCCAAGAAAGAGAACTGCGCCGAG
ATCATCAGGGACGTGAAGAAGATGAAAGGCCTGGACG
TGAACGCGCGCACCGTGGACAGCGTGCTGCTGAACGG
CTGCAAGCACCCCGTGGAGACCCTGTACATCGACGAG
GCCTTCGCTTGCCACGCCGGCACCCTGAGGGCCCTGAT
CGCCATCATCAGGCCCAAGAAAGCCGTGCTGTGCGGC
GACCCCAAGCAGTGCGGCTTCTTCAACATGATGTGCCT
GAAGGTGCACTTCAACCACGAGATCTGCACCCAGGTG
TTCCACAAGAGCATCAGCAGGCGGTGCACCAAGAGCG
TGACCAGCGTCGTGAGCACCCTGTTCTACGACAAGAA
AATGAGGACCACCAACCCCAAGGAGACCAAAATCGTG
ATCGACACCACAGGCAGCACCAAGCCCAAGCAGGACG
ACCTGATCCTGACCTGCTTCAGGGGCTGGGTGAAGCA
GCTGCAGATCGACTACAAGGGCAACGAGATCATGACC
GCCGCTGCCAGCCAGGGCCTGACCAGGAAGGGCGTGT
ACGCCGTGAGGTACAAGGTGAACGAGAACCCACTGTA
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Construct

Position

Sequence

Type

Sequence

CGCTCCCACCAGCGAGCACGTGAACGTGCTGCTGACC
AGGACCGAGGACAGGATCGTGTGGAAGACCCTGGCCG
GCGACCCCTGGATCAAGACCCTGACCGCCAAGTACCC
CGGCAACTTCACCGCCACCATCGAAGAGTGGCAGGCC
GAGCACGACGCCATCATGAGGCACATCCTGGAGAGGC
CCGACCCCACCGACGTGTTCCAGAACAAGGCCAACGT
GTGCTGGGCCAAGGCCCTGGTGCCCGTGCTGAAGACC
GCCGGCATCGACATGACCACAGAGCAGTGGAACACCG
TGGACTACTTCGAGACCGACAAGGCCCACAGCGCCGA
GATCGTGCTGAACCAGCTGTGCGTGAGGTTCTTCGGCC
TGGACCTGGACAGCGGCCTGTTCAGCGCCCCCACCAT
GCCACTGAGCATCAGGAACAACCACTGGGACAACAGC
CCCAGCCCAAACATGTACGGCCTGAACAAGGAGGTGG
TCAGGCAGCTGAGCAGGCGGTACCCACAGCTGCCCAG
GGCCGTGGCCACCGGCAGGGTGTACGACATGAACACC
GGCACCCTGAGGAACTACGACCCCAGGATCAACCTGG
TGCCCGTGAACAGGCGGCTGCCCCACGCCCTGGTGCT
GCACCACAACGAGCACCCACAGAGCGACTTCAGCTCC
TTCGTGAGCAAGCTGAAAGGCAGGACCGTGCTGGTCG
TGGGCGAGAAGCTGAGCGTGCCCGGCAAGATGGTGGA
CTGGCTGAGCGACAGGCCCGAGGCCACCTTCCGGGCC
AGGCTGGACCTCGGCATCCCCGGCGACGTGCCCAAGT
ACGACATCATCTTCGTGAACGTCAGGACCCCATACAA
GTACCACCATTACCAGCAGTGCGAGGACCACGCCATC
AAGCTGAGCATGCTGACCAAGAAGGCCTGCCTGCACC
TGAACCCCGGAGGCACCTGCGTGAGCATCGGCTACGG
CTACGCCGACAGGGCCAGCGAGAGCATCATTGGCGCC
ATCGCCAGGCTGTTCAAGTTCAGCAGGGTGTGCAAAC
CCAAGAGCAGCCTGGAGGAAACCGAGGTGCTGTTCGT
GTTCATCGGCTACGACCGGAAGGCCAGGACCCACAAC
CCCTACAAGCTGAGCAGCACCCTGACAAACATCTACA
CCGGCAGCAGGCTGCACGAGGCCGGCTGCGCCCCCAG
CTACCACGTGGTCAGGGGCGATATCGCCACCGCCACC
GAGGGCGTGATCATCAACGCTGCCAACAGCAAGGGCC
AGCCCGGAGGCGGAGTGTGCGGCGCCCTGTACAAGAA
GTTCCCCGAGAGCTTCGACCTGCAGCCCATCGAGGTG
GGCAAGGCCAGGCTGGTGAAGGGCGCCGCTAAGCACA
TCATCCACGCCGTGGGCCCCAACTTCAACAAGGTGAG
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Construct

Position

Sequence

Type

Sequence

CGAGGTGGAAGGCGACAAGCAGCTGGCCGAAGCCTAC
GAGAGCATCGCCAAGATCGTGAACGACAATAACTACA
AGAGCGTGGCCATCCCACTGCTCAGCACCGGCATCTTC
AGCGGCAACAAGGACAGGCTGACCCAGAGCCTGAACC
ACCTGCTCACCGCCCTGGACACCACCGATGCCGACGT
GGCCATCTACTGCAGGGACAAGAAGTGGGAGATGACC
CTGAAGGAGGCCGTGGCCAGGCGGGAGGCCGTGGAA
GAGATCTGCATCAGCGACGACTCCAGCGTGACCGAGC
CCGACGCCGAGCTGGTGAGGGTGCACCCCAAGAGCTC
CCTGGCCGGCAGGAAGGGCTACAGCACCAGCGACGGC
AAGACCTTCAGCTACCTGGAGGGCACCAAGTTCCACC
AGGCCGCTAAGGACATCGCCGAGATCAACGCTATGTG
GCCCGTGGCCACCGAGGCCAACGAGCAGGTGTGCATG
TACATCCTGGGCGAGAGCATGTCCAGCATCAGGAGCA
AGTGCCCCGTGGAGGAAAGCGAGGCCAGCACACCACC
CAGCACCCTGCCCTGCCTGTGCATCCACGCTATGACAC
CCGAGAGGGTGCAGCGGCTGAAGGCCAGCAGGCCCGA
GCAGATCACCGTGTGCAGCTCCTTCCCACTGCCCAAGT
ACAGGATCACCGGCGTGCAGAAGATCCAGTGCAGCCA
GCCCATCCTGTTCAGCCCAAAGGTGCCCGCCTACATCC
ACCCCAGGAAGTACCTGGTGGAGACCCCACCCGTGGA
CGAGACACCCGAGCCAAGCGCCGAGAACCAGAGCACC
GAGGGCACACCCGAGCAGCCACCCCTGATCACCGAGG
ACGAGACAAGGACCCGGACCCCAGAGCCCATCATTAT
CGAGGAAGAGGAAGAGGACAGCATCAGCCTGCTGAG
CGACGGCCCCACCCACCAGGTGCTGCAGGTGGAGGCC
GACATCCACGGCCCACCCAGCGTGTCCAGCTCCAGCT
GGAGCATCCCACACGCCAGCGACTTCGACGTGGACAG
CCTGAGCATCCTGGACACCCTGGAGGGCGCCAGCGTG
ACCTCCGGCGCCACCAGCGCCGAGACCAACAGCTACT
TCGCCAAGAGCATGGAGTTCCTGGCCAGGCCCGTGCC
AGCTCCCAGGACCGTGTTCAGGAACCCACCCCACCCA
GCTCCCAGGACCAGGACCCCAAGCCTGGCTCCCAGCA
GGGCCTGCAGCAGGACCAGCCTGGTGAGCACCCCACC
CGGCGTGAACAGGGTGATCACCAGGGAGGAACTGGAG
GCCCTGACACCCAGCAGGACCCCCAGCAGGTCCGTGA
GCAGGACTAGTCTGGTGTCCAACCCACCCGGCGTGAA
CAGGGTGATCACCAGGGAGGAATTCGAGGCCTTCGTG
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Construct
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Sequence

Type

Sequence

GCCCAGCAACAGAGACGGTTCGACGCCGGCGCCTACA
TCTTCAGCAGCGACACCGGCCAGGGACACCTGCAGCA
AAAGAGCGTGAGGCAGACCGTGCTGAGCGAGGTGGTG
CTGGAGAGGACCGAGCTGGAAATCAGCTACGCCCCCA
GGCTGGACCAGGAGAAGGAGGAACTGCTCAGGAAGA
AACTGCAGCTGAACCCCACCCCAGCCAACAGGAGCAG
GTACCAGAGCAGGAAGGTGGAGAACATGAAGGCCATC
ACCGCCAGGCGGATCCTGCAGGGCCTGGGACACTACC
TGAAGGCCGAGGGCAAGGTGGAGTGCTACAGGACCCT
GCACCCCGTGCCACTGTACAGCTCCAGCGTGAACAGG
GCCTTCTCCAGCCCCAAGGTGGCCGTGGAGGCCTGCA
ACGCTATGCTGAAGGAGAACTTCCCCACCGTGGCCAG
CTACTGCATCATCCCCGAGTACGACGCCTACCTGGACA
TGGTGGACGGCGCCAGCTGCTGCCTGGACACCGCCAG
CTTCTGCCCCGCCAAGCTGAGGAGCTTCCCCAAGAAA
CACAGCTACCTGGAGCCCACCATCAGGAGCGCCGTGC
CCAGCGCCATCCAGAACACCCTGCAGAACGTGCTGGC
CGCTGCCACCAAGAGGAACTGCAACGTGACCCAGATG
AGGGAGCTGCCCGTGCTGGACAGCGCTGCCTTCAACG
TGGAGTGCTTCAAGAAATACGCCTGCAACAACGAGTA
CTGGGAGACCTTCAAGGAGAACCCCATCAGGCTGACC
GAAGAGAACGTGGTGAACTACATCACCAAGCTGAAGG
GCCCCAAGGCCGCTGCCCTGTTCGCTAAGACCCACAA
CCTGAACATGCTGCAGGACATCCCAATGGACAGGTTC
GTGATGGACCTGAAGAGGGACGTGAAGGTGACACCCG
GCACCAAGCACACCGAGGAGAGGCCCAAGGTGCAGGT
GATCCAGGCCGCTGACCCACTGGCCACCGCCTACCTGT
GCGGCATCCACAGGGAGCTGGTGAGGCGGCTGAACGC
CGTGCTGCTGCCCAACATCCACACCCTGTTCGACATGA
GCGCCGAGGACTTCGACGCCATCATCGCCGAGCACTT
CCAGCCCGGCGACTGCGTGCTGGAGACCGACATCGCC
AGCTTCGACAAGAGCGAGGATGACGCTATGGCCCTGA
CCGCTCTGATGATCCTGGAGGACCTGGGCGTGGACGC
CGAGCTGCTCACCCTGATCGAGGCTGCCTTCGGCGAG
ATCAGCTCCATCCACCTGCCCACCAAGACCAAGTTCAA
GTTCGGCGCTATGATGAAAAGCGGAATGTTCCTGACC
CTGTTCGTGAACACCGTGATCAACATTGTGATCGCCAG
CAGGGTGCTGCGGGAGAGGCTGACCGGCAGCCCCTGC
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Construct

Position

Sequence

Type

Sequence

GCTGCCTTCATCGGCGACGACAACATCGTGAAGGGCG
TGAAAAGCGACAAGCTGATGGCCGACAGGTGCGCCAC
CTGGCTGAACATGGAGGTGAAGATCATCGACGCCGTG
GTGGGCGAGAAGGCCCCCTACTTCTGCGGCGGATTCA
TCCTGTGCGACAGCGTGACCGGCACCGCCTGCAGGGT
GGCCGACCCCCTGAAGAGGCTGTTCAAGCTGGGCAAG
CCACTGGCCGCTGACGATGAGCACGACGATGACAGGC
GGAGGGCCCTGCACGAGGAAAGCACCAGGTGGAACA
GGGTGGGCATCCTGAGCGAGCTGTGCAAGGCCGTGGA
GAGCAGGTACGAGACCGTGGGCACCAGCATCATCGTG
ATGGCTATGACCACACTGGCCAGCTCCGTCAAGAGCTT
CTCCTACCTGAGGGGGGCCCCTATAACTCTCTACGGCT
AA
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Construct Position Sequence Sequence
Type
Comparitive | non- amino acid | MPEKVHVDIEEDSPFLRALQRSFPQFEVEAKQVTDNDHA
(SEQ D structural NARAFSHLASKLIETEVDPSDTILDIGSAPARRMY SKHKY
HCICPMRCAEDPDRLYKYATKLKKNCKEITDKELDKKM
NO:55) gene ORF

KELAAVMSDPDLETETMCLHDDESCRYEGQVAVYQDV
YAVDGPTSLYHQANKGVRVAYWIGFDTTPFMFKNLAGA
YPSYSTNWADETVLTARNIGLCSSDVMERSRRGMSILRK
KYLKPSNNVLFSVGSTIYHEKRDLLRSWHLPSVFHLRGK
ONYTCRCETIVSCDGYVVKRIAISPGLYGKPSGYAATMH
REGFLCCKVTDTLNGERVSFPVCTY VPATLCDOMTGILA
TDVSADDAQKLLVGLNQRIVVNGRTQRNTNTMKNYLLP
VVAQAFARWAKEYKEDQEDERPLGLRDROQLVMGCCWA
FRRHKITSIYKRPDTQTIIKVNSDFHSFVLPRIGSNTLEIGL
RTRIRKMLEEHKEPSPLITAEDVQEAKCAADEAKEVREA
EELRAALPPLAADVEEPTLEADVDLMLQEAGAGSVETPR
GLIKVTSYDGEDKIGSY AVLSPQAVLKSEKLSCIHPLAEQ
VIVITHSGRKGRY AVEPYHGKVVVPEGHAIPVQDFQALS
ESATIVYNEREFVNRYLHHIATHGGALNTDEEYYKTVKP
SEHDGEYLYDIDRKQCVKKELVTGLGLTGELVDPPFHEF
AYESLRTRPAAPYQVPTIGVYGVPGSGKSGIIKSAVTKKD
LVVSAKKENCAEIIRDVKKMKGLDVNARTVDSVLLNGC
KHPVETLYIDEAFACHAGTLRALIAIIRPKKAVLCGDPKQ
CGFFNMMCLKVHFNHEICTQVFHKSISRRCTKSVTSVVS
TLFYDKKMRTTNPKETKIVIDTTGSTKPKQDDLILTCFRG
WVKQLQIDYKGNEIMTAAASQGLTRKGVYAVRYKVNE
NPLYAPTSEHVNVLLTRTEDRIVWKTLAGDPWIKTLTAK
YPGNFTATIEEWQAEHD AIMRHILERPDPTDVFONKANV
CWAKAL VPVLKTAGIDMTTEQWNTVDYFETDKAHSAFEI
VLNQLCVRFFGLDLDSGLFSAPTVPLSIRNNHWDNSPSPN
MY GLNKEVVRQLSRRYPQLPRAVATGRVYDMNTGTLR
NYDPRINLVPVNRRLPHALVLHHNEHPQSDFSSFVSKLK
GRTVLVVGEKLSVPGKMVDWLSDRPEATFRARLDLGIP
GDVPKYDIIFVNVRTPYKYHHYQQCEDHAIKLSMLTKKA
CLHLNPGGTCVSIGY GYADRASESIIGAIARLFKFSRVCKP
KSSLEETEVLFVFIGYDRKARTHNPYKLSSTLTNIYTGSRL
HEAGCAPSYHVVRGDIATATEGVIINAANSKGQPGGGVC
GALYKKFPESFDLQPIEVGKARLVKGAAKHITHAVGPNF
NKVSEVEGDKQLAFEAYESTAKIVNDNNYKSVAIPLLSTGI
FSGNKDRLTQSLNHLLTALDTTDADVAIYCRDKKWEMT
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LKEAVARREAVEEICISDDSSVTEPDAELVR VHPKSSLAG
RKGYSTSDGKTFSYLEGTKFHQAAKDIAEINAMWPVATE
ANEQVCMYILGESMSSIR SKCPVEESEASTPPSTLPCLCIH
AMTPERVQRLKASRPEQITVCSSFPLPKYRITGVQKIQCS
QPILFSPKVPAYIHPRK YL VETPPVDETPEPSAENQSTEGT
PEQPPLITEDETRTRTPEPIIIEEEEEDSISLLSDGPTHQVLQ
VEADIHGPPSVSSSSWSIPHASDFDVDSLSILDTLEGASVT
SGATSAETNSYFAK SMEFLARPVPAPRTVFRNPPHPAPRT
RTPSLAPSRACSRTSLVSTPPGVNRVITREELEALTPSRTP
SRSVSRTSLVSNPPGVNRVITREEFEAFVAQQQRRFDAGA
YIFSSDTGQGHLQQKSVRQTVLSEVVLERTELEISY APRL
DQEKEELLRKKLQLNPTPANRSRYQSRKVENMKAITARR
ILQGLGHYLKAEGKVECYRTLHPVPLYSSSVNRAFSSPK
VAVEACNAMLKENFPTVASYCIIPEYDAYLDMVDGASC
CLDTASFCPAKLRSFPKKHSYLEPTIRSAVPSAIQNTLQNV
LAAATKRNCNVTQMRELPVLDSAAFNVECFKKY ACNNE
YWETFKENPIRLTEENVVNYITKLKGPKAAALFAKTHNL
NMLQDIPMDRFVMDLKRDVKVTPGTKHTEERPK VQVIQ
AADPLATAYLCGIHRELVRRLNAVLLPNIHTLFDMSAED
FDAIIAEHFQPGDCVLETDIASFDK SEDDAMALTALMILE
DLGVDAELLTLIEAAFGEISSIHLPTKTKFKFGAMMK SGM
FLTLFVNTVINIVIASRVLRERLTGSPCAAFIGDDNIVKGV
KSDKLMADRCATWLNMEVKIIDAVVGEK APYFCGGFIL
CDSVTGTACRVADPLKRLFKLGKPLAADDEHDDDRRRA
LHEESTRWNRVGILSELCKAVESRYETVGTSIIVMAMTTL
ASSVKSFSYLRGAPITLYG*

Comparitive

intergenic

region

nucleotide

unknown

Comparitive

3'UTR

nucleotide

unknown
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Table S: ORF of Peptide of Interest for Self-Replicating RNAs of the Disclosure

ORF Sequence
Identity Type Sequence
2019-nCoV nucleotide ATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGT
Spike gene TAATCTTACAACCAGAACTCAATTACCCCCTGCATACACTAATTC
(SEQID TTTCACACGTGGTGTTTATTACCCTGACAAAGTTTTCAGATCCTCA
NO:117) GTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGT

TACTTGGTTCCATG