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CORONAVIRUS DIAGNOSTIC COMPOSITIONS, METHODS, AND USES THERKOF
CROSS-REFERENCE TO RELATED APPLICATIONS

it} This application claims priority to and the benefit of International Patent Application
Nos. PCT/CN2020/095332, filed June 10, 2020, and PCT/CN2021/087051, filed Apnil 13, 2021, the
disclosures of which applications are incorporated herein by reference in their entireties for all
purposes.

SUBMISSION OF SEQUENCE LISTING AS ASCH TEXT FILE
(2} The content of the following submission on ASCHI text file 1s incorporated herein by

reference in its entirety: a computer readable form (CRF) of the Sequence Listing (file name:

165762000542SEQLIST TXT, date recorded: June 9, 2021, size: 575 KB).
FIELD

(3] The present disclosure relates in some aspects to recombinant peptides and proteins
comprising coronavirus viral antigens and immunogens, e.g., coronavirus S protein peptides, for
detecting and/or analyzing a coronavirus infection, e.g., for the purpose of diagnosing the

coronavirus infection.
BACKGROUND

[4] Coronaviruses are enveloped, positive-sense single-stranded RNA viruses. They have
the largest genomes (26-32 kb) among known RNA viruses, and are phylogenetically divided into
four genera (u, B, v, 8), with betacoronaviruses further subdivided into four lineages (A, B, C, D).
Coronaviruses infect a wide range of avian and mammalian species, including humans. Human
coronaviruses may circulate annually in humans and generally cause mild respiratory diseases,
although severity can be greater in infants, elderly, and the immunocompronused. In contrast,
certain other coronaviruses, including the Middle Fast respiratory syndrome coronavirus {MERS-
CoV), the severe acute respiratory syndrome coronavirus (SARS-CoV), and the most recent 2019
new coronavirus {2019-nCoV), also known as SARS-CoV-2, are highly pathogenic. The high
pathogenicity and airborne transmissibility of these coronaviruses have raised concern about the

potential for another coronavirus pandemic. There is an urgent need for effective tests for
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diagnosing coronavirus infection. Provided are methods, uses and articles of manufacture that meet

such and other needs.
Summary

(5] In some aspects, provided herein are methods for analyzing a sample, comprising:
contacting a sample with a protein {e.g., an S-Trimer, NTD/RBD-Trimer, RBD-Trimer, S1-Trimer,
or 82-Trimer dislosed herein) comprising an S protein peptide or fragment or epitope thereof of a
coronavirus, and detecting a binding between the protein and an analyte capable of specitic binding
to the 8§ protein peptide or fragment or epitope thereof of the coronavirus. In some embodiments,
the analyte is an antibody, a receptor, or a cell recognizing the 8 protein peptide or fragment or
epttope thereof. In some embodiments, the binding indicates the presence of the analyte in the
sample, and/or an infection by the coronavirus m a subject from which the sample 15 derived.

[6] In some aspects, the methods herein provide sensitive detection of an analyte capable of
specific binding to the § protein peptide or fragment or epitope thereof, either during viral
mfections and/or after vaccination with a protein or peptide disclosed herem. In any of the
preceding embodiments, the analyte can be an IgG antibody, an IgM antibody, or an IgE antibody,
e.g, one that 1s specific to an S protein peptide or fragment or epitope thereof. In any of the
preceding embodiments, the analyte can be a neutralizing antibody against the coronavirus, such as
SARS-CoV-2. In any of the preceding embodiments, the method can be an ELISA or lateral flow
assay.

{71 In some aspects, provided herein are kits comprising the protein provided herein and a
substrate, pad, or vial containing or immobilizing the protein, optionally wherein the kit 1s an
ELISA or lateral flow assay kit

{8} In some embodiments of the method disclosed herein, the protein is immobilized within
a test zone of a chromatographic strip on a test strip.

{91 In any of the preceding embodiments, the chromatographic strip can further comprise a
control zone, and wherein a control capture agent 1s immobilized within the control zone.

[16]  In any of the preceding embodiments, the test strip can further comprise a sample
binding zone comprising a binding pad, and one end of the binding pad is in capillary

communication with one end of the chromatographic strip.
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(11}  In any of the preceding embodiments, the test strip can further comprise a sample
addition zone comprising a sample pad, wherein the sample pad can be in capillary communication
with the binding pad or the chromatographic strip.

[12]  In any of the preceding embodiments, the analyte can be a neutralizing antibody against
the surface antigen of the coronavirus.

[13]  In any of the preceding embodiments, the analyte can be a broad neutralizing antibody
against the surface antigen of the coronavirus.

[14]  In any of the preceding embodiments, the analyte can be an IgG antibody, e.g, one that is
specific to an S protemn peptide or fragment or epttope thergof

[15]  Inany of the preceding embodiments, the analyte can be an IgM antibody, e.g, one that
18 specific to an 8 protein peptide or fragment or epitope thereof.

[16]  Inany of the preceding embodiments, the analyte can be an IgE antibody, e.g, one that 1s
specific to an S protemn peptide or fragment or epttope thergof

(171  Inany of the preceding embodiments, the analyte can be an IgA antibody, e.g, one that s
spectfic to an S protein peptide or fragment or eptiope thereof

(18]  Inany of the preceding embodiments, the analyte can be an IgD antibody, e.g, one that s
spectfic to an S protein peptide or fragment or eptiope thereof

[19]  In any of the preceding embodiments, the analyte can be a human antibody, e.g, one that
is specific to an § protein peptide or fragment or epitope thereof.

28]  In any of the preceding embodiments, the sample can be derived from a subject nfected
with the coronavirus,

21}  In any of the preceding embodiments, the sample can be serum from a subject infected
with the coronavirus and has recovered.

221  In any of the preceding embodiments, the sample can further comprise a receptor for the
surface antigen of the coronavirus.

231  In any of the preceding embodiments, the sample can comprise a neutralizing antibody
that blocks interaction between the receptor and the surface antigen of the coronavirus.

[24]  In some embodiments, disclosed herein is a protein comprising a plurality of

recombinant polypeptides, each recombmant polypeptide comprising a surface antigen of a
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coronavirus linked to a C-terminal propeptide of collagen, wherein the C-terminal propeptides of
the recombinant polypeptides form inter-polypeptide disulfide bonds.

28] In some embodiments, the coronavirus s a Severe Acute Respiratory Syndrome
(SARS)-coronavirus {SARS-CoV}), a SARS-coronavirus 2 (SARS-CoV-2}, a SARS-like
coronavirus, a Middle East Respiratory Syndrome (MERS}-coronavirus (MERS-CoV), a MERS-
like coronavirus, NLG3-CoV, 229E-CoV, OC43-CoV, HKUL-CoV, WIV1-CoV, MHY, HKUS-
CoV, PEDV-CoV, or SDCV.

[26]  In any of the preceding embodiments, the surface antigen can comprise a Coronavirus
spike {8} protein or a fragment or epitope thereof, wherein the epitope 15 optionally a linear epitope
or a conformational epitope, and wherein the protein comprises three recombinant polypeptides.

[27] In some embodiments, the coronavirus S protein fusion peptides comprise an ecto-
domain {e.g., without transmembrane and ¢ytoplasmic domains) of an 8 protein or its fragments
from a coronavirus, such as SARS-CoV-2, which 1s fused m-frame to a C-propeptide of a collagen
that 15 capable of forming disulfide bond-linked homo-trimer. The resulting recombinant protein,
such as an S-trimer, can be expressed and purified from transfected cells, and are expected to be in
native-like conformation i trimertc form. This solves the problems of mis-folding of a viral
antigen often encountered when 1t 1s expressed as a recombinant peptide or protein in soluble forms
without the transmembrane and/or cytoplasmic domains. Such mis-folded viral antigens do not
faithfully preserve the native viral antigen conformation, and often fail to be recognized by
neutralizing antibodies elicited by the virus.

28]  In any of the preceding embodiments, the surface antigen can comprise a signal peptide,
an ST subunit peptide, an S2 subunit peptide, or any combination thereof.

28]  In any of the preceding embodiments, the surface antigen can comprise a signal peptide,
a receptor binding domain (RBD) peptide, a receptor binding motif (RBM) peptide, a fusion peptide
(FP), a heptad repeat 1 {(HR1) peptide, or a heptad repeat 2 {HR2} peptide, or any combination
thereof.

[3¢]  In any of the preceding embodiments, the surface antigen can comprises a receptor
binding domain (RBD) of the S protein.

[31]  In any of the preceding embodiments, the surface antigen can comprise an S1 subunit

and an 82 subunit of the S protein.
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[321  Inany of the preceding embodiments, the surface antigen can be free of a
transmembrane {(TM) domain peptide and/or a cytoplasm (CP) domam peptide.

[33]  In any of the preceding embodiments, the surface antigen can comprise a protease
cleavage site, wherein the protease is optionally funn, trypsmn, factor Xa, or cathepsin L.

[34]  In any of the preceding embodiments, the surface antigen can be free of a protease
cleavage site, wherein the protease is optionally funn, trypsmn, factor Xa, or cathepsin L, or can
contain a mutated protease cleavage site that 1s not cleavable by the protease.

[35]  In any of the preceding embodiments, the surface antigen can be soluble or do not
directly bind to a hipid bilayer, e.g., a membrane or viral envelope.

[36]  In any of the preceding embodiments, the surface antigens can be the same or different
among the recombinant polypeptides of the protein.

(371  In any of the preceding embodiments, the surface antigen can be directly fused to the C-
terminal propeptide, or can be linked to the C-termunal propeptide via a linker, such as a linker
comprising glycime-X-Y repeats, wherein X and Y and mdependently any amino acid and
optionally prolime or hydroxyproline.

[38]  Inany of the preceding embodiments, the protein can be soluble or do not directly bind
to a lipid hilayer, e g, a membrane or viral envelope.

381  In any of the preceding embodiments, the protein can bind to a cell surface receptor of a
subject, optionally wherein the subject 1s a mammal such as a primate, e g., human

[46]  In any of the preceding embodiments, the cell surface receptor ¢an be angiotensin
converting enzyme 2 (ACE2), dipeptidyl peptidase 4 (DPP4), dendritic cell-specitic ntercellular
adhesion molecule-3-grabbing non mntegrin (BC-SIGN), or hiver/lymph node-SIGN {(L-SIGN).

[41]  In any of the preceding embodiments, the C-terminal propeptide can be of human
collagen.

[42]  In any of the preceding embodiments, the C-terminal propeptide can comprise a C-
terminal polypeptide of proal(l), proal{ll}, prog1{Iil), proal({V), proal (X1}, proa2(l}, proa2(V},
proo2(X1}, or proa3(Xl), or a fragment thereof

[431  In any of the preceding embodiments, the C-terminal propeptides can be the same or

different among the recombinant polypeptides.

(A%
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[44]  In any of the preceding embodiments, the C-terminal propeptide can comprise any of
SEQ ID NOs: 67-80 or an amino acid sequence at least 90% identical thereto capable of forming
inter-polypeptide disulfide bonds and trimerizing the recombinant polypeptides.

[45]  In any of the preceding embodiments, the C-terminal propeptide can comprise a
sequence comprising glveine-X-Y repeats {e.g., linked to the N-terminus of any of SEQ ID NOs:
67-80), wherein X and Y and independently any anuno acid and optionally proline or
hydroxyproline, or an amino acid sequence at least 90% identical thereto capable of forming inter-
polypeptide disulfide bonds and trimerizing the recombinant polypeptides.

[46]  In any of the preceding embodiments, the surface antigen in each recombinant
polypeptide can be n a prefusion conformation.

[47]  In any of the preceding embodiments, the surface antigen in each recombinant
polypeptide can be i a postfusion conformation.

[48]  In any of the preceding embodiments, the surface antigen in each recombinant
polypeptide can comprise any of SEQ D NOs: 27-66 or an amuno acid sequence at least 80%
identical thereto.

[48]  In any of the preceding embodiments, the recombinant polypeptide can comprise any of

SEQ ID NOs: 1-26 or an amino acid sequence at least 80% identical thereto.

Brief Description of the Drawings

[86] FIG. 1 shows structural features of an exemplary 5-Trimer. {A) Schematic illustration of
the structural domains of 8-Trimer and (B} s trimeric and covalently-linked three-dimensional
conformation.

[S1]  FIG. 2 shows results of an exemplary S-Trimer antigen-based SARS-CoV-2 antibody
test in ELISA format.

[82]  FIG. 3 is adapted from Posthuma-Trumpie et al., Anal Bicanal Chem (2009} 393:569-
582 and shows an exemplary lateral flow immunoassay (LFIA} in sandwich format. Nanoparticle
labelled analyte-binding agent 1 13 dried at the conjugate release pad. Analyte-binding agent 2 may
be sprayed at the test hine {(T). A contirol is sprayed at the control line (C). Sample flows from the

sample pad to the conjugate pad and into the membrane. Strips are mounted 1n a device for
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protection and easter handling. Either analyte-binding agent 1 or analyte-binding agent 2 may be an
S-Trimer that binds to S-reactive antibodies in COVID-19 patient sera.

[83]  FIG. 4 15 adapted from Posthuma-Trumpie et al., Anal Bivanal Chem (2009} 393:569-
582 and shows an exemplary lateral flow (immuno)assay in tube format where the conjugate 1s
dehydrated 1n a test tube. Tube and strip are stored 10 a sealed alunmunum pouch and a desiccant. To
run the test, sample (and buffer) are pipetied into the test tube, conjugate is dissolved and the strip 15
mnserted. Response at the test hine (T) 15 dependent on the analyte concentration; response at the
coutrol line (C) mdicates a proper flow through the merobrane.

[84]  FIG. 8 shows results of an exemplary S-Trimer antigen-based SARS-CoV-2 antibody
test for IgM and TeG.

[85]  FIG. 6 shows results of an exemplary S-Trimer antigen-based SARS-CoV-2 antibody
test for Ig(s and neutralizing antibodies.

[56] FIG. 7 shows lateral flow assay results of serially diluted samples of a convalescent
serumn using either an S-Trimer (FIG. 7, upper panel) or an S1-Trimer (FEG. 7, lower panel) as the
antigen.

[87]  FIG. 8 shows lateral flow assay results of multiple samples of convalescent sera using
either 3 prototypic SARS-CoV-2 S-Trimer (FI{. 8, upper panel) or a B.1.351 South African variant

S-Trimer {(FI1G. 8, lower panel) as the antigen.
Detailed Description

[58]  Pownt-of-care assays are generally designed to detect an analyte based on a structural
feature of that analyte. An example of such an assay 1s a lateral flow immunoassay. Lateral flow
immunoassays are widely used as point-of-care tests across multiple industry sectors, including

g, animal health testing, and food

fe=2d

healthcare diagnostics, disease diagnostics, environmental testin
and feed testing. Most lateral flow assays use either a sandwich format or a competitive format
{Dzantiev et al., TrAC Trends in Analytical Chemistry, 55, 2014, Sand et al., Journal of Saudi
Chemical Society, 19, 2015). In an exemplary sandwich format, primary antibodies specificto a
target analyte are immobilized at a test line and labeled antibodies specific to the target analyte are
ioaded 1n a section of the test strip upstream of the test line. When sample containing the analyte 1s

applied to the test strip, the analyte 1s captured by the labeled antihodies and flows towards the test

~J
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line. The immobilized antibodies at the test line then capture the analvte complexed with the labeled
antibody, thereby forming a detectable sandwich with the analyte The test strip may also contain a
control hine with an immobilized secondary antibody, wherein the labeled antibodies that pass the
test line are captured at the control line to ensure proper operation of the test strip. The intensity of
color at test hine corresponds to the amount of target analyte and can be measured with either an
optical strip reader or visual inspection. Competitive formats are often used to examine low
molecular weight cormpounds which are too small to bind to two antibodies simultaneously, have
two general layouts. In the first layout, the test strip has a test line containing an immobilized
analvte {the same as being detected), a control line contaning an mmobilized secondary antibody,
and a mobile labeled antibody specific to the analyie loaded in the test strip upstream of the test line.
When a sample containing the analyte 15 applied to the test strip, the mobile labeled antibodies form
complexes with the analyte. As the complexes travel down the test sirip, the analyte 1s not bound at
the test line and mstead 1s bound at the control hine by the immobilized secondary antibodies. When
the analyte is not present, the mobile labeled antibodies bind to the timmobilized analyte at the test
line. In a second layout, the test strip has a test line containing an immobilized antibody specific to
the analyte, and a mobile labeled analyte (the same as being detected)} loaded in the test strip
upstream of the test line. When a sample containing the analyte 1s applied to the test strip, the
mobile labeled analvie competes with the analyte for binding with the immobilized antibodies in the
test line and thus less mobile labeled analyte is bound at the test line. Li e al., Analvtical Chemistry,
33, 2011,

[89]  In the present disclosure, instead of antibodies, coronavirus 8 protein fusion peptides
(e.g., S-Trimer, NTD/RBD-Trimer, S1-Trimer, 82-Trimer, RBD-Trimer, etc.) are used, e.g., in
order to detect analytes, such as antigen specific antibodies that recognize the S protein fusion
peptides and/or neutralizing antibodies against the viruses {e.g., antibodies that block virus
mteraction with its cellular receptor(s)).

(661  All publications, including patent documents, scientific articles and databases, referred
to in this application are incorporated by reference in their entirety for all purposes to the same
extent as if each individual publication were individually incorporated by reference. If a definition

set forth herein is contrary to or otherwise inconsistent with a definition set forth in the patents,
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applications, published applications and other publications that are herein incorporated by reference,
the definition set forth herein prevails over the definition that i1s incorporated herein by reference.
The section headings used herein are for organizational purposes only and are not to be construed as

hmuting the subject matter described.
L Viral Antigens and Immunogens

[61]  The proteins provided herein comprise coronavirus viral antigens and immunogens. The
coronavirus viral antigens and immmunogens contemplated herein are capable of promoting or
stimulating a cell-mediated response and/or a humoral response. In some embodiments, the
response, e.g., cell-mediated or humoral response, comprises the production of antibodies, e.g.,
neutralizing antibodies. In some embodiments, the coronavirus viral antigen or immunogen 15 an
coronavirtus S protein peptide.

[62] Coronavirus 13 a family of positive-sense, single-stranded RNA viruses that are known
to cause severe respiratory iliness. Viruses currently known to infect human from the coronavirus
family are from the alphacoronavirus and betacoronavirus genera. Additionally, it 1s believed that
the gammacoronavirus and deltacoronavirus genera may infect humans in the future. Non-limiting
examples of betacoronaviruses include Middle East respiratory syndrome coronavirus {(MERS-
CoV}, Severe Acute Respiratory Syndrome coronavirus {SARS-CoV}, Human coronavirus HKUT
(HKU1-CoV), Human coronavirus 0C43 (0C43-CoV), Murine Hepatitis Viras (MHV-CoV), Bat
SARS-like coronavirus WIV1 (WEIV1-CoV), and Human coronavirus HKUY9 (HKUS-CoV). Non-
fimiting examples of alphacoronaviruses include human coronavirus 229E (229E-CoV), human
coronavirus NL63 (NL63-CoV), porcine epidemic diarrhea virus (PEDV), and Transmissible
gastroenteritis coronavirus (TGEV). A non-limiting example of a deltacoronaviruses is the Swine
Delta Coronavirus (SBCV).

[63] A hist of Severe acute respiratory syndrome-related coronavirus is disclosed herein:

= Bat coronavitus Cp/YunnanZi11
= Bat coronavirus BaTG13
= Hat coronavirns Ro/Shaama2Olid

o Bat SARS coronavirgs HKU3

s Bat SARS coronsvirus HK13-1
s Bai SARS coronavirus HKU3-10

9
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«  Bat SARS coronavirgs HKU3-
«  Dat SARS coronagvirys HKLU3-
«  Dat SARS coronagvirys HKLU3-
s Dat SARS coronavirus HKU3-2
«  Dat SARS coronavirys HKU3-3
s Dat SARS coronavirys HKU3-4
s Dat SARS coronavirus HKU3-8
s Dat SARS coronavirus HKU3-6
s Dat SARS coronavirus HKU3-7
s Dat SARS coronavirus HKU3-8
= Bai SARS coronsvirys HKU3.9

i1
12
13
o

= Bat SARS coronavirus Bol
= Bat SARS coronavirus Ro2

o Bat SAKRS CoV RBE1/2004
«  Bat CoV 273/2005

o Bat SARS CoV Bml/ /2004
o Bat CoV 27972005

«  Bat SARS CoV Ep3d/2004

«  Bar SAKS-like coronavirus

«  Bar SAKS-like coronavirgs Rs3347

= Bap SARS-Like coronavirgs ReSHC 014
«  Bar SAKS-like coronavirgs WiIVE

«  Bai SARS-Hke coronavitus YNLF 31C
«  Bai SARS-Hke coronavitus YNLF 34C
«  BiR{&EBemrCoV/HeBI0S

«  BiR&EBetaCoV/ALZ012

«  BiR&GBetaCoV/SX2013

s BiRs-BetaCoV/GXI013

= BiRs-BetaCoV/HuB2013

s BiRs-BetaCoV/YNIOL3

s Civet SARS Co¥V 00772004

= Civet SARS CoV SE16/2003

s Civet SARS CoV 82372003

I

o recombinant SARS-CoV¥
«  SARS coronavirus ExoNi
o« SARS coronavirus MALS
s SARS goronavivus MALS ExoNT
s SARS coronavirus whie-MB

= Ehinolophus affinis coronavirus
«  SAKS bat coronavirus

10
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= SARS coronavirus AQOL

= SARS coronavirus A0L3

= SARS coronavirus A2

= SAKRS coronavirus AQ2Z

= SAKRS coronavirus AQ30

= SAKRS coronavirus AQ31

s SARS caranavirus AS

= SAKRS coronavirus BO12

= SAKRS coronavirus BO24

= SAKRS coronavirus BO2%

s SARS coronavirus BO33

s SARS coronavirus BO3S

s SARS coronavirus BO4G

s SARS coronavirus BIOT

s SARS coronavirus BI02

= SARS coronavirus BI03

= SARS coronavirus BID4

= SARS coronavirus Biis2

= SARS coronavirus BIIR2-12
= SARS coronavirus BI1R2-4
= SARS coronavirus BIIR2-R
= SARS coronavirus BI182a
= SARS coronavirus BHS2b
= SARS coronavirus Bi202

= SARS coronavirus £014

= SARS coronavirus £017

= SARS coronavirus £018

= SARS coronavirus £019

= SARS coronavirus C025

= SARS coronavirus 028

= SARS coronavirus £029

= SARS Coronavirus CROFZ00301157
= SARS coronavirus civetlo

= SARS coronavirus civetl4d

= SARS coronavirus civetls

= SARS corponavirus civetlzo

= SARS coronavirus £521

»  SARS coronavirus £524

» SARS coronavius CUHE-AGH
«  NARS coronavirus CUHE-AGO?
= NARS coropavius CUHE-AGOS
= NARS coronavius CUHR-LZ

11
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¢« SAKRS coronavirus CUHK-Sulf
= SAKRS coronavirus CUHK-W

= SARS coronavirus owta’?

= SARS coronavirus owl4as

= SARS coronavirus BSTO1

s SARS coronavirus BES260

= SAKRS coronavirus FRA

o SARS coronavirus Frankfurt 1
«  SARS corongvirus Frankfurti 01

«  SAKRS coronavirus GDOY

«  SARS coronavirus GDO3TON13
s SARS coronavirus G322

¢« SAKRS coronavirus GDGO

¢« SAKRS coronavirus GDH-BIHG!
¢« SAKS coronavirus GE-A

= SAKS coronavirus GE-B

«  SAKRS coronavirus GE-C

¢« SAKRS coronavirus GE-D

s SARS coronavirus GEO2

s SARS coronavirus GEO401
s SARS coronavirus Gaoag?
= SARS coronavirus Gao403

= SAKRS coronavirus G243
= SARS coronavirus GEA0
= SARS coronavirus G£60
= SAKRS coronavirus HB

= SAKRS coronavirus HO/SZ/61/03

= SARS coronavirus HGABLI-A

= SARS coronavirus HGASLI-B

= SARS coronavirus HGARL 2

= SARS coronavirus HHS-2004

= SARS coronavirus HEU-36871

= SARS coronavirus HEU-39849

= SARS coronavirus HKU-63806

= SARS coronavirus HRU-660738

= SARS coronavirus Hong Eong/(3/2003
= SARS coronavirus HPZA-2063

= SARS coronavirus HRSR 1

= SARS coronavirus HRZA-A

= SARS coronavirus HSZ-Bb

= SARS coronavirus HNZ-Be

= SARS coronavirus HRZ-Ch

= SARS coronavirus HEZ-Co

.}4

12
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¢« SAKRS coronavirgs HSZ2-A

= SARS coronavirus HESZ2-Bh
= SAKRS coronavirus HEZS2-C

= SAKRS coronavirus HESZ2-D

= SARS coronavirus HESZ2-BE

= SAKRS coronavirus HESZ-Fh
= SAKS coronavirus HESZ2-Fe
= SAKRS coronavirus JMB

= SAKRS coronavirus L

= SAKRS coronavirus LCZ

= SARS coronavirus LO3

= SARS coronavirus LO4

= SARS coronavirus LS

= SARS coronavirus LLI-2004
s SARS coronavirus NR-1

= SARS coronavirus P2

= SARS coronavirus PO4-1135
= SARS coronavirus FC4-127
= SARS coronavirus PC4-13

= SARS coronavirus PC4-136
= SARS coronavirus PC4-137
= SARS coronavirus PC4-145
= SARS coronavirus PC4-199
= SARS coronavirus PC4-205
= SARS coronavirus PC4-227
= SARS coronavirus PC4-241

= SARS coronavirus PUMODE
= SARS coronavirus PUMOO2
= SARS coronavirus PUMOOR
s SARS coronavirus Bs 672/2006
= SARS coronavirus siDos

= SARS coronavirus sf09

= SARS coronavirus ShanchaiGXCl
= SARS coronavirus ShanchaiQXC2
= SARS coronavirus Shanheai LY
= SARS coronavirus 5in(409

= SARS coronavirus 5in2500

+  SARS coronavirus Sin2677

= SARS coronavius Sin2a79

= SARS coronavirus Sin2748

= SARS coronavius Sin2 774

= SARS coronavirus Sin3408

= NARS coronavirus Min3408L
= NARS coronavirus din372sy
= NARS coronavirus dini37oesy
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e SARS coronavirus Sin&4?

= SARS coronavirus Sing4as

= SARS coronavirus Sin846

= SARS coronavirus Sing47

= SARS coronavirus Sing4d

s SARS coronavirus Sing49

= SARS coronavirus Sin830

s SARS coronavirus Singa?

= SARS coronavirus S _WHNY

= SAKRS coronavirus Sinel-1i

= SARS coronavirus Sing3-1i

s SARS coronavitus SinPl

s SARS coronavitus SinP2

s SARS coronavirus SinF3

s SARS coronavirus SinP4

= SARS coronavitus SinPSs

= SARS coronavirus Sold

= SARS coronavirus 8721

= SARS coronavirus 8213

= SARS coronavirus Taiwan

= SARS coronavirus Tatwan JC-2003
= SARS coronavirus Taiwan TCl
= SARS coronavirus Taiwan TC2
= SARS coronavirus Taiwan TC3
= SARS coronavirus TI01

= SARS coronavirus TIF

= SARS coronavirus Tor2

o SARS coronavirus TW
= SARS coronavirus TW-GDH
= SARS corongvirus TW-GER2
= SARS coronavirus TW-GI3
= SARS coronavirus TW-GR4
= SARS coronavirus TW-(GES
= SARS coronavirus TW-HPI
= SARS coronavirus TW-HP2
= SARS coronavirua TW-HP3
= SARS coronavirus TW-HP4
s SARS coronavirus TW-IC2Z
= SARS coronavirus TW-KC3
= SARS coronavirus TW-KC3
= SARS coronavirus TW-PHI
= SARS coronavirus TW-PH2
= SARS coronavirus TW-Y M1
= SARS coronavirus TW-YM2
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«  SARS corpnavirus TW-Y M3
«  SARS coronavirus TW-YhM4
= SAKS coronavirgs TW1
e SARS coronavirus TW10
e SARS coronavirus TW11
¢« SAKS coronavirus TWZ2
o SAKS coronavirgs TW3
¢« SAKS coronavirgs TW4
¢« SAKS coronavirus TWS
= SAKRS coronavirus TWa
= SAKRS coronavirus TW7
= SAKS coronavirus TW8
= SAKRS coronavirus TWY
= SAKRS coronavirus TWC
s SARS coronavirus TWC2
s SARS coronavirus TWC3
= SAKRS coronavirus TWH
= SAKRS coronavirus TWI
= SAKRS coronavirus TWK
s SARS coronavirus TWER
s SARS coronavirus TWY
= SARS coronavirus Urbam
s SARS coronavirus Vielnam
s SARS coronavirus WEIES
= SARS coronasvirus WH2O
= SARS coronavirus WHL
= SARS coronavirus xwiioz
= SARS coronavirus 2101
= SARS coronavirus 2102
= SARS coronavirus ZI0301
= SARS coronavirus FMY 1
= SARS coronavirus £58-4
= SARS coronavirus £5-B
= SARS coronavirus Z8-C
= SARS-related bat coronavirus BsSHCQ4
= SARS-relared betacoronavirus Re3/2004
= Sgvere acute rospusatory svndrome coronavirus 2
[64]  Exemplary SARS CoV-2 strains are shown in the table below.
Mame/Designation Distribution Notable impact Sequence
Mutation(s)
D614G Worldwide D614G Increased PODTC2
mfectivity |
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Dominant
circulating
since June 2020
B117 301Y.Vi UK/Worldwide D614G, N501Y, | Increased B1.17
(nearly dominant | P681H mfectivity Lincages
in US)
B.1.351 SO0LV2Z, or | South Africa N5OLY, Increased B.1.351
N501Y V2 E484K*, infectivity, Lineages
K417N *escape
mutation ™
B.1.1.248 | Pi Brazil N501Y, Increased P1 Lineages
E484K*, K417T | infectivity,
*escape
muiation”®
[65]  The coronavirus viral genome 1s capped, polyadenylated, and covered with nucleocapsid

proteins. The coronavirus virion includes a viral envelope contaiming type 1 fusion glycoproteins

referred to as the spike (8} protein. Most coronaviruses have a common genome organization with

the replicase gene included in the 3'-portion of the genome, and structural genes included in the 3'-

portion of the genome.

[66]

Coronavirus Spike (5) protein s class I fuston glycoprotein iitially synthesized as a

precursor protein. Individual precursor 8 polypeptides form a homotrimer and undergo

glycosvlation within the Golgt apparatus as well as processing to remove the signal peptide, and

cleavage by a cellular protease to generate separate S1 and S2 polypeptide chains, which remain

associated as 51/52 protomers within the homotrimer and 1s therefore a trimer of heterodimers. The

S1 subunit 1s distal to the virus membrane and contains the receptor-binding domain (RBD} that

mediates virus attachment to its host receptor. The 82 subunit contains fusion protein machinery,

such as the fusion peptide, two heptad-repeat sequences (HRI1 and HR2) and a central helix typical

of fuston glycoproteins, a transmembrane domain, and the cytosolic tail domain.

[67]

In some cases, the coronavirus viral antigen or immunogen is a coronavirus S protein

peptide m a prefusion conformation, which is a structural conformation adopted by the ectodomain

of the coronavirus S protein following processing into a mature coronavirus S protein in the

secretory system, and prior to triggering of the fusogenic event that leads to transition of

coronavirus S to the postfusion conformation. The three-dimensional structure of an exemplary
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coronavirus S protem (HKU1-CoV) in a prefusion conformation is provided in Kirchdoerfer et al |
“Pre-tfusion structure of a human coronavirus spike protein,” Nature, 531: 118-121, 2016.

[68]  In some cases, the coronavirus viral antigen or immunogen comprises one Or more
amino acid substitutions, deletions, or insertions compared 1o a vative coronavirus N sequence that
provide for increased retention of the prefusion conformation compared to coronavirus 8
ectodomain trimers formed from a corresponding native coronavirus S sequence. The
“stabilization” of the prefusion conformation by the one or more amino acid substitutions, deletions,
or insertions can be, for example, energetic stabilization (for example, reducing the energy of the
prefusion conformation relative to the post-fusion open conformation) and/or kinetic stabilization
{for example, reducing the rate of transition from the prefusion conformation to the postfusion
conformation}. Additionally, stabilization of the coronavirus 8 ectodomain trimer in the prefusion
conformation can include an ncrease in resistance to denaturation compared to a corresponding
native coronavirus 3 sequence. Methods of determining if a coronavirus § ectodomaimn trimer 1s in
the prefusion conformation are provided herein, and inclade (but are not limited to) negative-stain
electron microscopy and antibody binding assays using a prefusion-conformation-specific antibody.

[68]  In some cases, the coronavirus viral antigen or immunogen 15 a fragment of an S protemn
peptide. In some embodiments, the antigen or immunogen is an epitope of an S protein peptide.
Epitopes include antigenic determunant chemical groups or peptide sequences on a molecule that are
antigenic, such that they elicit a specific immune response, for example, an epitope 1s the region of
an antigen to which B and/or T cells respond. An antibody can bind to a particufar antigenic epitope,
such as an epitope on coronavirus S ectodomain. Epitopes can be formed both from contiguous
amino acids or noncontiguous amino acids juxtaposed by tertiary folding of a protein. In some
embodiments, the coronavirus epitope 1s a linear epitope. In some embodiments, the coronavirus
epitope is a conformational epitope. In some embodiments, the coronavirus epitope 1s a neutralizing
epitope site. In some embodiments, all neutralizing epitopes of the coronavirus S protein peptide or
fragment thereof are present as the antigen or immunogen.

[76]  In some cases, for example when the viral antigen or immunogen 1s a fragment of an S
protein peptide, only a single subunit of the § protein peptide is present, and that single subunit of
the S protein peptide is trimerized. In some embodiments, the viral antigen or immunogen

comprises a signal peptide, an 81 subunit peptide, an S2 subunit peptide, or any combination
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thereof. In some embodiments, the viral antigen or immunogen comprises a signal peptide, a
receptor binding domain (RBD) peptide, a receptor binding motif (RBM)) peptide, a fusion peptide
(FP), a heptad repeat | (HR1) peptide, or a heptad repeat 2 (HR2) peptide, or any combination
thereof. In some embodiments, the viral antigen or immunogen comprises a receptor binding
domain {RBD) of the S protein. In some embodiments, the viral antigen or immunogen comprises
an 51 subunit and an 82 subunit of the S protein. In some embodiments, the viral antigen or
imunogen comprises an ST subunit of the § protein but not an 82 subunit. In some embodiments,
the viral antigen or immunogen comprises an S2 subunit of the S protein but not an 81 subunit. In
some embodiments, the viral antigen or immunogen s free of a transmembrane (TM} domain
peptide and/or a cytoplasm (CP) domain peptide.

[71]  In some embodiments, the viral antigen or immunogen comprises a protease cleavage
site, wherein the protease is optionally furin, trypsin, factor Xa, or cathepsin L.

[72]  In some embodiments, the viral antigen or immunogen 1s free of a protease cleavage site,
wherein the protease s optionally furin, trypsin, factor Xa, or cathepsin L, or contains a mutated
protease cleavage site that 1s not cleavable by the protease.

731  In some embodiments, the viral antigen or immunogen 15 a SARS-CoV-2 antigen
comprising at least one SARS-LCoV-2 protein or fragment thereof. In some embodiments, the
SARS-CoV-2Z antigen 1s recognized by SARS-CoV-2 reactive antibodies and/or T cells. In some
embodiments, the SARS-CoV-2 antigen 15 an inactivated whole virus. In some embodiments, the
SARS-CoV-2 antigen comprises 1s a subunit of the virus. In some embodiments, the SARS-CoV-2
antigen comprises a structural protein of SARS-CoV-2 or a fragment thereof. In some embodiments,
the structural protein of SARS-CoV-2 comprises one or more of the group consisting of the spike
{S) protein, the membrane (M) protein, nucleocapsid (N} protein, and envelope (E) protein. In some
embodiments, the SARS-CoV-2 antigen comprises or further comprises a non-structural protein of
SARS-CoV-2 or a fragment thereof The nucleotide sequence of a representative SARS-CoV-2
isolate (Wuhan-Hu-1) 1s set forth as GenBank No. MN908947.3 (Wu et al,, Nature, 579:265-269,
2020,

[74]  Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 55, In some embodiments, the viral antigen or immunogen comprises an aming

acid sequence having at least or about 80%, 85%, 90%, 92%., 95%, or 97% sequence identity to
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sequence of SEQ ID NO: 55 shown below {underlined sequence indicating the receptor-binding
motif (RBM) within the receptor binding domain (RBD) from Thi333-Gly526, bolded). In some
embodiments, the viral antigen or immunogen comprises an RBD-Trimer, for example, a SARS-

CoV-2 RBD sequence linked to any of SEQ ID Nos: 67-80

20 40 50 60
LTTRIQLPRAYINSEFIRGVYYPDRVERSSVLASTQDLFLEFES
) 9% 120
'L MHV;PﬁN G\ LIV
5 lQO ) 180
EFRVYSSANNCTFREYVSQPEFLMDLE
220 240
NLVRDLPQGE SALEPLVDLE BQT
280 300
¥ LLKYNENGTITD ¥
3 330 340
CTLKSFIVERGIYQTSNFRVOPIESIVRFPN I TNLCPEFGEVENATRFASVYAWNRERI SN
370 380 390 400 41C 420
CVADYSVLYNSASESTFRCYGVESPTRLNDLCETRVYADSEFVIRGDEVROIAPGOTGEIAD
430 440 450 460 470 480
YNYKLPDDEFTGCVIAWNSNNLDSKVGEN YNYLYRLEFRKSNLEKPFERDISTEIYOAGETPC
490 500 510 520 530 540
NEVEGEFNCYFPLOSYGFQP TREVEYOP YRVVVLSFELLHAPATVCGPKKSTNLVENKCVN
550 560 570 580 600
ENENGLTGTGVLITESNKKFLPFQOFGRDIADTT LAVQDP“lhhiLDl SEGGVEVITE
210 62.0 630 640 660
CSNQVAVLYODVNCTEVPVATHADQLTRP TWRVY STGSNVEQTRAGCLIGARHVNNSY
670 6380 690 700 710 720
ECDIPIGAGICASYQT QlksPRRARvVﬁCQQITAYT1%1CAh”SVA{ S LATRTNETI
730 740 760 77 780
SVITEILPVIMIKISVDCTIMY ICGDE : SECTOLNRALIGIAVEQDENTQORE
790 800 820 830 840
VFAQVEQIYKTPP IKDEG PDPSKP SKRSEF IEDLLENKVILADAGF IKQYGDC
8EO €6 870 880 890 300
LEDIAARDLICAQKENGLIVLPPLLTIDEMIAQYISALLAGTITSCWIFGAGAALQIPEFAM
210 920 330 240 950 960
OMAYRENGIGVIQNVLYENQKL 2 SSTASALGKI LN
970 980 O
TLVKQOLSSNFGAISSVLNDILSRLDKVE G
1030 1040 l =
SANLAATKMSECVLGRSKRVDEFCGRGYRL
1080 1] 114¢
ICHDGKAHEFPREGVEVSENG! GIVNNIVYDP
1150 1200
LOPELDSFREELDKYFKNHISPDVDLGDISGINA Vth”KETURLBFVRFW‘TFSLIDL
1210 : 1230 1240 1250 1260
QELGRKYEQYIKWPWY IWLGE TAGLIALVMVIIMLCCMISCCSCLKGCCESCGSCCEFDEDD
1270
SEPVLKGVKLEYT

[751  In some embodiments, the viral antigen or immunogen comprises a sequence of the
spike glycoprotein of the original Wuhan-Hu-1 coronavirus {e.g., NC 045512} In some
embodiments, the viral antigen or immunogen comprises a sequence of the spike glycoprotein of a

virus in the B.1.526 lineage. In some embodiments, the viral antigen or immunogen comprises a
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sequence of the spike glycoprotein of a Cluster 5 (AFVI-spike) virus. In some embodiments, the
viral antigen or immunogen comprises a sequence of the spike glycoprotein of a virus inthe B.1.1.7
lineage. In some embodiments, the viral antigen or immunogen comprises a sequence of the spike
glycoprotein of a virus in the B.1.1.207 lineage. In some embodiments, the viral antigen or
wmmunogen comprises a sequence of the spike glycoprotein of a virus mthe B.1.1.317 lineage. In
some embodiments, the viral antigen or immunogen comprises a sequence of the spike glycoprotein
of a virus in the B.1.1.318 lineage. In some embodiments, the viral antigen or immunogen
comprises a sequence of the spike glycoprotem of a virus in the P.1 lineage In some embodiments,
the viral antigen or immunogen comprises a sequence of the spike glycoprotein of a virus in the
B.1.351 ineage. In some embodiments, the viral antigen or immunogen comprises a sequence of
the spike glycoprotein of a virus in the B.1.429/CAL 20C lineage. In some embodiments, the viral
antigen or imimunogen comprises a sequence of the spike glycoprotein of a virus 1 the B.1.525
hineage. In some embodiments, the viral antigen or immunogen comprises a sequence of the spike
glycoprotein of 8 virus in the B.1.526 lineage. In some embodiments, the viral antigen or
immunogen comprises a sequence of the spike glyvcoprotein of a virus in the B.1.617 lineage. In
some embodiments, the viral antigen or immunogen comprises a sequence of the spike glvcoprotein
of a virus in the B.1.617.2 lineage. In some embodiments, the viral antigen or immunogen
comprises a sequence of the spike glycoprotein of a virus in the B.1.618 lineage. In some
embodiments, the viral antigen or immunogen comprises a sequence of the spike glycoprotein of a
virus int the B.1.620 lineage. In some embodiments, the viral antigen or immunogen comprises a
sequence of the spike glycoprotein of a virus in the P.2 lineage. In some embodiments, the viral
antigen or immunogen comprises a sequence of the spike glycoprotein of a virus in the P.3 lineage.
In some embodiments, the viral antigen or immunogen comprises a sequence of the spike
glycoprotein of a virus in the B.1.1.143 lineage. In some embodiments, the viral antigen or
mmunogen comprises a sequence of the spike glycoprotein of a virus in the A 23.1 lineage. In
some embodiments, the viral antigen or immunogen comprises a sequence of the spike glycoprotein
of a virus in the B.1.617 lineage. In some embodiments, the viral antigen or immunogen comprises
sequences derived from the spike glycoproteins of any two or more viruses, in any suitable
combination, selected from the group consisting of Wuhan~-Hu-1, a virus in the B.1.526 lineage, a

virus in the B.1.1.7 lineage, a virus in the P.1 lineage, a virus in the B.1.351 lineage, a virus in the
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P2 hineage, a virus in the B.1.1.143 lineage, a virus in the A 23.1 lineage, and a virus in the B.1.617
lineage.

[76]  In some embodiments, the viral antigen or immunogen comprises E484K and/or S477N,
eg., as inabB.1.526 variant. In some embodiments, the viral antigen or immunogen comprises
A400-402 (AFVI), e.g, as in a Cluster 3 (AFVI-spike) variant. In some embodiments, the viral
antigen or immunogen comprises AG9-70 (AHV), Al44 (AY), N301Y, A370D, D614G, P681TH,
T7161, S982A, and/or DI11I8H, eg, as ma B.1.1.7 vanant. In some embodiments, the viral
antigen or immunogen comprises P681H, e.g, as ma B.1.1.207 variant. In some embodiments, the
viral antigen or immunogen comprises L18F, T20N, P26S, DI38Y, RI1908, K417T, E484K, N501Y,
D614G, HoS5Y, T10271, and/or VI1T6F, eg., as ina P.1 vanant. In some embodiments, the viral
antigen or immunogen comprises BE484K, e.g , as m a P.2 variant. In some embodiments, the viral
antigen or immunogen comprises E484K and/or NSO1Y, eg., as ina P.3 variant. In some
embodiments, the viral antigen or immunogen comprises LI8F, DBOA, D215G, A242-244 (ALAL),
R2461, K417N, E484K, N501Y, D614G, and/or A701V, e.g., as ina B.1.351 vanant. In some
embodiments, the viral antigen or immunogen comprises S131, W152C, and/or L452R  eg,asina
B.1.429/CAL 20C varant. In some embodiments, the viral antigen or immunogen comprises AG9-
70 {AHV), E484K, and/or F888L, e g, as ina B.1.525 variant. In some embodiments, the viral
antigen or immunogen comprises (31420, 1452R, 484, and/or PO8IR, eg.,asina B.1.617
variant. In some embodiments, the viral antigen or immunogen comprises G142D, L452R, and/or
POBIR, eg,asnaB.1.617.2 variant. In some embodiments, the viral antigen or immunogen
comprises F484K, ¢g, as ina B.1.618 variant. In some embodiments, the viral antigen or
immunogen may comprise a fusion polypeptide {protomer) comprising any one or more of the
aforementioned mutations in any suitable combination. In some embodiments, the viral antigen or
immunogen may comprise a trimer of three fusion polypeptides, and any of the three protomer
fusion polypeptides may comprise any one or more of the aforementioned mutations in any suitable
combimation. In some embodiments, two or all three of the three protomer fusion polypeptides
forming a trimer may comprise different mutations and/or different combinations of mutations in
each protomer. In some embodiments, the viral antigen or immunogen may comprise a nmixture of
trimers, and each trimer may comprise different mutations and/or different combinations of

mutations.
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{77  In some embodiments, the viral antigen or immunogen comprises any one, two, three,
four, five or more of the mutations selected from the group consisting of mutations {e.g.,
substitution(s), deletion{s} and/or insertion(s)) at amino acid positions 13, 18, 20, 26, 69, 70, 80, 138,
142, 144, 152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 301, 570, 614,
655, 681, 682, 683, 634, 685, 701, 716, 888, 982, 1027, 1118, and 1176 of SEQ ID NO: 55. In
some embodiments, the viral antigen or imimunogen comprises any one, two, three, four, five, six,
seven, eight, or all of the mutations selected from the group consisting of mutations {(e.g.,
substitution(s), deletion{s) and/or imsertion(s}) at amino acid positions 440, 4352, 477, 484, 501, 614,
655, 681, and 701. In some embodiments, the viral antigen or immunogen comprises a chimeric
polypeptide comprising sequences from different viruses, such as one or more mutations from a first
variant of a coronavirus and one or more mutations from a second variant of the coronavirus that 1s
different from the furst vaniant. In some embodiments, such a chimeric viral antigen or immunogen
{or a combination of chimeric viral antigens or immunogens) may be used to elicit a broad immune
response against both the first and second vanants of the coronavirus. In some embodiments, such
a chimeric viral antigen or immunogen {or a combination of chimeric viral antigens or immunogens)
may be used as an antigen for sensitive detection of an analyte (e.g., SARS-CoV-2 antibodies such
as 1gG, 1gM, and/or IgE that neutralize the virus) that binds to the viral antigen or immunogen, e.g.,
i an ELISA or lateral flow assay.

[78] In some embodiments, the viral antigen or immunogen comprises any one, two, three,
four, five or more of the mutations selected from the group consisting of S131, L18F, T20N, P268S,
A69-70 (AHV), D8OA, D138Y, G142D, Aldd (AY), W152C, R1908, D215G, A242-244 (ALAL),
R2461, A400-402 (AFVD), K417T, K417N, N440K, L452R, S477N, $477G, E434K, E484Q,
N501Y, AS70D, D614G, H635Y, P681H, P6SIR, R682G, R6838, R685G, AT01V, T7161, F88]L,
SO82ZA, T10271, D1118H, and V1176F. In some embodiments, the viral antigen or immunogen
comprises any one, two, three, four, five or more of the mutations selected from the group
consisting of N440K, L452R, S477G, S477N, E484K, F484(, N501Y, D614G, H655Y, P681H,
P6RIR, and A701V.

[79]  In some embodiments, the SARS-CoV-2 antigen comprises a truncated, 8 protein devoid
of signal peptide, transmembrane and cytoplasmic domains of a full length S protein. In some

embodiments, the SARS-CoV-2 antigen is a recombinant protein, while in other embodiments, the
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SARS-CoV-2 antigen is purified from virions. In some preferred embodiments, the SARS-CoV-2
antigen 1s an isolated antigen.

[80]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 27, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 27, imcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ ID NGO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 27 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.

[81]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 28, In some embodiments, the viral antigen or immunogen COMprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 28, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a varant of
SEQ ID NO: 28 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440K, L432R, S477N, 477G, B484K, H484(), N501Y, AS70D, D614G, HoS5Y, PoR1H,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.
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[821  Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ D NO: 29, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 29, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NGO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 29 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.

[83]  Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 30, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 30, mcluding a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a varant of
SEQ ID NO: 30 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.

[84]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth

i SEQ ID NO: 31, In some embodiments, the viral antigen or immunogen comprises an amino
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acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence 1dentity to sequence of SEQ
ID NO: 31, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 31 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.
[85] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 32, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 32, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 32 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.
[86¢]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 33, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 8§6%, 87%, 88%, 89%,

90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
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1D NO: 33, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 33 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), D80OA, D138Y,
G142D, Aldd (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.
[87] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 34, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 34, imcluding a sequence comprising substitution, deletion, and/or mnsertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 34 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
G142D, Al44 (AY), W152C, R1908, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.
[88]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
i SEQ ID NO: 35, In some embodiments, the viral antigen or immunogen comprises an amino
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 35, including a sequence comprising substitution, deletion, and/or insertion at one or more

amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
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152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 35 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), D80OA, D138Y,
G142D, Aldd (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440OK, L4S2R, 847N, 8477G, FA84K, F4840, NS01Y, ASTOD, D614G, H655Y, P6S1H,
PoRIR, ROE2G, ROR3K, ROESG, AT0LV, TT161, FREEL, S982A, T10271, D1118H, and V1176F.
[8%] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 36, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 36, including a sequence comprising substitution, deletion, and/or insertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 36 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
G142D, Al44 (AY), W152C, R1908, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGSIR, R682G, R683S, R685G, AT01V, T7161, F88SL, SU82A, T1027L D1118H, and V1176F,
[9¢]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 37, In some embodiments, the viral antigen or immunogen comprises an amino
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 37, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
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SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 37 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), D80OA, D138Y,
G142D, Aldd (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440OK, L4S2R, 847N, 8477G, FA84K, F4840, NS01Y, ASTOD, D614G, H655Y, P6S1H,
PoRIR, ROE2G, ROR3K, ROESG, AT0LV, TT161, FREEL, S982A, T10271, D1118H, and V1176F.
[91]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 38, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 38, including a sequence comprising substitution, deletion, and/or insertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 38 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
G142D, Al44 (AY), W152C, R1908, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGSIR, R682G, R683S, R685G, AT01V, T7161, F88SL, SU82A, T1027L D1118H, and V1176F,
[92] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 39, In some embodiments, the viral antigen or immunogen COMprises an aming
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 39, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243 244 246, 400 401, 402, 417, 440,452 477, 484 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ 1D NO: 55). In some emnbodiments, the viral antigen or immunogen comprises a variant of

SEQ ID NO: 39 and the variant comprises any one, two, three, four, five or more of the mutations
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selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440OK, L4S2R, 847N, 8477G, FA84K, F4840, NS01Y, ASTOD, D614G, H655Y, P6S1H,
PGRIR, R682G, R683S, R685G, AT01V, T7161, FR88L, S982A, T10271, D1118H, and V1176F.
(93]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 40, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 40, including a sequence comprising substitution, deletion, and/or insertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ ID NGO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 40 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGSIR, R682G, R683S, R685G, AT01V, T7161, F88SL, SU82A, T1027L D1118H, and V1176F,
[94]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 41, In some embodiments, the viral antigen or immunogen cCOMprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 41, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a varant of
SEQ ID NO: 41 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A6S-70 (AHV), DB0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
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K417N, N440K, L452R, 847N, 8477G, FAS4K, B4840, N301Y, ASTOD, D614G, H655Y, P6S1TH,
PGRIR, R682G, R6]3S, R685G, AT01V, T7161, FRS]L, S982A, T10271, D1118H, and V1176F.
(93]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 42, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 42, imcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ ID NGO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 42 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.
[96] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 43, In some embodiments, the viral antigen or immunogen cCOmprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 43, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a varant of
SEQ ID NO: 43 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440K, L432R, S477N, 477G, B484K, H484(), N501Y, AS70D, D614G, HoS5Y, PoR1H,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.

30



WO 2021/249456 PCT/CN2021/099293

[971  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 44, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 44, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NGO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 44 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.

(98]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 45, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 45, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a varant of
SEQ ID NO: 45 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.

98]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth

in SEQ ID NO: 46, In some embodiments, the viral antigen or immunogen comprises an amino
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acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence 1dentity to sequence of SEQ
ID NO: 46, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 46 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,
142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.
[168]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 47, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 47, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 47 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P268, A69-70 (AHV), DEOA, D138Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.
[161] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 48, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 8§6%, 87%, 88%, 89%,

90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
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1D NO: 48, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 461, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 48 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), D80OA, D138Y,
G142D, Aldd (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440OK, L452R, 8477N, 8477G, BA84K, E4340, N501Y, ASTOD, D614G, H655Y, P681H,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and V1176F.
[162] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 49, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 49, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 49 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
G142D, Al44 (AY), W152C, R1908, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT), K417T,
KA417N, N440K, LA52R, S477N, §477G, B484K. E4840Q, NSO1Y, AS70D, D614G, H655Y, P6]TH,
POBIR, ROB2G, RO83S, R6BSG, AT01V, T7161, FE88L, S982A, T10271, D1118H, and V1176F.
[163] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 50. In some embodiments, the viral antigen or immunogen comprises an amino
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 50, including a sequence comprising substitution, deletion, and/or insertion at one or more

amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,

(a3
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152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ ID NO: 55). In some embodiments, the viral antigen or immunogen comprises a variant of
SEQ ID NO: 50 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), D80OA, D138Y,
G142D, Aldd (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVT), K417T,
K417N, N440OK, L4S2R, 847N, 8477G, FA84K, F4840, NS01Y, ASTOD, D614G, H655Y, P6S1H,
PGRIR, R682G, R683S, R685G, AT01V, T7161, FR88L, S982A, T10271, D1118H, and V1176F.

[184] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: S1. In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NGO 51, including a sequence comprising substitution, deletion, and/or insertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681,
632, 683, 684, 685, 701, 716, 888, 982, 1027, 111§, and 1176 {amino acid positions with respect to
SEQ 1D NO: 55). In some embodiments, the viral antigen or immunogen comprises a vanant of
SEQ ID NO: 51 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A6S-70 {(AHY}, DEOA, D138Y,
G142D, Al44 (AY), W152C, R1908, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, LAS2R, 8477N, 8§477G, BA84K, E4840Q, NSO1Y, AST0D, D614G, H655Y, P681TH,
PGSIR, R682G, R683S, R685G, AT01V, T7161, F88SL, SU82A, T1027L D1118H, and V1176F,

[165] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
i SEQ ID NO: 52, In some embodiments, the viral antigen or immunogen comprises an amino
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
I NO: 52,

[106] In some embodiments, the viral antigen or immunogen comprises a signal peptide. In
some embodiments, the viral antigen or immunogen comprises the sequence set forth in SEQ ID

NO: 53, In some embodiments, the viral antigen or immunogen comprises an amino acid sequence
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having at least or about 80%, 81%, 82%, 83%, 84%, 85%, §6%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ ID NGO 53 In
some embodiments, the viral antigen or immunogen comprises the sequence set forth in SEQ ID
NO: 54, In some emnbodiments, the viral antigen or immunogen comprises an amuno acid sequence
having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ ID NG: 54,

[167] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 55, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 55, including a sequence comprising substitution, deletion, and/or insertion at one or more
anuno acid posttions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152, 190, 215, 242, 243, 244, 246, 400, 401, 402, 417, 440, 452, 477, 484 501, 570, 614, 655, 681,
682, 683, 684, 085, 701, 716, 888, 982, 1027, 1118, and 1176. In some embodiments, the viral
antigen or immunogen comprises a variant of SEQ ID NO: 55 and the variant comprises any one,
two, three, four, five or more of the mutations selected from the group consisting of S131, L13F,
T20N, P268, A69-70 (AHV), DS0A, D138Y, G142D, Ald4 (AY), W152C, R1908, D215G, A242-
244 (ALAL), R2461, A400-402 (AFVI), K417T, K417N, N440K, L452R, S477N, S$477G, E484K,
F484Q, NSOTY, AS70D, D614G, H655Y, P681H, P681R, R682G, R683S, R685G, A701V, T716L
FREBL, S982A, T1027L D1118H, and V1176F.

[108] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 56, In some embodiments, the viral antigen or immunogen cCOmprises an aming
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 56, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions selected from the group consisting of 13, 18, 20, 26, 69, 70, 80, 138, 142, 144,
152,190, 215, 242, 243, 244 246, 400, 401, 402, 417, 440, 452, 477, 484 501, 570, 614, 655, 681,
682, 683, 684, 685, 701, 716, 888, 982, 1027, 1118, and 1176 (amino acid positions with respect to
SEQ 1D NO: 55). In some emnbodiments, the viral antigen or immunogen comprises a variant of

SEQ ID NO: 56 and the variant comprises any one, two, three, four, five or more of the mutations
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selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840Q, NSO1Y, A570D, D614G, H655Y, P631H,
PoRIR, ROE2G, ROR3K, ROESG, AT0LV, TT161, FREEL, S982A, T10271, D1118H, and V1176F.

[109]  In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 57, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 57, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions of SEQ ID NO: 57

[118] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: S8, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 8&%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 58, including a sequence comprising substitution, deletion, and/or mnsertion at one or more
anuno acid posttions of SEQ ID NO: 58,

{118} Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 59, In some embodiments, the viral antigen or immunogen COMprises an aming
acid sequence comprising substitution, deletion, and/or insertion at one or more amino acid
positions of SEQ 1D NG: 59. In some embodiments, the viral antigen or immunogen comprises the
sequence set forth in SEQ ID NO: 60. In some embodiments, the viral antigen or immunogen
comprises an amino acid sequence comprising substitution, deletion, and/or insertion at one or more
aming acid positions of SEQ ID NO: 60.

[112] Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 61. In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence 1dentity to sequence of SEQ
1D NO: 61, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more

amino acid positions of SEQ ID NO: 61,
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[113] Insome embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 62, In some embodiments, the viral antigen or immunogen comprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, §9%
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 62, imcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions of SEQ ID NO: 62

[114] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 63, In some embodiments, the viral antigen or immunogen comprises an aming
actd sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88&%, §9%
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 63, including a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions of SEQ ID NO: 63.

[118] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
m SEQ ID NO: 64, In some embodiments, the viral antigen or immunogen comprises an amino
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
ID NO: 64, mcluding a sequence comprising substitution, deletion, and/or mnsertion at one or more
amino acid positions of SEQ ID NO: 64,

[116] In some embodiments, the viral antigen or immunogen comprises the sequence set forth
in SEQ ID NO: 65, In some embodiments, the viral antigen or immunogen cCOMprises an aming
acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to sequence of SEQ
1D NO: 65, mcluding a sequence comprising substitution, deletion, and/or insertion at one or more
amino acid positions of SEQ ID NO: 65.

[117] In some embodiments, the viral antigen or immunogen does not comprise a
transmembrane domain such as SEQ ID NO: 66 or a portion thereof. In some embodiments, the
coronavirus viral antigen or immunogen comprises an S protein peptide that is soluble. In some
embodiments, the soluble 8 protein peptide lacks a T™M domain peptide and a CP domain peptide. In
some embodiments, the soluble 8 protein peptide does not bind to a lipid bilayer, such as a

membrane or viral envelope.
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[118] Insome embodiments, the S protein peptide is produced from a nucleic acid sequence
that has been codon optimized. In some embodiments, the S protein peptide is produced from a
nucleic acid sequence that has not been codon optimized.

[119] In some embodiments, the viral antigen or immunogen as referred to herein can include
recombinant polypeptides or fusion peptides comprising said viral antigen or immunogen. The
terms viral antigen or immunogen may be used to refer to proteins comprising a coronavirus viral
antigen or immunogen. In certain cases, the coronavirus viral antigen or immunogen 15 a

coronavirus protein peptide as provided herein.
LR Recombinant Peptides and Profeins

[128] It 15 contemplated that the coronavirus viral antigens and immunogens provided herein,
e.g., S protein peptides {see, Section I), can be combined, e.g, hinked, to other proteins or peptides
to form recombinant polypeptides, including fusion peptides. In some embodiments, individual
recombinant polypeptides {e.g., monomers) provided herein associate to form multimers, e.g,,
trimers, of recombinant polypeptides. In some embodiments, association of the individual
recombinant polypeptide monomers occurs via covalent interactions. In some embodiments,
association of the individual recombinant polypeptide monomers occurs via non-covalent
miteractions. In some embodiments, the mteraction, e.g., covalent or non-covalent, 1s effected by the
protein or peptide to which the coronavirus viral antigen or immunogen, e.g., S protein peptide, 15
linked. In some embodiments, for example when the coronavirus viral antigen or immunogen is an
S protein peptide as described herein, the protein or peptide to which 1t will be linked can be
selected such that the native homotrimeric structure of the glycoprotein is preserved. This can be
advantageous for evoking a strong and effective immunogenic response to the S protein peptide. For
example, preservation and/or maintenance of the native conformation of the coronavirus viral
antigens of immunogens {(e.g., S protein peptide) may improve or allow access to antigenic sites
capable to generating an immune response. In some cases, the recombinant polypeptide comprising
an S protein peptide described herein, e.g., see Section L is referred to herein alternatively as a
recombinant S antigen, recombinant S immunogen, or a recombinant S protein.

(121} It is further contemplated that in some cases, the recombinant polypeptides or

multimerized recombinant polypeptides thereof aggregate or can be aggregated to form a protein or



WO 2021/249456 PCT/CN2021/099293

a complex comprising a plurality of coronavirus viral antigen and/or immunogen recombinant
polypeptides. Formation of such proteins may be advantageous for generating a strong and effective
mmunogenic response to the coronavirus viral antigens and/or immunogens. For instance,
formation of a protemn comprising a plurality of recombinant polypeptides, and thus a plurality of
coronavirus viral antigens, e.g., coronavirus S protein peptides, may preserve the tertiary and/or
quaternary structures of the viral antigen, allowing an imumune response to be mounted against the
native structure. In some cases, the aggregation may confer structural stability of the coronavirus
viral antigen or immunogen, which 1 turn can afford access to potentially antigenic sites capable of
promoting an immune response.

[122] In some embodiments, the coronavirus viral antigen or tmmunogen can be linked at their
C-terminus (C-terminal linkage) to a timenization dormain to promote trimerization of the
monoemers. In some embodiments, the trimerization stabilizes the membrane proximal aspect of the
coronavirus viral antigen or rmmunogen, e.g., coronavirus S protemn peptide, in a trimeric
configuration.

[123] Non-himiting examples of exogenous multimerization domains that promote stable
trimers of soluble recombinant proteins include: the GUN4 leucine zipper (Harbury et al.

1993 Science 262:1401-1407), the trimerization motif from the lung surfactant protein (Hoppe et al.
1994 FEBS Lett 344:191-195), collagen (McAlinden et al. 2003 J Biol Chem 278:42200-42207),
and the phage T4 fibritin Foldon (Miroshnikov et al. 1998 Protein Eng 11:329-414), any of which
can be linked to a coronavirus viral antigen or immunogen described herein {e.g., by linkage to the
C-terminus of an § peptide) to promote trimerization of the recombinant viral antigen or
immunogen. See also US Patent Nos. 7,268,116, 7,666,837, 7,691,815, 10,618,949, 10,906,944,
and 10,960,070, and US 2020/0009244, which are incorporated herein by reference in their
entireties for all purposes.

[124] In some embodiments, one or more peptide linkers (such as a gly-ser linker, for example,
a 10 amino acid glycine-serine peptide hinker) can be used to link the recombinant viral antigen or
mmmunogen to the multimerization domain. The trimer can include any of the stabilizing mutations
provided herein (or combinations thereof) as long as the recombinant viral antigen or immunogen

trimer retains the desired properties (e g., the prefusion conformation).
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[125] To be therapeutically feasible, a desired trimerizing protein moiety for biologic drug
designs should satisfy the following criteria. Ideally it should be part of a naturally secreted protein,
like immunoglobulin Fe, that 1s also abundant (non-toxic) m the circulation, human in origin (lack
of immunogenicity), relatively stable (long half-life) and capable of efficient self-irimerization
which s strengthened by inter-chain covalent disulfide bonds so the trimerized coronavirus viral
antigens or immunogens are structurally stable.

[126] Collagen s a fanuly of fibrous proteins that are the major components of the
extracellular matrix. Tt 1s the most abundant protein in mammals, constituting nearly 25% of the
total protein in the body. Collagen plays a major structural role in the formation of bone, tendon,
skin, cornea, cartilage, blood vessels, and teeth. The fibrillar types of collagen 1, 11, L IV, V, and
X1 are all synthesized as larger trimeric precursors, called procollagens, m which the central
uninterrupted triple-helical domain consisting of hundreds of “G-X-Y" repeats {or glycine repeats)
15 flanked by non-collagenous domains (NC), the N-propeptide and the C-propeptide. Both the C-
and N-termnal extensions are processed proteolytically upon secretion of the procollagen, an event
that triggers the assembly of the mature protein into collagen fibrils which forms an insoluble cell
matrix. BMP-1 1s 3 protease that recognizes a specific peptide sequence of procollagen near the
junction between the glycine repeats and the C-prodomain of collagens and is responsible for the
removal of the propeptide. The shed trimeric C-propeptide of type 1 collagen is found in human sera
of normal adults at a concentration in the range of 50-300 ng/mL, with children having a much
higher level which 1s indicative of active bone formation. In people with familial high serum
concentration of C-propeptide of type | collagen, the level could reach as high as 1-6 ug/mL with no
apparent abnormality, suggesting the C-propeptide 1s not toxic. Structural study of the trimeric C-
propeptide of collagen suggested that it is a tri-lobed structure with all three subunits coming
together i a junction region near their N-termint to connect to the rest of the procollagen molecule.
Such geometry in projecting proteins to be fused in one direction 1s similar to that of Fc dimer.

(1277 Typel IV, V and X1 collagens are mainly assembled into heterotrimeric forms
consisting of etther two u-1 chains and one ¢-2 chamn (for Type §, IV, V), or three different a chains
{(for Type X1}, which are highly homologous in sequence. The type Il and I collagens are both
homotrimers of a-~1 chain. For type T collagen, the most abundant form of collagen, stable w(l)

homotrimer 1s also formed and is present at variable levels in different tissues. Most of these
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collagen C-propeptide chains can self-assemble mnto homotrimers, when over-expressed alone ina
cell. Although the N-propeptide domains are synthesized first, molecular assembly into trimeric
collagen begins with the m-register association of the C-propeptides. It is believed the C-propeptide
complex is stabilized by the formation of interchain disulfide bonds, but the necessity of disulfide
bond formation for proper chain registration 15 not clear. The triple helix of the glycine repeats and
is then propagated from the associated C-termint to the N-termun in a zipper-like manner. This
knowledge has led to the creation of non-natural types of collagen matrix by swapping the C-
propeptides of different collagen chains using recombinant DNA technology. Non-collagenous
proteins, such as cytokines and growth factors, also have been fused to the N-terming of either pro-
collagens or mature collagens to allow new collagen matnix formation, which s mtended to allow
slow release of the noncollagenous proteins from the cell matnix. However, under both
circumstances, the C-propeptides are required to be cleaved before recombinant collagen fibri]
assembly into an insoluble cell matrix.

[128] Although, other protein trimerization domains, such as those from GCN4 from yeast
fibritin from bactena phage T4 and aspartate transcarbamoylase of Escherichia coli, have been
described previously to allow trimerization of heterologous proteins, none of these trimerizing
proteins are human in nature, nor are they naturally secreted proteins. As such, any trimeric fusion
proteins would have to be made intracellularly, which not only may fold incorrectly for naturally
secreted proteins such as soluble receptors, but also make purification of such fusion proteins from
thousands of other intracelivlar proteins difticult. Moreover, the fatal drawback of using such non-
human protein trimerization domains (e.g. from veast, bacteria phage and bacteria} for trimeric
biologic drug design is their presumed immunogenicity in the human body, rendering such fusion
proteins ineffective shortly after injecting them into the human body.

[129] The use of collagen in a recombinant polypeptide as described herein thus has many
advantages, including: (1) collagen is the most abundant protein secreted in the body of a mammal,
constituting nearly 25% of the total proteins in the body; (2) the major forms of collagen naturally
occur as trimeric helixes, with their globular C-propeptides being responsible for the initiating of
trimerization; {3) the trimeric C-propeptide of collagen proteclytically released from the mature
collagen is found naturally at sub microgram/mL level in the blood of mammals and s not known 1o

be toxic to the body; {4) the linear triple helical region of collagen can be included as a linker with
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predicted 2.9 A spacing per residue, or excluded as part of the fusion protein so the distance

between a protein to be trimerized and the C-propeptide of collagen can be precisely adjusted to

achieve an optimal biological activity; (5) the recognition site of BMP1 which cleaves the C-

propeptide off the pro-collagen can be mutated or deleted to prevent the disruption of a trimeric
fusion protein; (6) the C-propeptide domain self-trimerizes via disulfide bonds and it provides a

universal affinity tag, which can be used for purification of any secreted fusion proteins created.

some embodiments, the C-propeptide of collagen to which the coronavirus viral antigen and

immunogen, e g., S protein peptide, enables the recombinant production of soluble, covalently-

hinked homotrimeric fusion proteins.

[130]

In some embodiments, the coronavirus viral antigen or immunogen 18 linked to a C-

In

terminal propeptide of collagen to form a recombinant polypeptide. In some embodiments, the C-

terminal propeptides of the recombmant polypeptides form mter-polypeptide disulfide bonds. In

some embodiments, the recombinant proteins form trimers. In some embodiments, the coronavirus

viral antigen or immunogen 1s an 8 protem peptide as deseribed i Section L

[131]

B

For example, a fusion polypeptide comprising a signal peptide MEVFLVLLPLVSS

(SEQ 1D NO: 54 on the N-terminus of the fusion polypeptide in SEQ 1D NO: 1 may be produced

and trimerized via inter-polypeptide disulfide bonds {Cys residues that may form inter-polypeptide

disuifide bonds are bolded).

20 30 40 50 60

INLTTRIQLPPAYTNSEFTRGVYYPDRKVEFRSSVLHSTODLELPEFES

90 100 1108 120

DGVYFASTERSNITRGWIFGTTLRSKTQSLLIV

150 160 170 80

NNKSWMESEFRVYSSANNCTFEYVSQOPFLMDLE

210 220 230 240

DGYFRIYSKHTP INLVRDLPOGEF SALEPLVDLPIGINITREDT

260 270 280 2380 300

\GAAAYYVGYLOPRTFLLEYNENGTITRDAVDCALDPLSETE

320 330 240 3 360

SNEFRVOPTRESIVREPNITNLCPFGEVINATREASVYAWNRKRISN

380 390 400 410 420

CV AP{CVTYNSASFFTFfCYGVSFTILNULCFTNVYADSFJJRQDFVRQT“P SQTGKIAD

430 440 450 460 47C 480

YNYRKLPDDFTGCVIAWNSNNLDSKVGGNYN < RDISTEIYQAGSTPC

490 500 510 530 540

NGVEGFNCYFPLOSYGEFQP TNGVGYQF YRVVVLST'E PATVCGPEKSTNLVENKCVN

550 560 570 530 600

FNENGLTGTGVLTESNEKKFLPEFQQFGRDIADTTIDA EILDITPCSEGGVEVITP

510 620 620 650 €60

GINTENQVAVLYQODVNCTEVPVAIHADQLT FQITRAGCLIGAEHVNNSY
870 680 690 710
ECDIPIGAGICASYQTQINSPRRARSVASQ  SNN
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730 T4C 750 7610 770 780
SVITEILPVSMTKISVRCTMY ICGDSTECSNLLLOYGSFCTOLNRALTGIAVEQDENTQOR
790 800 810 820 830 340
VEAQVEQIYKTPPIKDEGGENFSQILPDPSKPSKRSFIEDLLENKVTLADAGE LEKQYGDC
"’"() 860 870 880 830 300
LGDIAARDLICAQKRENGLIVLPPLLTIDEMIAQYTSALLAGTITSGWIFGAGAALRIPFAM
910 920 @30 940 950 %60
OMAYRENGIGVTONVLYENQKLIANQFNSAIGKIORSLESTASALGKLODVVNONAQATN
970 Q80 290 1060 1010 1020
TLVKQLSSNFGALISSVINDILSRLDKVEAEVQIDRLITGRLOSLOTYVIQOLIRAAEIRA
1030 1040 1050 1060 J()/\ 1080
SANLAATEMSECVLGRSKRVDEFCGRGY HLMSEFPQSAPHGVVE LHVIYVPARERNF TTAP A
1090 110¢ 1110 1120 11 3u 11490
ICHDGKAHFPREGVEVENGTHWEFVIQRNFYEPQIITIDNTEVSGNCDVVIGLIVNNTVYDE

1 1170 1180 11980 2

LOPE TSPDVDLGDISGINASVVNIQKE IDRLNEVAK! I
; 1236 1240 1250 1260
"TJ_‘GKYF."{*WP INGLEGP LGPPGPRGRTGDAGP \/’\"DPGPD”F‘T GPRGPPIAGEFDESFLP
1270 1280 1290 13C 121¢ 1320
OPPOEKARDGGRYYRANDANVVEDRDLEVDTTLESLS "Q_LLN IRSPEGSRKNPARTCRDL
1330 50 1360 137C 1380
KMCHSDWK N \ KDEKR
139 1440
HVAFGESMTIDGFQEEYGGQ QRTG
1450 1500
NLEKALLLOGSNELIRTL PILIDV

1510

APLDVGAPDQEFGFLVG

[132] In some embodiments, the inter-polypeptide disulfide bonds may comprise one or more
or all of Cys15-136, Cys131-166, Cys291-301, Cys379-432, Cys336-361, Cys391-525, Cys480-488,
Cys5338-590, Cys617-649, Cys662-671, Cys743-749, CysT38-760, Cys840-851, Cys1032-1043, and
Cys1082-1126, in any suitable combination. In some embodiments, the fusion polypeptide in the
trimer may comprise one or more glycosylation sites {e.g., Asn-linked), for example, at one or more
or all of Asn residues at 17, 61, 122, 149, 165, 234, 282, 331, 343, 603, 616, 657, 709, 717, 801,
1074, 1098, and 1134, in any suitable combination.

[133] In some embodiments, the C-terminal propeptide 1s of human collagen. In some
embodiments, the C-terminal propeptide comprises a C-terminal polypeptide of proal (), proai(ll},
proal (HE), proai(V), proal(XT), proa2(l}, proaZ(V), prou2(XI}, or proa3(X]), or a fragment thereof.
In some embodiments, the C-terminal propeptide is or comprises a C-terminal polypeptide of
proui(l).

[134] In some embodiments, the C-termunal propeptide 1s or comprises the amino acid
sequence set forth 1n any of SEQ ID NOs: 67-80. In some emnbodiments, the C-terminal propeptide
is an anuno acid sequence having at least or about 85%, 90%, 92%, 95%., or 97% sequence 1dentity

to any of SEQ ID NOs: 67-80.
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[135] In some embodiments, the C-terminal propeptide is or comprises the amino acid
sequence of a collagen trimerization domain (e.g., C-propeptide of human «1(I) collagen} with an
aspartic acid (D) to asparagine (N} substitution 10 the BMP-1 site, for instance, as shown in SEQ D
comprises the amino acid sequence of a collagen trimenization domain (e.g., C-propeptide of human
al({l) coiiagem) with an alanine (A) to aspamgine (N} substitution in the BMP-1 site, for instance, as
propeptide herein may comprise a mutated BMP-1 site, e g, RSAN mstead of DDAN. In some
embodiments, the C-terminal propeptide herem may comprise a BMP-1 site, e g., a sequence (such
as SEQ ID NO: 68 or 69) comprising the RAD (e.g, RADDAN) sequence instead of RAN {e.g.,

ANDAN) or RND (e.g., RNBDAN) may be used i a fusion polypeptide disclosed herein. For
instance, SEQ ID NO: 27 (underlined) or a fragment, variant or mutant thereof may be directly or
mdirectly hnked to SEQ ID NO: 67 (ttalicized) or a fragment, variant or mutant there, e.g., to form
the following fusion protein:

QUVNLTTRTOLPFAYTINSFTRGVYYPDRVFRSSVLHSTOQDLEFLPEE S]

LTIRGWIFGTTLDSKIQSLLLIVNNATNVVIKVCENQF CNDRPE LCVYYHKNNESWMESEFRVYSSANNCIFEYVEOPEF LMD LEGCGKQGN

NLVRDLPQGESALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVEYLQ

PRIFLLEYNENGILTIDAVDCALDP LSETKCTLESEIVEKGLYQTSNFRVOPTES IVRFPNIINLCPEFGEVENATRFASVYAWNRKR

ISNCVADY SVLYNSASEFSTFRCYGVSPTRLNDLCEFINVYADSEVIRGDEVROIAPGOTGRKIADYNYKLEPDDETGCVIAWNSNNLDS

YRLERKSNLKPFERDISTEIYQAGSTRCNGVEGENCYRPLQSYGHQPING
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NCTEVPVAIHADOLTP IWRVYSTCENVEQTRAGCLIGAEHVNNSYECDIP IGAGICASYQTQINSPRRARSVASQSITAYTMSLGA

ENSVAYSNNSIAIPINFTISVITEILPVSMIKTSVDCIMY ICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDRKNTOEVIEAQVEQ
LIYKIPRPIKDEGGENFSQILPDP SKPSKRSE LEDLLENKVT LADAGE IKQYCDCLGDIAARDLICAQKENGLIVLPP LLIDEMIAQY
TSALLAGTITSGWIFGAGAALQIPFAMOMAYRENGIGVIONVLYENQKLIANQFNSATIGKIQDILSSTASALGKLODVVNONAQAL

NTLVKQLSSNEFGALSSVLNDILSRLDKVEAEVQIDRLITGRLOSLOTYVIQQLIRAARE IRASANLAATKMEECVLGOSKRVDECGK

GYHLMIPPQSAPHGVVE LHVIYVEPAQEKNFTTAPAICHDGKAHFPREGVEVIENGTHWEVIQRNFYEPQLITIDNTIEVIGNCDVVIG

IVENNTVYDPLOPELDSFRKELLDKYFKNBTSPDVDLGDISGINASVVNIQKE IDRLNEVAKNLNESLIDLOQELGKYEQY IKRSANVY

SRENFARTCRDLRMCHSDWKSGEYWIDPNQGUNLDAIRVECNMETGETCVYPTOPSVAQK

HCENSVAYMDQQTGNLEKKALLLQGSNET

QFEYCGOGSDPADVAIQLTFLRLMSTEASQNIT

3
[

EIRAEGNSRFTYSVIVDGCTSHTGAWGKTIVIEYRTTKTSRLPIIDVAFPLDVGAPDQEF GFDVEPVCEL
[136] In some embodiments, the C-terminal propeptide 1s or comprises an anuno acid

sequence that is a fragment of any of SEQ ID NOs: 67-80.
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[137] In some embodiments, the C-terminal propeptide can comprise a sequence comprising
elycine-X-Y repeats, wherein X and Y are independently any amino acid, or an amino acid
sequence at least 85%, 90%, 92%, 95%, or 97% dentical thereto capable of forming inter-
polypeptide disulfide bonds and trimernizing the recombinant polyvpeptides. In some embodiments, X
and Y are independently proline or hydroxyproline.

[138] In some cases where an S protein peptide is linked to the C-terminal propeptide to form
the recombinant polypeptide, the recombinant polypeptides form a trimer resulting in a homotrimer
of § protein peptides. In some embodiments, the S protein peptides of the timerized recombinant
polypetides are in a prefusion conformation. In some embodiments, the S protein peptides of the
trimerized recombinant polypetides are in a postfusion conformation. In some embodiments, the
confirmation state allows for access to different antigenic sites on the S protein peptides. In some
embodiments, the antigenic sites are epitopes, such as hinear epitopes or conformational epitopes.
An advantage of having a trimerized recombinant polypeptides as described is that an immune
response can be mounted against a vanety of potential and diverse antigenic sites.

[139] In some embodiments, trimerized recombinant polypeptides include individual
recombinant polypeptides comprising the same viral antigen or immunogen. In some embodiments,
trimerized recombinant polypeptides include individual recombinant polypeptides each comprising
a different viral antigen or immunogen from the other recombinant polypeptides. In some
embodiments, trimerized recombinant polypeptides include individual recombinant polypeptides
wherein one of the individual recombinant polypeptides comprises a viral antigen or immunogen
different from the other recombinant polypeptides. In some embodiments, trimerized recombinant
polypeptides include individual recombinant polypeptides wherein two of the individual
recombinant polypeptides comprise the same viral antigen or immunogen, and the viral antigen or
immunogen is different from the viral antigen or immunogen comprised in the remaining
recombinant polypeptide.

[140] In some embodiments, the recombinant polypeptide comprises any coronavirus viral
antigen or immunogen described in Section . In some embodiments, the recombinant polypeptide
comprises any coronavirus viral antigen or immunogen described in Section I linked, as described

herein, to the C-termnal propeptide of collagen as described herein.
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[141] In some embodiments, the immunogen comprises a recombinant SARS-CoV or SARS-
CoV-2 S ectodomain trimer comprising protomers comprising one or more {such as two, for
example two consecutive) proline substitutions at or near the boundary between a HR1 domain and
a central helix domain that stabilize the 8 ectodomain trimer 1o the prefusion conformation. In some
such embodiments, the one or more (such as two, for example two consecutive) proline
substitutions that stabilize the S ectodomain in the prefusion conformation are located between a
position 15 amino acids N-termunal of a C-terminal residue of the HR1 and a position 5 amino acids
C-terminal of a N-ternunal residue of the central helix.

[142] In some embodiments, the one or more (such as two, for example two consecutive)
proline substitutions stabilize the coronavirus {e.g., SARS-CoV or SARS-CoV-2} § ectodomain
trimer i the prefusion conformation. In some embodiments, the SARS-CoV-2 S protein peptide
comprises 9B6K/987V to 986P/S87P mutations.

[143] In some embodiments, the recombinant coronavirus {e.g., SARS-CoV or SARS-CoV-2)
S ectodomain trimer stabilized 1o the prefusion conformation comprises single-chain 8 ectodomain
protomers comprising mutations to the 81/82 and/or 82" protease cleavage sites to prevent protease
cleavage at these sites. In some embodiments, the SARS-CoV-2 S protein peptide comprises a 685R

to 685A mutation. Exemplary protease cleavage sites for various viruses are shown below:

[144] In some embodiments, the protomers of the recombinant coronavirus {e.g., SARS-CoV
or SARS-CoV-2} § ectodomain trimer stabilized in the prefusion conformation by the one or more
proline substitutions {such as 986P/987P substitutions) comprises additional modifications for
stabilization in the prefusion conformation, such as a mutation at a protease cleavage site to prevent

protease cleavage.
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[145]  With reference to the SARS-CoV-2 S protein sequence provided as SEQ D NO: 55, the
ectodomain comprises a signal peptide (SP), which is removed during cellular processing; an N-
terminal domain (NTD); a receptor binding domain (RBD); one or more S1/582 cleavage sites; a
fusion peptide (FP); internal fusion peptide (IFP); heptad repeat 1/2 (HR1/2), and the
transmembrane domain (TM). Exemplary sources of the sequence can be found at
ncbit nim nih gov/nuccore/MN908947 3, nchi.nlm nih. gov/nuccore/MNO0R947,
nchi nlm nih gov/nuccore/MING0R947 2. Additomnal sequences can be found at
ncbunim.nih. gov/genbank/sars-cov-2-seqs/, including the pneumonia virus isolate Wuhan-Hu-1,
complete genome,

[146] In some embodiments, the protomers of the prefusion-stabilized SARS-CoV-2 8
ectodomain trimer can have a C-terminal restdue {which can be hoked to a trimerization domain, or
a transmembrane domain, for example) of the C-termunal residue of the NTD, the RBD, 81 (at
either the S1/82 site 1, or S1/S2 site 2), FP, [FP, HR1, HR2, or the ectodomain. The position
numbering of the § protein may vary between SARS-CoV stains, but the sequences can be aligned
to determine relevant structural domains and cleavage sites. It will be appreciated that a few
residues {such as up to 10) on the N and C-termunal ends of any of the ectodomaim fragment can be
removed or modified in the disclosed immunogens without decreasing the utility of the §
ectodomain trimer as an immunogen.

{147} In some embodiments, the recombinant polypeptide is or comprises an NTD peptide of
SARS-CoV or SARS-CoV-2 § protein. In some embodiments, the recombinant polypeptide is or
comprises an RBD peptide of SARS-CoV or SARS-CoV-2 § protein. In some embodiments, the
recombinant polypeptide 1s or comprises an NTD peptide and an RBD peptide of SARS-CoV or
SARS-CoV-2 8 protein. In some embodiments, the recombinant polypeptide is or comprises an S1
domain peptide of SARS-CoV or SARS-CoV-2 § protein. In some embodiments, the recombinant
polypeptide is or comprises an $2 domain pepiide of SARS-CoV or SARS-CoV-2 S protein.

[148] In some embodiments, the recombinant polypeptide or the fusion protein comprises a
first sequence set forth in any of SEQ ID NOs: 27-66 linked to a second sequence set forth in any of
SEQ ID NOs: 67-80, wherein the C terminus of the first sequence is directly or indirectly linked to

the N terminus of the second sequence.
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[151] Anexemplary SARS-CoV-2 § recombinant polypeptide without a signal peptide is
provided in SEQ [ NO: 1 (1509 aa):

10 20 30 40 50 60
QCVNLTIRTC LPPAYTINSET RGVYYPDEVE RSSVLHSTQOD LELPEFFSNVT WEHAIHVSGT
70 g0 9¢ 1006 110 120
NGTKRE JD SV LPENDGVYEFA STEKSNIIRG WIFGTTLDSK TQSLLIVNNA TNVVIKVCEE
30 140 50 160 170 180

1
1
YYHKNNESWM ESEFRVYS
2

200 G 22

FENIDGYFKI YSKHTPINLV RDLPQGFSAL EPLVDLPILGI NITREFQTLLA LHRSYLTPGD
250 260 270 280 290 300
SSSCGWTAGAA AYYVEYLQOPR TRLLKYNENG TITDAVDCAL DPLSETHECTL KSTIVEKGIY
310 320 330 340 350 360
QISNFRVQFT ESIVRFPNIT NLCPEFGEVEFN ATRFASVYAW NRKRISKCVA DYSVLYNSAS
370 380 380 400 410 420
FSTFRCYGVS PTKLNDLCET NVYADSEVIR GDEVRQIAPG QTGKIADYNY KLPDDETGCV
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[152] The above SARS-CoV-2 S recombinant polypeptide may comprise an N-terminal signal

peptide provided in SEQ [D NO: 54.
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[1583] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 1. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
1, mcluding a sequence comprising substitution, deletion, and/or msertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 1 and the vaniant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840, NSO1Y, AS70D, D614G, H655Y, P61,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and VI176F, or
any combination thereof.

[1584] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ ID NG: 2. In some embodiments, the recombinant polypeptide s or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
2, mcluding a sequence comprising substitotion, deletion, and/or msertion at one of more aming
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ 1D NO: 2 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440K, L452R, S47TN, 8477G, F484K, B4840Q, NSO1Y, A570D, D614G, H655Y, P6S1H,
P6RIR, R682G, R6838, R685G, AT01V, TT161, FRE]L, S982A, T10271, D1118H, and V1176F, or

any combination thereof.
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[185] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 3. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
3, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 3 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840, NSO1Y, AS70D, D614G, H655Y, P61,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and VI176F, or
any combination thereof.

[186] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ ID NG: 4. In some embodiments, the recombinant polypeptide s or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
4, mmcluding a sequence comprising substitotion, deletion, and/or msertion at one of more aming
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ 1D NO: 4 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440K, L452R, S47TN, 8477G, F484K, B4840Q, NSO1Y, A570D, D614G, H655Y, P6S1H,
P6RIR, R682G, R6838, R685G, AT01V, TT161, FRE]L, S982A, T10271, D1118H, and V1176F, or

any combination thereof.
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[187] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 5. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
3, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 5 and the vaniant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840, NSO1Y, AS70D, D614G, H655Y, P61,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and VI176F, or
any combination thereof.

[158] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 6. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
6, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 6 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440K, L452R, S47TN, 8477G, F484K, B4840Q, NSO1Y, A570D, D614G, H655Y, P6S1H,
P6RIR, R682G, R6838, R685G, AT01V, TT161, FRE]L, S982A, T10271, D1118H, and V1176F, or

any combination thereof.
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[159] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 7. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
7, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 7 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840, NSO1Y, AS70D, D614G, H655Y, P61,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and VI176F, or
any combination thereof.

[168] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ ID NG: 8. In some embodiments, the recombinant polypeptide s or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
8, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 8 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of S131, L18F, T20N, P26S, A69-70 (AHV), DS0A, DI38Y,
G142D, A144 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, Ad00-402 (AFVI), K417T,
K417N, N440K, L452R, S47TN, 8477G, F484K, B4840Q, NSO1Y, A570D, D614G, H655Y, P6S1H,
P6RIR, R682G, R6838, R685G, AT01V, TT161, FRE]L, S982A, T10271, D1118H, and V1176F, or

any combination thereof.
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[161] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 9. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
9, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 9 and the variant comprises any one, two, three, four, five or more of the mutations
selected from the group consisting of 8131, L18F, T20N, P26S, A69-70 (AHV ), D80A, D138Y,

142D, A144 (AY), WIS2C, R190S, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT), K417T,
K417N, N440K, L452R, S477N, 8477G, F484K, B4840, NSO1Y, AS70D, D614G, H655Y, P61,
PGRIR, Ro82(, R683S, ROB5G, A701V, T716l, FEEEL, S982A, T10271, D1118H, and VI176F, or
any combination thereof.

[162] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 10, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
10, including a sequence comprising substitution, deletion, and/or insertion at one or more anuno
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 10 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[163] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 11, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
11, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 11 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[164] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 12, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
12, including a sequence comprising substitution, deletion, and/or insertion at one or more anuno
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 12 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[165] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 13, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
13, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 13 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[166] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 14, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
14, including a sequence comprising substitution, deletion, and/or insertion at one or more anuno
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 14 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[167] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 15, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
13, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 15 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[168] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 16, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
16, including a sequence comprising substitution, deletion, and/or insertion at one or more anuno
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 16 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[169] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 17, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
17, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 17 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[178] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 18, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
18, including a sequence comprising substitution, deletion, and/or insertion at one or more anuno
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 18 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[171] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 19, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
19, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 19 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[172] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 20, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
20, including a sequence comprising substitution, deletion, and/or insertion at one or more anino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 20 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[173] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 21. In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
21, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 21 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[174] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 22, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
22, including a sequence comprising substitution, deletion, and/or insertion at one or more anino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 22 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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[175] In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 23, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
23, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 23 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA17T, K417N, N440K, L4ASZR, 8477N, 8477, BE4B4K, E484(3, NSC1Y, AS70D, D61 4G, He55Y,
PoR1H, PO8IR, RO&2(:, R683K, RO8&5G, A701V, T7161, FRERL, 89824, T10271, D1118H, and
V1176F, or any combination thereof.

[176] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 24, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
24, including a sequence comprising substitution, deletion, and/or insertion at one or more anino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 883,
982, 1027, 1118, and/or 1176 (amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof In some embodiments, the recombinant polypeptide is or comprises a varant
of SEQ ID NO: 24 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S131, L18F, T20N, P268S, AGS-70 (AHVY), DEOA,
D138Y, G142D, Al44 (AY), W152C, R190S, D215G, A242-244 (ALAL), R2461, A400-402 (AFVT),
K417T, K417N, N440K, L452R, S477N, S477G, £484K, B4840, NSO1Y, AS70D, D614G, H655Y,
P6R1H, P6RIR, R682G, R6838, R685G, A701V, T7161, FRR]L, S982A, T10271, D1118H, and

V1176F, or any combination thereof.
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(1777 In some embodiments, the recombinant polypeptide 15 or comprises the sequence set
forth in SEQ ID NG: 25, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence wdentity to SEQ D NO:
25, including a sequence comprising substitution, deletion, and/or insertion at one or more amino
acid positions, such as 13, 18, 20, 26, 69, 70, 80, 138, 142, 144, 152, 190, 215, 242, 243, 244, 246,
400, 401, 402, 417, 440, 452, 477, 484, 501, 570, 614, 655, 681, 682, 683, 684, 685, 701, 716, 888,
982, 1027, 1118, and/or 1176 {amino acid positions with respect to SEQ ID NO: 55), or any
combination thereof. In some embodiments, the recombinant polypeptide 1s or comprises a variant
of SEQ ID NO: 25 and the vanant comprises any one, two, three, four, five or more of the
mutations selected from the group consisting of S13], L18F, T20N, P2658, A69-70 (AHV), DBOA,
DI138Y, G142D, A144 (AY), WI52C, RI1908, D215G, A242-244 {ALAL), R2461, A400-402 (AFVT),
KA417T, K417N, N440K, L452R, 8477N, 8477C, E4B4K, E484(, NSO1Y, AS70D, DB614G, He35Y,
PORIH, POBIR, RO82(G, R6835, R685G, AT01V, T7161, FR88L, S982A, T10271, D1118H, and
V1176F, or any combination thereof.

[178] In some embodiments, the recombinant polypeptide is or comprises the sequence set
forth in SEQ 1D NG: 26, In some embodiments, the recombinant polypeptide is or comprises an
amino acid sequence having at least or about 80%, 1%, 82%, 83%, 84%, 85%, 86%, 7%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 1D NO:
26, including a sequence comprising substitution, deletion, and/or insertion at one or more anino
acid positions of SEQ ID NG 26,

[179] As indicated above, in some embodiments, the recombinant polypeptides provided
herein associate not only to form trimers, but can also aggregate or be aggregated to generate
proteins comprising a plurality of recombinant polypeptides. In some embodiments, the proteins
formed have macrostructures. In some cases, the macrostructure may confer structural stability of
the coronavirus viral antigen or immunogen recombinant polypeptides, which in turn can afford
access to potentially antigenic sites capable of promoting an immune response.

[180] In some embodiments, the trimerized recombinant polypeptides aggregate to form a
protein contaming a plurality of trimerized recombinant polypeptides. In some embodiments, the

plurality of trimerized recombinant polypeptides forms a protein having a macrostructure.
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[181] In some embodiments, the proteins described herein comprising a plurality of
recombinant polypeptides are an immunogen. In some embodiments, the proteins described herein
comprising a plurality of recombinant polypeptides are comprised in a nanoparticle. For example, in
some embodiments, the proteins are linked directly to a nanoparticle, e.g., protein nanoparticle. In
some embodiments, the proteins are linked indirectly o a nanoparticle. . In some embodiments, the
proteins described herein comprising a plurality of recombinant polypeptides are comprised in
virus-like particle (VLP).

[182] In some embodiments, provided herein is a complex comprising a recombinant
polypeptide selected from the group consisting of SEQ ID NOs: 1-26 or a fragment, vanant, or
mutant thereof, in any suitable combination. In some embodiments, provided heren is a complex
comprising a trimer of a recombinant polypeptide selected from the group consisting of SEQ 1D
NQs: 1-26 or a fragment, variant, or mutant thereof, wherein the recombinant polypeptides are
trimerized via inter-polypeptide disulfide bonds to form the trimer,

[183] In some embodiments, provided herein 1s a fusion protein comprising a plurality of
recombinant polypeptides, each recombinant polypeptide comprising, from amino to carboxy
termuinus: aj a first region comprising a portion of a coronavirus spike protein ectodomain that
precedes a coronavirus spike protein receptor binding domain (RBD) as located in a nonchimeric
coronavirus spike protein, of a first coronavirus; b} a second region comprising a coronavirus spike
protein receptor binding domain (RBD) of a second coronavirus that 13 different from said first
coronavirus; and ¢} a C-terminal propeptide of collagen, wherein the C-terminal propeptides of the
recombinant polypeptides form inter-polypeptide disulfide bonds. In some embodiments, the fusion
protein further comprises a third region between the second region and the C-terminal propeptide of
collagen. In some embodiments, the third region comprises an 81 domain of a third coronavirus,
wherein the third coronavirus is the same or different from the first coronavirus or second
coronavirus. In some embodiments, the third region comprises an 82 domain of a fourth
coronavirus, wherein the fourth coronavirus is the same or different from the first, second, or fourth
coronavirus. In some embodiments, the first region comprises an N-terminal domain (NTD) of the
first coronavirus. In some embodiments, the first region comprises one or more amino acid residues
that 1s/are different from corresponding amino acid residue(s) in the second coronavirus. In some

embodiments, the second region comprises one or more amino acid residues that 1s/are different
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from corresponding amino acid residue(s) in the first coronavirus. In some embodiments, the first
and second coronaviruses are different variants or strains of the same coronavirus. In some
embodiments, the the first region comprises the NTD of the first coronavirus, the second region
comprises the RBD of the second coronavirus, and the first and second coronaviruses are ditferent
variants of SARS-CoV-2. In some embodiments, the first coronavirus and the second coronavirus
are independently selected from the group consisting of SARS-CoV-2 viruses of the B.1.526,
B1.1.143, P2, B.1351,P1,B.1.1.7, B1.617, and A.23.1 lineages.

[184] In some embodiments, provided heremn is a trimeric fusion protein comprising three
recombinant polypeptides, each recombinant polypeptide comprising, from amuino to carboxy
termuinus: aj a first region comprising a coronavirus spike protein N-terminal domain (NTD) of a
SARS-CoV-2 of the B.1.526 hineage; b) a second region comprising a coronavirus spike protein
receptor binding domain (RBD) of 3 SARS-CoV-2 of the B.1.351 lineage; and ¢} a C-terminal
propeptide of collagen, wherein the C-terminal propeptides of the recombinant polypeptides form
mter-polypeptide disulfide bonds.

[185] In some embodiments, provided herein is a method for preventing infection by a
coronavirus 1n a mammal, comprising immunizing a mammal with an effective amount of a fusion
protein disclosed herein. In some embodiments, neutralizing antibodies against the first and the
second coronaviruses are generated in the mammal. In some embodiments, the first and second
coronaviruses are different varnants of SARS-CoV-2, and neutralizing antibodies generated in the
mammal neutralize two or more of SARS-CoV-2 viruses of the B.1.526, B.1.1.143, P.2 B.1.351,
P1,B1.1.7, B1.617 and A 231 lineages. In some embodiments, neutralizing antibodies generated
i the mammal neutralize three or more of SARS-CoV-2 viruses of the B.1.526, B.1.1.143, P.2,
B135L,P1,B1.1.7. B.1.617 and A.23.1 lineages. In some embodiments, the method comprises
immunizing the mammal with two or more doses of the fusion protein. In some embodiments, the
fusion protein 1s administered as a booster dose following one or more doses of an immunogen
comprising a spike protein peptide comprising NTD and RBD from the same SARS-CoV-2 variant.

[186] In some embodiments, provided herein are engineered fusion polypeptides that are
dertved or modified from the spike (S) glycoprotein of coronaviruses including SARS-CoV-1 and
SARS-CoV-2. In some embodiments, compared to a wildtype S protein sequence of the

coronavirus, the fusion polypeptides disclosed herein can be stabilized in a prefusion conformation.
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In some embodiments, fusion to the trimerization domain may prevent the S protein peptide in the
fusion proteins from forming a straight helix (e.g., similar to what occurs during membrane fusion
process). For instance, cryo-EM structures of an S-Trimer subunit vaccine candidate shows 1t
predominantly adopts tightly closed pre-fusion state, unlike the full-length wild-type spike protein
which forms both pre- and post-fusion states in the presence of detergent. Ma et al, J Virol (2021)
do:10.1128/JVI.00194-21. In some embodiments, the fusion proteins may comprise an altered
soluble S sequence with modification{s) that inactivates the S1/82 cleavage site; mutation(s) in the
turn region between the heptad repeat | (HR 1) region and the central helix (CH) region that
prevents HR1 and CH to form a straight helix; and/or truncation of the heptad repeat 2 region (HR2)
m addition to the stabilizing mutations. In some embodiments, the fusion proteins herein may but
do not need to comprise one or more mutations such as K986(G/VIBT7G, KO9B6P/VIRTP,

K986/ VOBTP or KOB6P/VIE7( which are believed to stabilize the spike protein i a pre-fusion
state. In some embodiments, mutations such as K936G/V987(, K98EP/VORTP, K9B6(G/VIE&TP or
KO8oP/VIOB7(G are not necessary for stabilizing a fusion polypeptide disclosed herein comprising
the Trimer-Tag® trimerization domain.

[187] In some of these embodiments, the mutation inactivating 81/582 cleavage site can contan
substitution of RRAR (682-685 1n SEQ 1D NG:55) with GSAG (SEQ ID NO: 60}, and the mutation
in the turn region can contain double mutation K9806G/VIBTG, KOBGP/VIETP, K986/ VIBTP or
K986P/Vo87(G. In some embodiments, truncation of HR2 entails deletion of one or more of the
residues shown in SEQ 1D NO: 65 at the C-terminus of the wildtype soluble S sequence. In some
embodiments, the immunogen polypeptide can further include in the region of HR1 that interacts
with HRZ (a) one or more proline or glycine substitutions, and/or (b} mnsertion of one or more amino
acid residues. In some of these embodiments, the immunogen polypeptide can have one or more
substitutions selected from A942F, S043F, A044P, A942G, 8943G and A944G. In some of these
embodiments, the insertion can be insertion of G or GS between any residues in A942-A944.

[188] In some embodiments, a neutralizing immune response induced by the disclosed
mmunogens herein generates a neutralizing antibody against a coronavirus such as SARS-CoV-2.
In some embodiments, the neutralizing antibody herein binds to a cellular receptor or coreceptor of
a coronavirus such as SARS-CoV-2 or component thereof. Tn some embodiments, the viral receptor

OF coreceptor 1s a coronavirus receptor or coreceptor, preferably a pneumonia virus receptor or
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coreceptor, more preferably a human coronavirus receptor such as SARS-CoV-2 receptor or
coreceptor. In some embodiments, the neutralizing antibody herein modulates, decreases,
antagonizes, mitigates, blocks, inhibits, abrogates and/or interferes with at least one coronavirus
such as SARS-CoV-2 activity or binding, or with a coronavirus such as SARS-CoV-2

receptor activity or binding, in vitro, in situ and/or in vivo, such as SARS-CoV-2 release, SARS-
CoV-2 receptor signaling, membrane SARS-CoV-2 cleavage, SARS-CoV-2 activity, SARS-CoV-2
production and/or synthesis. In some embodiments, the disclosed immunogens herein induce
neutralizing antibodies agaimst SARS-CoV-2 that modulate, decrease, antagonize, mitigate, block,
mhibit, abrogate and/or interfere with SARS-CoV-2 binding to a SARS-CoV-2 receptor or
coreceptor, such as angiotensin converting enzyme 2 (ACEZ2), dipeptidy! peptidase 4 (DPP4),
dendritic cell-specific interceliular adhesion molecule-3-grabbing non integrin (DC-SIGN), and/or

fiver/tymph node-SIGN {L-SIGN).
fiE.  Methods of Detection and DHagnosis

[189] Lateral flow immunocassays are widely used in many different areas of analytical
chemistry and medicine, for example, in clinucal diagnosis to determine the presence of an analyte
of mterest in a sample, such as a bodily fhud. Previous lateral flow immunoassay work 1s
exemplified by U.S. patents and patent apphication publications: U.S. Pat. Nos. 5,602,040
S.622.871: 5,656,503 6,187,598: 6,228.660: 6.818,455; 2001/0008774: 2005/0244986; U.S. Pat.
No. 6.352.862; 2003/0207465; 2003/0143755: 2003/0219908; U S. Pat. Nos. 5,714.389; 5,989,921
6,485,982; Ser. No. 11/035,047; U.S. Pat. Nos. 5,656,448, 5,559,041; 5,252,496, 5,728,587
6,027.943: 6,506,612 6,541,277, 6,737,277 B1: 5.073.484; 5,654,162, 6,020,147, 4,956,302:
5.120,643: 6,534,320 4.942,522; 4703,017; 4,743,560, 5,501,645: and RE 38 430 E.

[198] The test strips described herein are capable of detecting a functional attribute of an
analyte, e.g., an interaction-blocking characteristic. In some embodiments, the analyte i1s a
neutralizing {or blocking) antibody, e.g., an antibody that interrupts the interaction of two or more
molecular components such as a viral protein and a cell-surface protein in a host. In some
embodiments, the neutralizing antibody s an anti-coronavirus neutralizing antibody. In some

embodiments, the neutralizing antibody 1s an anti-SARS-CoV-2 neutralizing antibody. In some
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embodiments, the neutralizing antibody 1s an anti-RBD neutralizing antibody, wherein the RBD 1s
from a coronavirus, such as SARS-CoV-2 or SAR-CoV.

[191] The devices described herein comprise a chromatographic strip comprising one or more
test zones, and optionally one or more control zones. In some embodiments, the chromatographic
strip 1s a membrane. In some embodiments, the chromatographic strip is a porous membrane. The
pore size of the chromatographic strip may vary widely. In some embodiments, the
chromatographic strip comprises pores of about 1 pm to about 20 um, such any of about 1 um to
about 10 um, about 5 um to about 15 um, or about 10 um to about 20 um. In some embodiments,
the chromatographic strip comprises a bibulous material. In some embodiments, the
chromatographic strip comprises a non-bibulous matenal. In some embodiments, the
chromatographic strip comprises a matenial selected from the group consisting of a cellulose,
cellulose blend, nmitrocelulose, cellulose ester, mixed mitrocellulose ester, polyester, acrylonitrile
copolymer, rayon, glass fiber, polyethylene terephthalate fibers, polypropylene, and combinations
thereof In some embodiments, the membrane 1s a nitrocellulose membrane.

[192] In some embodiments, the chromatographic strip, or a portion thereof, is treated with a
blocker, e.g., to increase specificity of any binding interactions. In some embodiments, the blocker
comprises casein, bovine serum albumin (BSA), methylated BSA, whole animal serum, non-fat dry
milk, or a combination thereof. When the chromatographic strip is blocked, the charge of a
chromatographic strip, such as nitrocellulose, is neutralized and thus, no additional proteins or
components thereof can bind to the blocked chromatographic strip. Additionally, the
chromatographic structure of the chromatographic strip is altered and the flow may be more like a
gliding or sliding flow instead of the flow of traditional chromatography. In some embodiments, the
chromatographic strip supports.

[193] Certain components of the test strips described herein comprise a detection agent to
facilitate wdentification (qualitatively and/or quantitatively) of said components at certain zones of
the test strips {e.g., a test zone, control zone}. In some embodiments, the molecular component of a
molecular binding system is a labeled with a detection agent. In some embodiments, the other
component such as in the sample binding zone (e.g., an antibody or antigen binding fragment) 15

labeled with a detection agent. In some embodiments, wherein two or more component of a test
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strip are labeled with a detection agent, each component 15 labeled with a unique detection agent
that can be differentiated from other detection agents of the test strip {e.g., based on color).

[194] In some embodiments, the detection agent comprises an enzyme. In some embodiments,
the detection agent comprises a polymeric enzyme comprising a plurality of enzymes. In some
embodiments, the enzyme 15 selected from the group consisting of beta-D-galactosidase, glucose
oxidase, horseradish peroxidase, alkaline phosphatase, beta-lactamase, glucose-6-phosphate
dehydrogenase, urease, uricase, superoxide dismutase, luciferase, pyruvate kinase, lactate
dehydrogenase, galactose oxidase, acetylcholine-sterase, enterokinase, tyrosinase, and xanthine
oxidase.

[195] In some embodiments, the detection agent comprises a detection particle. In some
embodiments, the detection particle comprises an enzymatic particle (such as a nanoparticle},
polystyrene particle {such as a microsphere), latex particle, particle comprising gold (such as a
nano-gold particle), colloidal gold particle, metal particle (such as an iron oxide nanoparticle),
magnetic particle, fluorescently detectable particle, or semu-conductor particle (such as a
nanocrystal).

[196] In some embodiments, the test strip further comprises an absorbent zone. Generally, the
absorbent zone 1s configured, e.g., to remove excess fluid from the chromatographic strip ina
reversible or non-reversible manner. In some embodiments, the absorbent zone 13 configured to be a
reversible dessicant (allowing back flow of fluid from the absorbent zone). In some embodiments,
the absorbent zone is configured to be a non-reversible dessicant. In some embodiments, the
absorbent zone comprises a wicking pad. In some embodiments, the wicking pad comprises a
glass fiber filter,

2 o

bibulous material. In some embodiments, the wicking pad comprises a filter paper
or the like.

[197] In some embodiments, the absorbent zone 1s located downstream of the chromatographic
strip. In some embodiments, the absorbent zone 1s in capillary communication with the
chromatographic strip.

[198] In some embodiments, the test strip further comprising a sample addition zone
comprising a sample pad. In some embodiments, the sample pad is in capillary communication with

one or more downstream components of a test strip, e.g., the binding pad or chromatographic strip.
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[199] In some embodiments, the sample addition zone, including the sample pad, is configured
to receive a sample. In some embodiments, the sample comprises a bodily fluid. In some
embodiments, the sample is a whole blood sample. In some embodiments, the sample 1s a blood
samnple. In some emboduments, the sample 15 a body secretion sample. In some embodiments, the
sample 15 a bronchial alveolar lavage fluid sample.

[200] In some embodiments, disclosed herein 1s a method for analyzing a sample, comprising:
contacting a sample with a protein comprising a plurality of recombinant polypeptides, each
recombinant polypeptide comprising a surface antigen of a coronavirus linked to a C-terminal
propeptide of collagen, wherein the C-terminal propeptides of the recombinant polypeptides form
mter-polypeptide disulfide bonds, and wherein a binding between the protein and an analyte capable
of specific binding to the surface antigen of the coronavirus s detected. In some embodiments, the
analyte is an antibody, a receptor, or a cell recogmzing the surface antigen, and the sample 15 a body
fluid, mcluding but not lunuted to sera or plasma, which contains the analyte.

[201] In any of the preceding embodiments, the binding can indicate the presence of the
analyte in the sample, and/or an infection by the coronavirus in a subject from which the sample 1s
dertved.

[202] In any of the preceding embodiments, the method can be a lateral flow method or an
ELISA. Inany of the preceding embodiments, the protein can be labeled with colloidal gold
particles and dried within a conjugate pad on a test strip. Also disclosed herein 13 a test strip
comprising a chromatographic strip comprising a protein, wherein the protemn comprises a plurality
of recombinant polypeptides, each recombinant polypeptide comprising a surface antigen of a
coronavirus linked to a C-terminal propeptide of collagen, wherein the C-terminal propeptides of
the recombinant polypeptides form inter-polypeptide disulfide bonds. In some embodiments, the
protein is labeled with colloidal gold particles and dried within a conjugate pad on the test strip.

[203] In any of the preceding embodiments, a secondary antibody specific to the analyte can
be immobilized within a test zone of a chromatographic membrane on a test strip. In any of the
preceding embodiments, the secondary antibody can be an anti-IgG antibody or an anti-IgM
antibody. In any of the preceding embodiments, the test strip can further comprise a control zone
wherein an antibody specific to a C-terminal propeptide of collagen is immobilized. In any of the

preceding embodiments, the test strip can further comprise a sample pad to which an analyte is
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ioaded for analysis on one end of the test strip, and an absorbent pad on the oppostte end which 1s in
captllary communication with the sample pad. In some embodiments, the chromatographic strip
further comprises a control zone, and wherein a control capture agent 15 immobilized withun the
control zone,

[204] In any of the preceding embodiments, the test strip can further comprise a sample
binding zone comprising a binding pad comprising the protein, and one end of the binding pad 15 in
capillary communication with one end of the chromatographic strip.

[205] In any of the preceding embodiments, the test strip can further cornprise a sample
addition zone comprising a sample pad, wheremn the sample pad 15 10 capillary communication with
the binding pad or the chromatographic strip.

[206] In any of the preceding embodiments, the analyte can comprise a neutralizing antibody
against the surface antigen of the coronavirus.

[2067] In any of the preceding embodiments, the analyte can comprise a broad neutralizing
antibody against the surface antigen of the coronavirus.

[2088] In any of the preceding embodiments, the analyte can comprise an Ig( antibody.

[209] In any of the preceding embodiments, the analyte can comprise an IgM antibody.

[218] In any of the preceding embodiments, the analyte can comprise a human antibody.

211} In any of the preceding embodiments, the sample can be derived from a subject infected
with the coronavirus,

[212] In any of the preceding embodiments, the sample can be serum or plasma from a subject
mfected with the coronavirus and has recovered.

[213] In any of the preceding embodiments, the sample can be derived from a subject
mmunized with a coronavirus vaccine.

[214] In any of the preceding embodiments, a receptor for the surface antigen of an
coronavirus, optionally the receptor is a receptor-Fe, such as ACE2-F¢, can be immobilized within a
second test zone of a chromatographic membrane on a test strip.

[215] In any of the preceding embodiments, a reduction in retention of antigen-labeled
colloidal gold particles at the second test zone upon loading an analyte, compared to vehicle control
without analyte, can indicate positive detection of neutralizing antibody or antibodies that is capable

blocking the interaction between the receptor and the surface antigen of a coronavirus.
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[216] In any of the preceding embodiments, the coronavirus can be a Severe Acute Respiratory
Syndrome (SARS}-coronavirus (SARS-CoV}, a SARS-coronavirus 2 {(SARS-CoV-2), a SARS-like
coronavirus, a Middle East Respiratory Syndrome (MERS}-coronavirus (MERS-CoV), a MERS-
like coronavirus, NLG3-CoV, 229E-CoV, OC43-CoV, HKUL-CoV, WIV1-CoV, MHY, HKUS-
CoV, PEDV-CoV, or SDCV.

2171 In any of the preceding embodiments, the surface antigen can comprise a Coronavirus
spike {8} protein or a fragment or epitope thereof, wherein the epitope 15 optionally a linear epitope
or a conformational epitope, and wherein the protein comprises three recombinant antigen
polypeptides linked by C-terminal propeptide of collagen.

[218] In any of the preceding embodiments, the surface antigen can comprise a signal peptide,
an ST subunit peptide, an §2 subunit peptide, or any combination thereof

[219] In any of the preceding embodiments, the surface antigen can comprise a signal peptide,
a receptor binding domain (RBD) peptide, a receptor binding motif (RBM) peptide, a fuston peptide
(FP), a heptad repeat 1 {(HR1} peptide, or a heptad repeat 2 (HR2) peptide, or any combination
thergof.

[228] In any of the preceding embodiments, the surface antigen can comprise a receptor
binding domain {(RBD) of the 8 protein.

[221] In any of the preceding embodiments, the surface antigen can comprise an S1 subunit
and an 82 subunit of the 8 protein.

2221 In any of the preceding embodiments, the surface antigen can lack a transmembrane
{TM) domain peptide and/or a cytoplasm (CP) domain peptide.

[223] In any of the preceding embodiments, the surface antigen can comprise a protease
cleavage site, wherein the protease is optionally furin, trypsin, factor Xa, or cathepsin L.

[224] In any of the preceding embodiments, the surface antigen can lack a protease cleavage
site, wherein the protease is optionally furin, trypsin, factor Xa, or cathepsin L.

[225] In any of the preceding embodiments, the surface antigen can be soluble or do not
directly bind to a hipid bilayer, e.g., a membrane or viral envelope.

[226] In any of the preceding embodiments, the surface antigen can be the same or different

among the recombinant polypeptides of the protein.

<}
ot



WO 2021/249456 PCT/CN2021/099293

[227] In any of the preceding embodiments, the surface antigen can be directly fused to the C-
terminal propeptide, or linked to the C-terminal propeptide via a linker, such as a linker comprising
glycme-X-Y repeats, wherein X and Y and independently any amino acid and optionally proline or
hydroxyproline.

[228] In any of the preceding embodiments, the protein can bind to a cell surface receptor of a
subject, optionally wherein the subject 1s a maminal such as a primate, e.g., human.

[229] In any of the preceding embodiments, the cell surface receptor can be angiotensin
converting enzyme 2 {ACE2), dipeptidyl peptidase 4 (IDPP4), dendritic cell-specific mtercellular
adhesion molecule-3-grabbing non mtegrin (BC-SIGN), or liver/lymph node-SIGN (L-SIGN).

[238] In any of the preceding embodiments, the C-termunal propeptide can be of human
collagen.

[231] In any of the preceding embodiments, the C-termunal propeptide can comprise a -
terminal polypeptide of proa (I}, prool{Il), proal(IIf}, proul(V}, proal{XI)}, proa2(d}, prou2(V},
proa2(X1), or proa3{XI}, or a fragment thereof

[232] In any of the preceding embodiments, the C-terminal propeptides can be the same or
different among the recombinant polypeptides.

[233] In any of the preceding embodiments, the C-terminal propeptide can comprise any of
SEQ 1D NOs: 67-80 or an amino acid sequence at least 90% identical thereto capable of forming
mter-polypeptide disulfide bonds and trimerizing the recombinant polypeptides.

[234] In any of the preceding embodiments, the C-terminal propeptide can comprise a
sequence comprising glycine-X-Y repeats linked to the N-terminus of any of SEQ 1D NQOs: 67-80,
wherein X and Y and independently any amino acid and optionally proline or hydroxyproline, or an
amino acid sequence at least 90% identical thereto capable of forming inter-polypeptide disulfide
bonds and trimerizing the recombinant polypeptides.

[235] In any of the preceding embodiments, the surface antigen in each recombinant
polypeptide can be m a prefusion conformation or a postfusion conformation.

[236] In any of the preceding embodiments, the surface antigen in each recombinant
polypeptide can comprise any of SEQ D NQOs: 27-66 or an amino acid sequence at least 80%

identical thereto.
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237} In any of the preceding embodiments, the recombinant polypeptide can comprise any of

SEQ ID NOs: 1-26 or an amino acid sequence at least 80% identical thereto.

Iv. Articles of Manufacture or Kits

[238] Also provided are articles of manufacture or kits containing the provided recombinant
polypeptide, proteins, and immunogenic compositions. The articles of manufacture may include a
container and a label or package insert on or associated with the contamer. Suitable containers
include, for example, bottles, vials, syringes, test tubes, IV solution bags, etc. The containers may
be formed from a variety of matenials such as glass or plastic. In some embodiments, the container
has a sterile access port. Exemplary containers include an intravenous solution bags, vials,
including those with stoppers pierceable by a needle for ijection. The article of manufacture or kit
may further include a package insert indicating that the compositions can be used to treat a
particular condition such as a condition described herein {(e.g., coronavirus mfection). Alternatively,
or additionally, the article of manufacture or kit may further include another or the same container
comprising a pharmaceutically-acceptable buffer. It may further include other materials such as
other buffers, diluents, filters, needles, and/or syringes.

[239] The label or package insert may mndicate that the composition 15 used for treating an
coronavirus nfection n an mdividual. The label or a package 1nsert, which is on or associated with
the container, may indicate directions for reconstitution and/or use of the formulation. The label or
package insert may further 1ndicate that the formulation 1s useful or intended for subcutaneous,
miravenous, or other modes of administration for treating or preventing a coronavirus mfection
an mndividual.

[248] The container in some embodiments holds a composition which is by stself or combined
with another composition effective for treating, preventing and/or diagnosing the condition. The
article of manufacture or kit may include (a) a first contamer with a composition contained therein
{i.e., first medicament), wherein the composition includes the immunogenic composition or protein
or recombinant polypeptide thereof; and (b} a second container with a composition contatned
therein {i.e., second medicament), wherein the composition includes a further agent, such as an

adjuvant or otherwise therapeutic agent, and which article or kit further comprises instructions on
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the label or package insert for treating the subject with the second medicament, in an effective

AMOount.
Definitions

[241] Unless defined otherwise, all terms of art, notations and other technical and scientific
terms or terminology used herein are intended to have the same meaning as is commonly
understood by one of ordinary skill in the art to which the claimed subject matter pertains. In some
cases, terms with commonly understood meanings are defined herein for clarity and/or for ready
reference, and the inclusion of such definitions herein should not necessarily be construed to
represent a substantial difference over what 1s generally understood in the art.

[242] The terms “polypeptide” and “protein” are used interchangeably to refer to a polymer of
amino acid residues, and are not limited to a numimum length. Polypeptides, including the provided
receptors and other polypeptides, e g., linkers or peptides, may include amino acid residues
mcluding natural and/or non-natural anuno acid residues. The terms also include post-expression
modifications of the polypeptide, for example, glycosylation, sialylation, acetylation, and
phosphorylation. In some aspects, the polypeptides may contain modifications with respectto a
native or natural sequence, as long as the protein maintains the desired activity. These modifications
may be dehiberate, as through site-directed mutagenesis, or may be accidental, such as through
mutations of hosts which produce the proteins or errors due to PCR amphification.

[243] As used herein, a “subject” is a mammal, such as a human or other animal, and typically
1s human. In some embodiments, the subject, e.g., patient, to whom the agent or agents, cells, cell
populations, or compositions are admunistered, 1s a mammal, typically a primate, such as a human.
In some embodiments, the primate 1s a monkey or an ape. The subject can be male or female and
can be any suitable age, including mfant, juvenile, adolescent, adult, and genatric subjects. In some
embodiments, the subject is a non-primate mammal, such as a rodent.

[244] As used herein, “delaying development of a disease”™ means to defer, hinder, slow, retard,
stabilize, suppress and/or postpone development of the disease (such as cancer). This delay can be
of varying lengths of time, depending on the history of the disease and/or individual being treated.

In some embodiments, sufficient or significant delay can, in effect, encompass prevention, in that
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the individual does not develop the disease. For example, a late stage cancer, such as development
of metastasis, may be delayed.

[245] The term “about” as used herein refers to the usual error range for the respective value
readily known to the skilled person in this technical field. Reference to “about” a value or
parameter herein includes (and describes) embodiments that are directed to that value or parameter
per se.

[246] As used herein, the singular forms “a,” “an,” and “the” include plural referents unless the
context clearly dictates otherwise. For example, “a” or “an” means “at least one” or “one or more.”

[247] Throughout this disclosure, various aspects of the claimed subject matter are presented
m a range format. 1t should be understood that the description 1n range format 1s merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope of the
claimed subject matter. Accordingly, the description of a range should be considered to have
spectfically disclosed all the possible sub-ranges as well as mdividual numerical values within that
range. For example, where a range of values 1s provided, it is understood that each mtervening
valug, between the upper and lower limit of that range and any other stated or intervening value in
that stated range 18 encompassed within the claimed subject matter. The upper and fower limits of
these smaller ranges may independently be included in the smaller ranges, and are also
encompassed within the claimed subject matter, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of the himits, ranges excluding either or
both of those included limits are also included in the claimed subject matter. This applies regardless
of the breadth of the range.

[248] As used herein, a composition refers to any mixture of two or more products, substances,
or compounds, including cells. It may be a solution, a suspension, liguid, powder, a paste, aqueous,
non-agueous or any combination thereof.

[249] The term “vector,” as used herein, refers to a nucleic acid molecule capable of
propagating another nucleic acid to which it 1s linked. The term includes the vector as a self-
replicating nucleic acid structure as well as the vector incorporated into the genome of a host cell
into which it has been introduced. Certain vectors are capable of directing the expression of nucleic
acids to which they are operatively linked. Such vectors are referred to herein as “expression

vectors.”
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Examples

[2508] The following examples are included for illustrative purposes only and are not intended
to limit the scope of the invention,

Example 1;  Generation of recombinant polvpeptides comprisine SARS-CoV-2 8 nrotein

peptides.

[251] The complete ecto-domain of the native spike proten (8) from SARS-CoV2, including
its signal peptide (8P), 51 and 52 domains, was fused in-frame at the C-terminus to a mammalian
expression vector that encoded human C-propeptide of ol collagen, to enable expression of a
secreted and trimeric S-Trimer fusion antigen, e.g., as shown n FIG. 1.

[252] High-level expression of S-Trimer fusion protein was achieved. An 8% SDS-PAGE
analysis of 8-Trimer expression from a fed-batch serum-free CHO cell culture in a 10L bioreactor,
10 uL of cell-free conditioned medunim from Day 6 to Day 11 were analyzed under reducing
condition followed by Coomassie Blue staining. A highly purified S-Trimer was loaded on the gel
as a reference standard (5td). The full-length 8-Trimer and partially cleaved forms at S1/582 furin
stte were as indicated.

25831 Covalently linked S-Trimers were then purified and characterized. 5-Trimer was purified
from the cleared cell cultured medium via a Protein A (PA) affinity chromatography and anion
exchange column (Q) followed by ultra-filtration and diafiltration (UF/DF) to obtan the drug
substance {(D8). Four ug of purified protein was analyzed against starting cell culture medium feed
by an 8% reducing SDS-PAGE and stained with Coomassie Blue. The S-trimer was partially
cleaved at the S1/52 furin cleavage site, but the cleaved ST subunit appeared to be bound to the S-
Trimer since it was co-purified with the S-Trimer. The S-Trimer 1s a disuifide bond-linked trimer.
Four pg of highly purified native-like S-Trimer was analyzed by a 6% 8DS-PAGEs under non-
reducing and reducing conditions as indicated and stained with Coomassie Blue. The 8-Trimer was
purified to nearly homogeneity as judged by SEC-HPLC analysis, with some cleaved S1 being
separated during the size exclusion chromatography. The molecular weight of S-Trimer was
estimated to be 660 Kda. The receptor binding kinetics of 8-Trimer to ACE2-Fc¢ was assessed by
Fortebto biolayer mterferometry measurements using a protein A sensor.

[254] The S-Trimers were highly glycosylated with N-linked glycans. Highly purified S-

Trimer before and after digestion with either endoglycanase F (PNGase F) alone or PNGase F plus
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endo-0O-glycosidase to remove N- and O-linked glycans, and analyzed by an 8% reducing SDS-
PAGE and stained with Coomassie Blue, to show the full-length 8-Trimer, S2-Trimer and cleaved
S1 before and after deglycosylation. Highly purified S-Trimers were visualized by negative EM

using FEI Tecnai spurit electron microscopy.

Example 2:  Methods of detectinge analvies using recombinant polvpentides comprisine
SARS-CoV-2 S protein peptides,
[235] AnELISA was designed to provide a 5~-Trimer antigen-based SARS-CoV-2 antibody

test, using the exemplary recombinant polypeptides generated as described in Example 1.
Specifically, a plate was coated with recombmant S-Trimer in order to detect IgG antibodies in
patient and normal control sera that recogruze the S protein. Detection was done by goat anti-
human IgG-HRP, and antibody titers were calculated as EC50 based on sample dilutions. FIG. 2
shows results of the ELISA assay, which demonstrate that S-Trimer was able to specifically detect
S-reactive Ig( antibodies in COVID-19 patient sera.

[256] Sera from multiple patients who had recently recovered from COVID-19 were also
analvzed with S-Trimer using lateral flow assays (FIG. 8 and FIG. 6). In the S-Trimer antigen-
based SARS-CoV-2 antibody test for IgM and IgG, four out of the eight patient samples showed
visible positive signals for S-specific IgM (FIG. 5, P1-P4), while seven out of eight showed visible
positive signals for S-specific 1gG (FIG. §, P1-P7)

2571 In the S-Trimer antigen-based SARS-CoV-2 antibody 1g(G and neutralizing antibody test,
three out of the three patient samples showed visible positive signals for S-specific Ig(, as well as
decreased or no ACE?2 binding band (FIG. 6, P1-P3). In all of the normal samples and PBS control,
there were visible bands for ACE2 binding and no S-specific IgG binding (FI{. 6, N1-N4 and PBS).
The S-Trimer was labeled with colloidal gold particles and dried within a conjugate pad on a test
strip. A secondary antibody specific to the analvte (e.g., an anti-IgG antibody recognizing 5-
reactive Ig( antibodies} was immaobilized within a test zone of a chromatographic membrane on the
test strip. In addition, a receptor for the § protein, such as ACE2-Fc, was immobtilized within a
second test zone of the chromatographic membrane on the test strip. These results collectively

show that S-Trimer was able to specifically detect not only S-reactive IgG antibodies in COVID-19
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patient sera, but also neutralizing antibodies in patient sera that were able to disrupt or reduce
binding of S protem to its cell surface receptor ACE2.

[238] A convalescent serum sample was senally diluted and analyzed with an S-Trimer
(FIG. 7, upper panel) and with an S1-Trimer (FIG. 7, lower panel) as the antigen using lateral flow
assay. Visible positive signals for S-specific TG were detected at 1:20480 to 1:40960 serial
dilutions, whereas visible positive signals for 81-~specific TgG were detected at 1:1020 to 1:20480
serial dilutions. These results show that the S-Trimer and ST-Trimer based assays are extremely
sensitive.

[259] Multiple samples of convalescent sera were tested using lateral flow assays for S-
reactive antibodies using wildtype S-Trimer {prototypic SARS-CoV-2 §-Trimer) and a B.1.35]
South African vanant SARS-CoV-2 §-Trimer (FIG. 8). Visible positive signals for S-specific IgG
antibodies were observed in multiple samples using etther wildtype 5-Trimer or B.1.351 S-Trimer,

[268] The present mvention 15 not intended to be limited 1 scope to the particular disclosed
embodiments, which are provided, for example, to illusirate various aspects of the mvention.
Various modifications to the compositions and methods described will become apparent from the
description and teachings heremn. Such vanations may be practiced without departing from the true

scope and spirit of the disclosure and are intended to fall within the scope of the present disclosure.
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SEQUENCES

SEQ ID NO.

SEQUENCE

DESCRIPTION

QUVNLTIRTOLPRPAYTNEF TRGVYYPDEVEFRSSVLHASTQL
NGTERFDNE JI.E‘FNDCV\FA,.) TEKSNILIRGWIFGTTL
PELGVYYHENNKSWMESEFRVY SSANNCTEE
FENIDGYFKILYSKRTPINLVRDLPQGESAL

QIE'CND

LEPFFSNVIWFHATHYSGT
S LLIVNNATNVVIEVCER

MDLEGKQGNFRNLRED'V
EPLVDLPIGINITRFOILLALHERSYLTPGD

SSSGWTAGAAAYYVGY LOPRIFLLEYNENGTITDAVDCALDP LSETKCTLESEFIVEKGLY

QITSNERVQPTESIVREPH

FSTFECYGVS

VEVENG

o

"V\, YOPYRVVVLSFELLHAPATVCGPKKSTN
FQOFGRDIADTTDAVRDPQILEILDITPCSY

TNLCPE JENA SVYAWNRERISNCVADYSVLYNSAS
SPTRLNDLCETNVYADSEVIRGDEVROIARCGOTGKIADYNYRLPDDELGC
GNYNYLYRLFRKSNLKPFERDISTEIYQAGSTRONGVEGENCYFRP L

VENEC NENGL VLT

GG S'\/*IP

<
vV
0
o)
N

SNVEQTRAGCLIGE

ADQLTPTWRVY ST
: NSVAYSNN

_[AVIMS L

5 4—¥YGC1* cT

NIQEVEFAQVKQIYKTIPP
YGDCLGDIAARDLICAQ
PFAMOMAYRENGIGVIQ
]-\L\IL—\/KLA_DN\E”VA;
AAT SECV
VE'L *\/lV\’PAQLKN""_ APATCHDGKAHFPREG
SGNCDVVIGIVNNIVYDRPLOPELDSFRKEELD
.J.\‘AS\/T‘VTI\\ .LQIM:._._J_,'RI_ EVAKNLNESLIDLOELGKYEQYIKRS
e DAGEVGPEGE PPCEPSA (AHDGGRY
RDLEVDITLKSLEQOIENIRSPEGSRK “—‘]-\A:(_LL DLEMCHSDWESGEYW
ATRVECNMETGETCVYPTQRPEVAQKNWY ISKNPEKDKREVWEGESMTDGEQ
ADVAIQLTFLRLMSTEASONITYHCKNSVA I.V.U:JQ’TIU.}_\_‘JI(‘KA_‘JJ_'LL_} SNE
ELYSVIVDGCTSHTGAWCKIVIEYRTTRTSRLP IIDVAP LDVGAPDQERG

51gnal
peptide,
1509 aa

Q CVNL

T"’lQ

GTKREDN P

QFFN
FENID

FSTEKC v(“\/ \PIKL’Q S LCETINVYADSEVIRGDEVROIAPGOTCGRIADYNYKLPRDETGCY

oF L,

JYr‘Kl

LEPAYTNSFTRGVYYRPDRVE FHALHVEGT
TLPENDGVYFASTERSNIIR G NVVIRVCEF
VY YHKNN YS'/\IMLBLE RVYSSA NEEKNLREEY

LHRSYLTPGD
FTI\C LESEFTVEKGIY
SNCVADYSVLYNSAS
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LHAPATVCGPEESTNLVENKCVNED
QEGRDIADTIDAVRDPQILEILLDITPCEFGGVEVITRPG,
IHADQLTPT YNRK/Y.. TGSNVEQT GAEHVNNSYE
L IAY 1M;_ J_GAEE‘ .

FQLNRA

NENGLTGTIC

NT SNQ\IA 1"”'

HVTYVEAQR
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O0LENIR
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R
O’j

fpept de
ho

igna
peptide,
1509 aa,
$1/82 furin

d

cleavage
site 1

mutant
(685R->685A)

B UC‘Q SDPADVAT Q IF th_L\ib'lEAbQF
1IEIR NSRETYSVIVDGCISHIGAWGKIVIEYF
FDVGEPVCEL

3 QUVNLTIRTQLFRPAYTN SFTRGVYYP“RVF”CavLHaTQ Prototypic
NGTERFDNEPVLPENDGVYFASTEKSNT TFG SARS~CoOV-2
QFCNDPFLGVYYHENNKSWMESEFRVY SSA spike S-
FRNIDGY "KIYCKHT‘:Lu—vhbul—‘g_fv“SAA_HPLV.J_‘“ IGINIIRE O*LA—A_JDRDYLTP(:L Trimer
588 AAAYYVEYLOQPRTIFLLEKYNENGTITDAVDCALDP LSETKCTLESFIVERKGIY fusion

79




WO 2021/249456

PCT/CN2021/099293

SEQ ID NO. SEQUENCE DESCRIPTION
OTSNFRVOPTES IVRFPNITNLCPEGEVENATRFASVYAWNRKREISNCVADYSVLYNSAS polypeptide
FSTEFRCYGVSPTEKLNDLCEFTNVYADSEVIRGDEVR TAPG\ GKIADYNYKLEDDFTGCV without
IAWNSNNLDSKVGENYNY LYRLFRKSNLKPFERDILS CAGSTPCNGVEGENRCYFPLE signal
SYGEFQPINGVGYQPYRVVVLSFELLHAPATVC GPV aTRMVKNKCVNE}EQGJTGLbVLI reptide,
ESNEKRKFLPFQQOFGRDIADTTDAVRDPQTLE ITPCSFGGVEVITPGINTSNQVAVLYQ 1509 asa,
DVNC l“&?J[iHF“QLi TWRVYSTGENY EO*BAGVLl Aﬁ‘V(NSYECDiPIGAGICAS proline
Y”T URFARSVASQS TAYTMSLGAENSVAYSNNSIATIRPINFTISVITEILPVSMTK utant

VJCTMYI X h .quu¢F ! GIAVEQDENTQEVFAQVRQIYKIPP {G86K/ BRTV~F
LK“ECGE ILA“AGPLK Yf“’Luu1AARVL1CAQ 986P/987P)
GLT \/'GP g SWIFGAGA
NVIu ("FL' SDVVN
VFVSNGT‘W?”T \TFVSCJCJVVTF'VN L
KYFRKNHTSPDVDL NIQKEIDRLNEVAKNL F24
NGLPGPIGP oLRJhIQJP(PVbPHGEPGPJ"PP(PP\AGE 2R
YRANDANVVRDEDLEVDTTLKSLEQOIENIRSPEGSRENPAR £Y
lDBWQuCNLJAlKVFCNML‘JLIZVErLQPSVAg&ND ISKEN PRDKRLJMLCLUM DEE'Q
FEYGGRGSDPADVAIQLIFPLRIMSTEASQN I TYHCKNSVAYMPQOTGN LKKALLLOGSNE
IEIRAEGNSREFTYSVIVDGCTSHIGAWGKTIVIEYRTTKISRLP IIDVAPLDVGAPDQEFG
FDVGEPVCTL
4 QUVNLTIRTOL AYTNSEFTRGVYY
NGTERFDNPVLEFNDGVYFASTEKS
QFCNDPPLGVYYHENNKSWMESEFR soik
FENIDGYFEKIYSER QG TRE TPGD Trimer
SSEGWTAGAAAYYVEYLOPRTFLLKYN TTDAN ELS TRCTLRSETVEK fusion
QTSNERVQPTESIVREPNITNL CPFGFVFNLTRjASVYKNNFRRlSWCV\UY VLYN~A3 volypeptide
FSTEFRCY ”SPTRIL“:CFTVVYn?SU‘TPGT' FDYNYRLPDUF without
IAWNSNNLDSKVGGNYNY L XRLHP\SWLb signal
5Y NGVEYQPYRVVVLSFELL NLV peptide,
LS D TD 1509 aa,
TRV 51/52 furin
AY' SNSVAYSNNS cleavage
SECT QTN RALTGIZ zite 1 and
hR hlLJ~4£11VLLAD_' proline
LAGTITSGWTEGE utant
LESTASALGK TQ‘“ JVINQN {(635R-2E83A,
VAMJLLSKLDP37‘ ITGRLOSLOTYVIQOLIRAZ GREK/98TV->S
LuOoﬂIVJFCGK HGV Vn;nVlVVPAQL&N“ S6P/ 2878}
UNTTJ>kVCjVVTGTVN LD
TSP SLIT [KRS
NGLPGP IGPPGPRGR uu{LPVGP uHPbPPbEPLP nbLJFSFL QPP “LLGCLY
YRANDANVVREDRDRLEVDTTLEKSLEQOIENIRSPEGSRKNPARTCRDLEMCHSDWKSGEYW
IDPNQGUNLDATIEVICNMETGETCVYPTQP SVAQKNWY LSKNPKDERHVWEFGESMTDGE
FEYGGQGSDPADVAIQLTILRILMSTEA Q\I_[ TYHCENSVAYMDOOTGNLERKALLLOGSNE
TEIRARGNSREFTYSVIVRDGCTSHTGAWCGKIVIEYKTTKTSRLPIIDVAPLDVGARPRQERG
FOVGEVCEL
5 CVNLTTRTIQLE Prototypic
NGTKREDNPVLE SARS-CoV-2
QFCNDPFLGVYYHKNNKS MM?SEF&VYSSANWCI?‘YVRQPVL spike
GYFRKIYSKHT VRD TGINITR NTD/

AGAAAYYVGYLQP
RVOPTESIVREPNITNL
FQTFKCYFVSPTFLAL
SNNLDSKVG CNXJXliRl
SYGFLFI(”VFY”DV”VVVL SE
GRTIGDAGPVGPPGPPGEPGEPG

LEVDTTL KUQQQ“IEWiR PEG

VECNMETGETCVYRETOP SVAQENY

”L

LEQGE

DCALDPLS
CPFGEVENATRFASVYAWNRKRISNCVADYSVLYNSAS
VIRGDEVRQIAPGOTGKIADYNYKLEDDFTGCY
FRKSNLKPFERDISTE L [YQAGSTPCNGVEGENCYTPLY
ELLHAPATVCGPKE aTFLVKPKC SN LPGP*PP“”UR
PP SAGFDESFLPQPPQEKA! RYY
91\uenk”ﬁk“*KMCH;JWKSGEXN i,
WY ISKNPKDKF vWFGMSM1D@EQFEY 3GOG SIPAJV
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SEQ ID NO. SEQUENC‘E DESCRIPTION
ATQ LRLMSTEASONITYHCKNSVAYMDOOTGNLEKALLLOGENE LETRAEGNSRETY
5V T"“G\.,, SHTGAWGKIVIEYRTTKTSRLP IIDVAPLDVGAPDQEFGEDVGEVCEL
& GVYYPDRVFRSSVLHSTO TSN r

TERSNIIRGWIE Gl AL)
QEFCND "—‘Fuo\/ ¥ YU“.Q’\K 'WML(‘r FRVYSSANNCTE

=4
HEDWKSGEYWIDPNQGUNLDATL ‘T“C‘Tf "'—TCT.T’“‘VYPT\
< & L )

Tu

r\/Qf:’lL.bi‘\/}:\ PNITNLCPEFGEVENATREFASVYAWNRER
YGVSPTRKLNDLCEFTNVYADSEVIRGDEVROIAPG
LDSEVGGNYNYLYRLEFREKSNLEKPFERDIS _[bJ_YgA
PN 3\’( Y""D" RVVVLE FELLHAPA‘“\/\AG KKSTNLVENKCVN
I ITPCSFGGVSVIT

TRAGCLIGAEHVNNSY
P LGPQ"PQGRLL:LIX\;EV(P GPPGEPGPEGP
SGRYYRANDANVVRDRDLEVDTTLESLSQO IEI\lRSPA_.ubRV(\ID ARTC

KOG

PCT

PSA

P SVAQKNWY ISKN

SONIT ‘_{ACK\IJVAV

5V \7DG CTSHTGAWGKRIVIEYERT

TETSR

WVVIKVCEE
NEFKNLREE'V

VJ_(YN,S AS

roey
DLEMC
NPRDKRHVW
MDQQTGNLE
LPIIDVAFPL

[l

o W

ol/pﬂft-ve
w1tn0uv
signal
peptide,
279 aa

7 NSIAIPTINETI SVDCTMYTCGD Fro
IAVEQD &\IIQQV DEGGI'NI SAR
DAGF IRKQYGDCLGDIAAR NGL1 501
ITSGWTFGAGAALDIPFAMOMAYRENG 7L YFNQKLIPN Trimexr
QFNSAIGK SLS _[ ALuK" QDVVNONAQALNTLVEQLSS SVLNDILSRLD fusion
EVEAEVQIDRLITCGRLOSLOTYVIQOLIRAAETRASANL /LralFMa:L\, VLGQSKRVDECG epolypeptide
GYHLMSFPOSAPHGVVE LHVTIYVRPAQERKNF TTAPATICHDGKAHRFPREGVEVENGTHWEVT , 837 aa
i IFVSGNCDVVIGIVNNIVYDP LQPELDSFRKEELDKYIKNHTSPLVD {cileaved at
GDISGINASVVNIQKEIDRLNEVARNLNESLIDLOELGRYEQY IKRENGLPGP LGPPGP 51/8z, site
RGRTGDAGPVGPPGPPEPPCPPGPP SAGEDE SFLPORPPOEKAHDGGRY YRANDANVVRIR 1)
DI E '-”JlR.JPEGQ REKNPARTCRDLEMCHSDWESGEYWIDPNQGCNLDATL
b PSVAQKNWY LSKNPRDKRAVWEGESMTI DGR QFEYGGRGSDRAD
.LTVHL ENG /’]\YIH‘AQQ GNLEEKALLLOGSNE IREIRAEGNSRET
LPIIDVAPLDVGAPDQEFGFDVGPVCEL
3 IPINFILSVITEILEVEMIKISVDCTMY ICGDSTECSNLLLY P
& DENTQEVIAQVKQIYKTPP IKDL uGL* NESQILPDPSKPSKR 5
SEFIBEDLLENKVILAD CIEQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTS S3
LAGTITSGWTIEFGA LOIPFAMOMAYRENGIGVIQNVLYENQKLIANQENIAIGRIQ T
LSSTASA ALKQQ)\/VL\Ql A LNT “"\gLH‘SNﬁ' le\/ NDILSRLDRVEARVQIDR fusion
GRLOSLQTYVIQOLIRAAETRASANLAATEME GYHLMSFPQS 1
) VVELHVIYVRPAQERNETT b C?\NFYFD"T*
TTh IT:‘VSG?”‘("DV VIGIVNNTVYDPLOP LGDISGINAS
VVNIQKE LDRLNEVAENLNE jC.JIDJ_xQLl- SKY RGRTGDAGRV
PP SAGED )
GSR &\Ioﬂr\‘\,KLuFM('
NWY ISKNPEDKRAVWE GESM
MDOOTGNLKEAL
RLPIIDVAPLDVG
9 DLLENKVTLADAGE IKQYGDCLGDIAARD AJTC'?\QI\~ D«G CIVLPPLLTDEMIAQYTS

ALLAGTITSGWIFGAGCGAALQIPFAMOMAYRENGIGVTIQONY.

DSLESTASALGKLODVVNONAQALNTLVEQLSSNE \;F\IDSVJ_K D ILSRLDK

M

LITS 7’120310 TYVIOQOLIRAAETIRASANLAA
APHGVWELAVIYVPAQEKNE

VVNI

GPPG)

JKE IDRLNEVAKNLNE _)A_.T]':J_‘Q?

TCVYPTOPSVAQKNWY I SKNPRKDEKRHVWEGESMTIDGEQ
MSTEASONITYHCKNSVAYMDOQTGNLEKALLLOGSN
BIGAWGKTIVIEYRTTETSRLPIIDVAPLDVGAR ‘WLE i

TIAPAICHDGHAHEPREGVEVENGT

TTDN J"*“\/'%C’\\,A VVIGIVNNTVYDRPLOQPELDSFREELDEYFENHTS
GEYEQYIKRSNGLEPGRIG
PPGPPGPPGPRPSAGEDESFLPOPPQEKARDGGRYYRANDANY
I.SQ~ ITENIRSPEGSRKNFPARTICRDLEMCHSDWESGEYWIDPNQGONLDATKVECNME

BYGG Q:‘S

PLVDL

SEFPGERGRT

/'VRDRD

DEADV
RETY

LNQ‘ LDIANQEFNSATGKIQ

VEAEVQIDR

ISECVLGRSKRVDFCGKGYHLMSFPQS
AWEVIORNFYEPQL T

LGDIT SGIINAD

LEVDTT

JAIQLTE
SVIVDG

€A
(cleaved at
327

St
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10

f;‘?PAYTNSFTR” '7VYPDKVFR‘§ SVLHSTOD

™o
WIFG

DPE ;Lv\/VYH(\L\K
K\TIDCVL'RI %Rd'l PIN

I

'"SN‘r* QVQP lLQ LVRE
TFKL,VC\/ SR IKLI\T

44

YGVGE Y"‘ YRVVVLSE
[ DAVRDPQTLE]

[ LD T PCbFCGVR\ ]
.YNRK/Y.. Tu\ﬂ\TVF‘QTRAGf'LT\_ AbRH
NSVAYSNNSIA
LLLY YooF CTQLNRALTGIAVEQY

ALGKLODVVN

0
'I_i VIYV PL\Q]L‘\JN FTTAP
SNCDVVIGIVNNTVYDPLOPELDSEFEEREL
SRLNEVARNLNESLIDLOELGKYEQYIKRS
PGPPGPPSAGEFDFSFLPQFPPQERAHDGGRY
NIRSPE Cf;R'Q\‘ PARTCRD LK ( HSDW &SGLYV\;

VVRDRDLEVDTTLKSLS
TJ‘WQCVW‘?ATKVFLVMET7ETFV’
GSDFADV NZQAIFLRLM*IE
AEGNERETYSVIVDGE

LELPFFSNVIWEFHALHVEGT
LDSKTOSLLIVNNATNVVIRVCEE

NNCT 'EY\/SQPL' LMDLEGKQGNEENLREERY
LEPL DLPIGINITRFQTLLALHRSYLIRGD
GT IDAVDCALDPLSETRCTLKSFIVEE

GIY

TREASVYAWNRKRISNCVADYSVLYNSAS
PV IRGDEVROIAPGOTGNIADYNYKLPDDETGC
NLEPFERDISTEIYQAGSTRC FNCYFPLO
ELLHAPATVCGPEKSTNLVENKCVN SLITGIGVL

VAVLYQ

JE ',j\/KQi i f(' P
e

TYVTOQL TR

.

H I l\S‘v’A‘i MD Q lcn.\

5} ..l VIEYKTTKISRLP LIDVAPLDVGAPDOEFG

B.1.351

South
Aﬁrican

I NEFTRGVYYPDREVERSSVLHSTQ
YFASTEKSNIIR
KNNKS ’VML.gbL* '{\'ISS_ NNCTFLE
EPLVDLPIGINITRFQITLLALHERSYL -IPL:D
GT TDAVDCALDPLSETKCTLES

mwTFRFDNPV £n

IFGTTL

”WT AGAAAYYV3

'.(

RL'P‘\”T JALPF’_)" 2

ITRGDEVROTIA Pf‘ DTG
I «P”F’.RDT‘ETFI

{

J; :Y\]CG JY’\TYLYRLTR«S‘
RVVVLSFELLHAPAT
TDAVRDPOILEILDITPCSEFGGVEVITPGT

{ ‘NVFO TRAGCLIGAEHY

ENSVAY J\“LA

ALGELODY VNQ AQATLNTLVEQLS
DF C’JL\\,XULn

SLJVALGJI SG
PGPRGRT GDAGP VG]:’ PGP ]:’ GPPI
VVR DRDLEVDTTLKSLDLQIL\QR
YATRVECNMETGETC
DPADVAIQL TFLR;MQ l]LAgQ\I_[ TYHCENSVAYMDQUTIGNLEKALLLOGSN
TEITRAR C;\SRI TYEVIVE

o
n o

DL

PEFSNVIWFHATHYSGT
L IVNNATNA
YVSQPEFLMDLEGKQGNE

— T

AW TQKRISN(‘VL\)X\\/‘ V\“‘_ S
NIADYNYRLPDDELGCV
‘G\/I\CF]\F"’—' P LO
“\IC;_iu"‘GVL T
TSNQVAVL
GAGICAS
P 1S EILPVEMTK
DENTQEVEAQVKQIYKTEP
KOYGDCLGDIAARDLICAQ
PEFAMOMAYRFNGIGVIQ

T
(1

SENFGAL
SECY

QITYVIQOLIRAAEIRASANLAAT

Ei\/lV\’PAQLKN’"' TTAPATICHDGRAHFPREG
(vNC,J\, VIGIVNNIVYDPLOPELDSFKEELD
DRLNEVAKNLNESLIDLOEL
GPPCPPSAGFDESFLEQPEC
SELC-; BENPARTCRPDLEMCHSDWESGEYW

LGKYEQYILERS
KAHDGGRY

AQKNWY ISENPEDKREVWEGESMTDGEQ

F

CEYRTTKISRLPYIDVAPLDVGAPDQERG

81/82 furin
cleavage
site 1
utant
(EB8ER-2685A)

‘IS’W '{\'Q]:"ILSL
TFKCYGVERPTKL

QSL,‘UI\JJ\"\V ATRVVIRV CE:
X\/SQ]:’D'LML LEGK QGNFK LREFYV
[(NLTREQTLLALERSIYLTIRGD
SETRCT LI\DFTVE

NATRFASVYAWNRKRISNCVADYSVLYNSAS

DEVRQIAPGQTGNIADYNYKLPDDETGCV
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TAWNENNLE NYV{AYRLTRKRW KPFERDISTEIYQAGSTRPCNGY
? HAPATVCGPRKESTNLVENKCVNENE

N
*ljnVRJPg¢‘h LULIPCSEGGVS it

YOTQTNSEE

TSVDCTM

ECSLhL4g1 oFCiQh\R A LT GIAVEQDKNTQEVE

=<

IKMFGbF‘ DPSKPSKRCPIFULW1 VKVTLADAGE TKQYGDCLGDR L DLICAQD
KENGLT [TSGWIFGAGAALOIPFAMOMAYRENGIGVTQ

SAhJKL"“ /VN QNAQALWlQ\KOQOQ‘“GAL
) LOSLOTYVTOQLIRAARIRASANLAATKMIECY
LuQSKF "Gl SVVELEV] VVPAQFANFTTA;ATCHACVAHFFRZG
VEVSNGT "1ARW“V“PQ*1I"Jhth CGNCDVVIGIVNNIVYDPLOPELDSIKERLD
KYFENHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGEYEQYIKRS

GLPGP GPRGRTIGDAGPVGPPGPPGPPGFPGPRSAGEDESFLPQPPQ HDGGRY
XRANDANVX_:RDLEVDTTLKSLSQ”IENIRS?EGSR&NPARTCRDLK ICHSDWKSGEYW
IDDMQGCNLDAIKVFCWMEI GETCVYPTOP SVAQENWY LSKNPKDERHVWE GESMIDGEQ
FEYGGOGSDPADVAIQLIFLRIMSTEAS NITYHCKN‘SVA"P\HEO [GNLEEKALL J_IVG? NE
lLlP LGNSREFTYSVIVDGCTSHTGAY

FDVGPVCEL

CVLYENC

TN
\S

=463

.

fusion
po;ypeptide
without
signal
peptide,
1508 aa,
proline
mutant
{986K/287V->
G862/ 987F}

13

QDLELPFESNVIWFHATIHVSGT

QCVNLT PPAYTINSETRGVYYPDREVER Qi £
'SKIQSJLIV\VATNV"IKV@RF

NGTERFRNPVLPENDGVYFASTEKSNLIRG
QFCNFDFUWVVY KNNKSWMESEFRVY

\fsAKYVV YLQP“*FLLKV\FVﬂ 'TUAVDCYLDPLSF
FNATRFASVYAWNRE
‘VIRGDEVROIARPGOTG

TKC LESEFIVEKGLY

CTNVYAD ADYNYKLFPDDE
D VCGN{WYLYRLFRKSNlKPW‘“DI TEIYQAGS CNGVRGENCYEFRPLO
YGVG YOUYRVVVLQFCILHFPAﬁVTCPKRDTNMVKNICTVFDF GfmCLGVhT

[ GTI

Gov

(40
fo34

"QOFCRDIADTTDAVRDPQILEILDITRCSEGGVSVIT

l1TfJATHAungPTNRVYoIGSNVF_1?AGCL16A‘""NSYFCUIPTG
BAASVASQSITAYTMSLGAENSVAYSNNSI SVITELIL
TECSNLLLOYGSFCTQLNRALTGIAVE(Q] JTAQVED
V‘“CKP\RRbFlbDlL‘N VTLAL ACFLKk\GDCL;ITAAR.
ALLAGTITSGWIFGAGAALQIPFAMOMAYRENC

NVLYEV””T";\‘NSAIu&lQDuLQg*AQA GELODVVNONAQALNTLVEKQLS
SSVLNDILSRLDPPEAEVOIDRLITGRLQSLE TVV“QQJIRAfETR\\A\JﬁAl
.NSF‘V.API1VV VIYVPAQEK]
) RNFliPQn; "VSGNCDVVIGIVNN Y
GDISCINASVVN QRELDRI\“JAKP‘NQSLIJAQEL"KVFQVIR

.uPRGPTQPACPVGP GFPCP“?DPbP7SAQ SEFLEQOPFOEKAL PGv«V
RDLEVDTTLKSLSQQ REPEGSRKNEZ ILRuALmCUQJWRSGLYW
KVECNMhluLlfv1f AQKNWY ISENPEDKRBVWE'GESMTIDGEQ
IEVAYMDRQOTGNLKEA LOGSNE

LLOGSNE
_OQLPlT“VAPL)vJArLQLF“

FDVGPV

without
signal
peptide;
1509 aa,
31/82 furin
cleavage
site 1 and
prollne

”'wR“ﬁ% 85A,
::8, 6K/ 98TV 9
86F/287P)

OCVNETNRTQLE SAYTINSFTRGVYYPDKVERSSVLHSTODLELPEF SNVIWEFHATRVEGT
TK&FD\P\ AUGVYFAS.LKSR1¢h-N'”CI LJDKTQSLTIVNﬂﬁlNVVIRVVMF

CFRVYSSANNCTEFEYVSQ
VERDLPQGESALEPLVDLPIGINI
GWlAG\RAYV YAQP”mbjLKY} NGTI IDPVD“AMP“J
NERVQFPTESIVRE
FRCYGVSPTKLN TA
ANSNNLDSEVGENYNYLYRLE FERDISTEIYQAGSTP

SFOPTYGVGYQRYRY LSE KAPHTW”kPWV TNLVKNKT

SWCVAJ\SVL

Sl

.
=3
e

ARENSY 72\‘1\

=
3
~
©
=
2,

TSVDCIMYICGDSTE ‘JLLAQISQEC QLD
TKDFGGENESQT] \PSKRSELFDLLF\KVW.A \urTK“Y”DCLﬂDLAAR

polypeptide

e
WILAaoun

83
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KENGLIVLPPLLIDEMIAQYISALLAGTITEGWTEFGAGA
NVL OKLIANQFNSATQKIQDSLS. TASALGK _.QD

SSVLNDILSRLDEVEAEVQIDRL ASAN

LGOSERVDIFCGRGYHLMS] ‘DQS/\PHG'\/VFL"VIVVPAQF‘(NL'T :EAICH,

VEVSNGTHWEVTORNE ,V"TPQ*.'T TDNTEFVSGNCDVVIGIVNN
KYFENHTSPDVDLGDISGINASVVNIQKEIDRLNEVARKNLNES
NGLPGP IGPPGPRGRT GL‘AGP‘”‘PPG‘PPLJ PGRPGPESAGEFDESFLPQRPPO

IT
5

YRANDANVVRDRDLEVDTTLESLSQQIENIRSPEGSRKNFPARTCRD AJKMCE >

IDPNQGCNLDATEVECNMETGETCVYP TOP SVAQENWY ISKNPKDERHVWE
FEYGGQGSDPADVALQLTFLRLMSTEASONITYHCRKNSVAYMDOOTGNLEK
IEIRAEGNSRETYSVIVDGCTISHTGAWG

FDVGPVCEL

BSANL

el e

TVIEYRTTKTSRLP IIDVAPLDYV

9]

QCVNETNRTQLPSAYTNSI'TRGVYYPDEVI'RS u\/’LHS'I Q.JLE LPFESNVIWEHATL HVSG’I

NGIKRFDNPVLPENDGVYFASTEKSNL IRGWIE
QFCNYPFLGVYYHKNNKEWMESEFRVY SSANNCTEE Y'\/RQP
FRNIDGYFRIYSKHTIPINLVRDLPOGE EPLVDLPIGINI
SESCGWIAGAAAYYVEY LQPRIFLLE i
OTSNFRVOPTESIVREFPNITNLCPEGEVENATRE A‘;V\ :NJI\
FSTFRCYGVSETEL :
R I\LLQK\/GLNY’QYLYRT )3 &S}\L&P""ERJ_[ l IY¢g A
TYGVGYQPYRVVVLSFELLHAPATVCGPERETNLVENKCVNENET
JQEGRDIADT UAVRTJPQTLE DITPCSEFGGVIVITEG
CGVNCTEVEVAILHADQLIPTWRVYSTGSNVYI
Y"‘T TNSPRERAASVASQSITAYTMSLGAERNSVAYS
SVDCTMY I STECSNLLLOYGSE )
}:Cle* FSQLLPDPSKPSKREFIEDLLEN
GLIVLEPRPLLIDEMIAQYTSALLA

NVLYE IANQENSATIGKIQ

LIVNNA

=t

rJF\TTOEVF'

SSVLNDILSRLDRVEAEVQIDRLITGRL

.UQCKEVUFC’KFYHLL>FPQSAP””V‘E
TORNFYEPQ
SPDVDLGDLSGLY;

<
<

TYVPAQERNFITTAPATCH
vaTF'ka N 0
NEVAKNL

VNIQKEIDRI

SPPGPRERTGDAGPVGREGPRGPRGPPGPP Sl\f‘:b DESFLPOPPOEKA
YRANDANVVRDRDLEVDTT IRSPEGS
IDPNQGCH VD/—\lK\’FCNEJlLl 5 AQ& WY ISKNPKDKRHVWL CL.JM )
‘ﬁ *'YuGQGSLL ADVAIQLTFLRLMS lLAag_’Ql TYHCKNSVAYMDQOTGNLKKA
TETRE\EGNSRFTYSVTVDQ TOHIGAWGKIVIEYRITKIS RJ_(PTTD\\]}-&PII—)\]?AET’QEF\;

FDVGPVCI'L

/KG}:

{ LlGALYV NSYECDIE

IATPINFTISVITE

‘

bad

QYGDCL\;H‘n A_c«.RD

[

I

el

R a

o

¢

Gl
=
fz

+<

=

L
ja]
o
9]
o
3
<

e

qC HD—)WKSG

h

o]
ped

Brazilian
variant
SAR s}

3

T

£

©

ocpt de,
1509 Ay
51/52 furin
cleavage
site 1
mutant
(685SR>EB85A)

16

QCVNEINRIQLP
NGILEREDNPVLPENDGVYFASTEKSNI IRGWIFGTITLDSKTOSLLIVNN

OFCNYPFLGVYYHENNKSWMESEFRVYSSANNCTFEYVEQRFLMDLE ”KQ”’” FK

FENIDGYFEIYSKHTPINLVRDLPQGE SALEPLVDLPIGINITRFQTLLE

FESTFKCYGVSPTKLNDLCEFTINVYADSEVIRGDEVRY
IAWNSNE\AD SEVGENYNYLYRLFRESNLEPFERDISTEIYQAGSTPCNGVK
'EFQ' TY u\“ Y rw’VVLS FELLHAPATVCGE
& ‘DAVRDFPQT I _[PCQE GGVSVITPGI
WRVYSTGENVEQTRAGCLIGAEYVN
> uLu\T.N\VAYSI\T\.~ TATIPINETIE

_LNR 1A TQEVEAL

'Y\:ﬂ_:':: LGE

TVLPPL

NAQALD

: _,RA_QHLQ TYVIQOLIRAAEIR Aunl\

,_ITTTUNTT VSGNCDVVIGIVND TTVY"PI.\/F‘
£ IQKEIDRLNEVAKNLINESLID
D

P TGPPGPRGRTGDAGPVGPPGPPGPPGPPGPRSAGE

S

FSFLP QP

C.

[y
el
o
Won

PESAYTNSFTRGVYYPDRVFRSSVLHSTODLELPEY Sl\\/lV\IEHn_[H\/.Jun

SSSGWTAGAAAYYVGY LOPRTIFLLKYNENGT ITDAVECALDY LSLTKCTLKSFTVE‘“‘IV
QUENFRVQPTESIVREPNITNLCRPEFGEVENATRFASVYAWNRERISNCVADY S
IAPGOTGCTIADYN Xl\LPL JE

KESTNLVKNKCVNENENGLT

Q'PF "Q'\/"A RENGIG "I
TEQLS

NVELRVITYVPAQERKNE TTAPATICHRDGKAHE

< W
[
1o W

un l(/)
o
7

1 U
e
o
=R
o

1

H

b
Lo b

e
3O

[~

SLgnal
veptide,
1509 aa,
prol
mutant
(9BEK/ S

(Lo Rprts
fes)
[
G
e
0
o0

84
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YRANDANVVEDRDLEVDTTLESLSQOIENIRSPEGSRK

IDPNOGUNLDAIRVECNMETGETCVYPTQR SVAQKINWY .L\I
DVAIQLTFLRLMSTEASONITYHCENS VIXVMLQQI SNLEKALLLQC

PAL
RETYEVIVDGCTSHTGAWGKIVIEYETTKTSRLP TIDVAPLDVG

FEYC ;(vQGo
TEIRAREGN
(el

FDVGEVCEL

f“ m

PI\\JJ'FY?I\TYS KETRINLVRDLEPOQGEFSALEPLVDLPIGINITR
G\f AGAARA YY\,’GXQQP:(LE LLK NGTITDAVD
N VQP TESIVRE “'JI'I‘\IL(‘PL‘GL‘ B QA*BEA‘S‘ Y
NG
NSNNL LQK\/CCNX’JX YRLEFRKESN A_K}:'“L. ‘D_[x)lu

QC;V X ] SL' rT"V“"OQ TR

GQSKRV APHGV HVTYVPAQEKNE
VEVENG THV\L'VT\A NE YFPQiT TONTEVSGNCDVVIGIVNNIVYDP LY
KYFRNOTSPDVDLGDISGINASVVNIQRKRIDRLNEVAKN LJNES

NGLFGPIGPPGFPRGRTGDAGPV uPH’
YRAND IXN'\/ RDR DLEVUI LKD‘.

FEY CQ SDEPADV. Q;IFLRJ_MLILA.JQW;L "YHCKL\S‘V
IETRABGNSREFTYSVIVDGCTSHIGAWGKTVIEYKTTKTSRL PIT‘D 'F\PI.DVGAPDQ

-1

FDVGERPVCEL

PSAYTNSEFTRGVYYPDEVERSSVLHSTO!
Gll REDN PVL FNDGVYIPASTERKSNIIRGWIFGT: "L)g_
QFCNYPEFLGVYYHRKNNESWMESEFRVYSSANNCIFEYVS

LIVINNATN V\’lK\/\,bh
MDLLC;K;G\}: K \.u.bL BV

W DY’\T\FLPPﬁFT” v
KCL J}\ACYL"P L
PIYGVEYQPYRVVVLSHFELLHARPATVCGPEKSTNL
VEEELEE Q CEGRDIADTTIDAVRDPQTLEILRDITRPCSEG
NCT JTRAGCLIGAEYVN
SNNS T

LTGIAN

\LGELODVV

QF.I KVEQVI

YDPG}:‘PG# PGPE "\_/—\_GL* D

LK LHDDVVK GF\V\'

fusion
polypeptide
without
signal
peptide,
1508 aa,

(685Rﬁ9685A,
986K/ 98TV-39
gep/287P)

18

QUVNLTIRTQLPRPAYTNEFTRGVYYPD
TRREDNPVLPENDGVYFASTEKSNI

]

R GV7IAGmLLAY VGYLOPRTIFLLEKYNENGTITDAVDC

u

WNSNNLDSKVGGNYNYLYRLEFRES)

VDCTIMYICGDST
DI'GGENFSQIL
NGLIVLPFLL

LYENQELIANQENSAT
VINDILSRLDKVEAEY
QSKRVDFCGKGYHLMSE
VENGTHWEVTORNEYERPQL]
FRNHTSPDVDLGDISGINS
LPGPIGPPGPRGRIGDAGRPVGPPC
ANDANVVRDRDLEVDTTILKSLS Q\,I
PNQGCN AIKVF& NMETG

b

f;;
i
~—

vP“QL

SRFT.L.bVI VDGCTSHIG

VGPVCEL

VERSSVLHSTOD
IRGWIFGTTLI W.ﬂ("‘@,
CNDPELGVYYHRNNKSWMESEFRVY SSANNCTEEYVEQPE]
NIDGYFRIYSEHIRPINLVRDLPQGESALEPLVDLP IGINILITRE QF"L.J\.J_ HRS
_JDPJAQL lKC TLKS
NERVOPLESIVRFPNITNLCPEGEVENATRFASVYAWNRKR
TE KCYGVER IKLI‘DLC FINVYADSEVIRCGDEVROIAPGO
LKPITERDISTEIYQAG u'
CEQPIYGVGYQPYRVVVLSFELLHAPATVCGPERSTNLVENKC
NEEKFLPFOOFGRRIADTTDAVRDPQTILEILDITRPCSFGGVSVI 'IP(;J‘””"’ \IQV
NCTEVEV ;L&_L}’IAJQL TPTWRVYSTGSNVEQTR AGCLTGAE’_ HVNN
TOTNSHRRARSY. AYTMSELGAENSVAY SI\L\SJ.A
LTGTAVE

TGEKIADYNYKLPDDE Tu(‘

FNE wQC-;_L'_[u_LL:Vu

3 FGAGAALQIPE
SSTAS/H_ GKL oD ’f\\,m
SLOTYVI "QgL.[R

iD (vKAUF PRE u\/ I

19

OCVNLITTRIQLPPAYTNSFTRGVYYED
TEREFDNPVLPEFNDGVYFASTEKSNI IF
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CN DPE’LG'7VYHKNNK"WMESEFRVYSSA}”\TC TEFEYVSQOPEFLMDLECGKQGNEFENLREFVEER
SKHIFPINLVRDLPOGESALEFPLVI] IGINITREQTLL SRSYLIPGDSS
SGW 1}\( AAA YV\/GY_‘J;P RIFLLEYNENGTITDAVDCALDPLEETKCTLKSFIVEKGLYQT
SNEFRVOPTESIVREPNITNLC P'""’vE.VI&'NAlRFASVYANNRKETSN CVADYSVLYNBASES
TEFRCYGVSPTRLNDLCEFINVYADSEVIRGDEVRQIAPGRTG DYNYKLPDDFTGCVIA
\MI::NNQLQK\/GGI\‘Y NYLYRLE R:(Sth(P""‘ERDI“'IEIY'”"AuJ'_LDC GVEGENCYFPLOSY
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SEQ ID NO.

SEQUENCE

DESCRIPTION

a
3
5
el

g

CDNPYLRPENDGVYFASTERKSNIIRGWIFGTTILDSKTOSLLIVNNATNVVLEVCER

SARS-CoV-2

QFCNDPFLGVYYHRENNKSWMESEFRVYSS L“ICTFE VSQPFLMDLEGKOGNEE spike
FENIDGYFRIYSEKHIPINLVRDLPOGE SALEPLVDLPLGINITREFQTL HRSYLTPGD protein S1
SSEGWTAGAAAY YVEYLOPRIFLLKYNENGTITDAVDCALDP LEETKCTLKSFTVERGTIY fragment
QISNEFRVQPTESIVRFEPNIL T’\LCPFGCVFNATRFA,_NY WNREKRISNCVADYSVLYNSAS without
FSTFKCYGVE NDLCFINVYADS “VLRC-;JEVR IAPGOTGRIADYNYKLPRDETGCY signal
TAR SCNYNYLYRLEREKSNLEPFERDISTEIYOAGSTP FNCYFPLO peptide
RVV"I.QT L LLHAPATVC t_PWI’ STNLVENKCV. PNGLIGTGVLT
DIADTIDAVROPQILELILDITRPCSFGGEVSY J..[PC-;il\lSNQ\/n LYQ
) LTPTWRVY STGSNVEQTRAGCLIGAERVNNSYECDIP IGAGICAS
YQT\,,TNSE«
33 SVASQOSIIAYT MSL’%?\EA‘E TTEl MRS DOTIMYICGD Prototypic
5 *QYQS c ] X ’ GGENESQIL SARS-CoV-2
(RS L LPPLL spike
TDEMIAQ ‘!TS LYENORLIAN protein S2
Q]—'\S}ﬂT TO S SVI NDILSRLD fragment
RL

V'L QQJ_(_LR_/{AL _[RAQL\_\.JAJ-\lKMSEC(\/A_C;Q SKRVDECGR
GMH_ MSFPQS;\: FLH YVPAQEKNEFTTAPALCHDGEAHERRI
VSGNCDVVIGIVNNIVYDPLOPELDSEFKER
EEIDRLNEVAKD UJ\"ESLIWLQ‘LLGKV" Q

FVSNGTRWEVT
LDKYFENHTSEPDVD

LGL iy S Ji \U-\ SV VNIQ

L‘“
Lﬁ

TMSLGAENSVA ILL\JSI‘\_L': VETISVITEILPVSMIKISVDCTIMY ICGDSTECSNLI
GEFCTOLNRALTGIAVEQDKNTOEVEFAQVKQIYKIPP IKDFGGENE'SQ

SEIEDLLENKVITLADAGF IKQYGDCLGDIAARDLICAQKENGLTVLPEL
ALLAGTITSGWIFGAGAALQIFPIAMOMAYRENGIGVIQONVLYENQK

GELODVVNONAQALNTLVKQLSSNEGALS SVLE\.J_LLSR_JDK\/L']-\ZV'Y DR

LO
LPDPSEPSER
TIDEMIAQYTS

ENSAIGEKIQ

DSLBSTASALG
LI'.‘GPLQSl Q'IYVI JOLIRAAETRASANLAATKMIECVLGOSERVDFCGEGYHLMSEFROS
1 1 NETTAPATCHDGKAHFPREGVEVSNGTHWEVTIORNFYEPQIT

DVVE C-;*\/’Q’\ VYDPLOPELDSEFREELDKYFKNHTSPDVDLGDISGINAS
NEVARNLNESLIDLOELGKYEQ

[N
— g

35 [ LADAGE IKQYGDCLGD IAARDLICAQEFNGLTIVLPPLLTDEMIAQYTS Prototypic
T(‘AC‘AA‘JQTPF MOMAYRENGL G"TQNVT.YT\V' TANQENSAIGKIQ SARS-CoV~2
Z SKLODVVNONAQALNTLVEQLSS! LDRKVEAEVQIDR spike
L3S .uQTY‘ VIQOLIRAAETRASANLAATEMEEC \,QCKEV“)E CGKGYHLMSEPQS protein 32
HEVVELHVTYVE AQFK\TFTTAPP*F’Hﬁ”KA'L : VIQRNFYEPQI L fragment
INTEVSGNCDVVIGLV DLGDISGINAS {(cleaved at
VVNIQKEIDRLNEVAENL \J“C.JIDJ_‘Qr ;GK‘:{EQ 827
36 O""V’QLT’ RIQLEPAYINSFIRGVYYPDKVERSSVLHSTODLELPFFSNVIWEHATHVEGT B.1.351
GTRREDNPVLEPEFNDGVYFASTEKSNI IRGWIFGTTILDSETOSLLIVNNATNVV IKVCER South
QE ("\I CERLGVYYHRNNEKSWMESEEFRVY SSAL\ NCTEEYVSQPF LMDLEGKQGNFENLREEY African
i’ ‘KIYS HTPINLVRDLPOGEFSALEPLVDLPIGINITRFQTYLLALHRSYLTPGD ian
AAAYYVGYLOPRTIFLLEKYNENGTITDAVDCALRPLSETKCTLKEFTVERGIY N
QPTESIVREFPNITNLCPEGEVENATRFASVYAWNRERISNCVADYSVLYNSAS
SPTKLNDLCERINVYADSEVIRGDEVROIAPGOTGNIADYNYKLPDDETGCY
SEVGENYNYLYRLFRESNLEPFERDISTEIYQAGSTPCNGVERGENCYFP LY
R\IV"I.QT L LLHAPATVCGRPRESTNLVENKCVNENENGLTGTGVLT
QTLELILDITPCSFGGVSVITPGINTSNOVAVLY
GSNVE LTR AGCLIGAERVNNSYECDIPIGAGICAS
AENSVAYSNNSIAIPTINFTISVITELILEPVSMTK
Z\hL_MlooF(‘iQJ\}\ AL TGIAVEQDKNTOEVEFAQVRQIYKIRP
IK,‘F()L;P LLENKVTLADAC L'*‘("‘Y”DCL ST R C

KENGLTV. ITSGWITGAGAA

ASBAL \;KL"* VYNONA QnL NTLV KO_J“ S ""uvA.L

NVLYENQKL lA\(QE NSAIGRIQDSLEST
SSVLNDILSRLDEVEAEVQIDRLITGRLOSLOTYVTOQLIRAAERIRASANLAATKMIECY
A

LGOSKRVDEC G't’ ?\ HLMDF‘F‘Q HGVVELEVIYVPAQERKNEFTTAPATICHDGKAHER RA_.\:
v}:'V‘“\ GTHWE BNEYEPQILTTDNTE /S\;J(Jv\/iGL INNITVYIDPLOPELDSEFEEEL
TSVDVUT SDISGINASVVNIOREIDRLNEVAKNLNESLIDLQELGEYEQ

L’“ ILTIRT
NGTERFRNPVLPENDGVYFA S'IE

.0

QLL—‘PAV'_[ NSETRGVYYPDEVERSSVLHS l DLELPFESNVIWFHATHVSGT
SNIIRGWIFGTTLOSKIQSLLIVNNATNVVIKYVIEY
JYSSANNCTE FYV."O L

QFCNDPFL \"VVYHKWNI\DWMT.S BEFRV ' LMDLEGKQGNFRENLEERV

African
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SEQ ID NO. SEQUENCE DESCRIPTION

FK PINIVRDLPQGFSALEPLVDLPIGINITRFOTLLALBRRSYLTPGD variant
38 YLOPRIFLLEYNENGTITDAVDCALDPLSETKCTLESEIVEKGLY SARS-CoV-2
2T ! ITNLCPEFGEVENATRIASVYAWNRERISNCVADY SVLYNSAS spike
ST NDLCEFINVYADSEVIRGDEVROIAPGOTEGNIADYNYKLPDDETGCV erotelin
TAWNSNNLD 3?‘]\?6 JYNYLYRLERKSNLKPFERDISTEIYQAG a‘T' \«G\/I\CFI\F"’U‘PJ QO ectodomain
Y GEQ Y GVGY QP YRVY 7LSFLLLHAPA‘“\/\‘(~ KKS ll\.JVf(l\u(’ TEVLT without

Sh PEQOFGRDIADTTDAVRDRPOTL SEGGVSVITP \KLYQ signal

VI VATHADOLTIETWRVY ST\"SN‘/’T‘QTRAG\,LT CARHVINNSY GICAS peptide;
‘1Q'IQTNE'PRR;U&S\/ASQSl_[/AV MSLGAENSVAYSNNSIAIPTINETY LEVSMTK 81/82 furin
TEVDCTMY ICGDSTECSNLLLOYGSFCTOLNRALTGIAVEQDENTQEVEAQVEOIYKETRPP cleavage
IKD Ft:FF NFSQILPDPSKPSKRSFIEDLLFNKVILADAGE IKQYGDCLGDIAARDLICAQD site 1
KENGLIVLFPPLL lDEMiZ\_QXlSPLL TITSCWIFGAGAALQIPFAMOMAYRFNGIGVTIQ rmatant
NVLXLV"K i]*"Qm’QSZ‘ IGKI QJJS VSALGRLODVVNONAQALNTLVKQLSSNFGATL {68ER-2>585A)

SSVLNDILSRLDKVEAEV( LOTYVIQOLIRAAETIRASANLAATKMSECVY
LGOSKRVDFCGRGYHLMST QQL‘ PFIG\/Vt LEVTYVPAQEKNEFTTAPAICHDGKAHIPREG
VEVENGTHWEVIORNEYEPQIITTDNTEVSGNCDVVIGIVNNIVYDPLOPELDSFKEELD
KYE VNH—SPTJK/? LGDISGINASYVVNIQREIDRLNEVAKNLNESLIDLOELGKYEQ

38 TTRIQLPPAYTINSEFTRGVYYRPDKVERSSVLHSTCDLF LPFFSNVTWEHATHVSGT B.1.351
GVYFPASTERSNIIRGWIFGTTLDSKTOSLLIVNNATNVVIKVCER South
SWMESEFRVYSSANNCTFEYVSOPF LMDLEGKQGNEENLRERY African

NLVRDLPOGESALEPLVDLPLGINITRE QTL.J\.J_ .ARRY 'IPCP varian
.'OPJ."\.L " LLKYNENGTITDAVDCALDPLSETKCT “ARS---F’ 5V 2
FPNITNLCPEFGEVENATRFASVYAWNRKR

NERVOPTES
TKC Vf“\/'%P TRLNDLCETNVYAD SF‘\/ IRGDEVROTIAPGOTGNT
=

IAWNS“I NLDSREVGGNYNYLY ! KPEPERDISTEIYQAGSTE

SYGEQPTYGVGYQOPYRVVVLSFELLHAPATVCCPEKSTNLVENKC

P LPFOOFGRDIADTIDAVRDPQTLE LD I PCbFCGVR\ ITpGT

[HVEV. TPADQLTPTYNRK/Y.. Tu\> ‘YTFQTRAG'."I ¥
ISP [AYTMS

Mol

NLLLOQYGSFEC ‘lQ NRAL

TGIAVEQDKNTQEVFAQVRQIYKIPR utant
< (9B6K/9RTV->
986P/987P)

NVLYENQKL
SOVLNDILS
LGQSKQV
VEVSNGT

VLGRLODVY
Ox L :TVVWQQ : JAE
HVIYVPAQE ;)n_[\,l" DGEA
VEGNCDVVIGIVRINIVYDPLOPELDSFEEELD
RKYFRNE CIDRLNEVARNLNESLIDLOELGEYEQ

oG
) o i
n o

39 LC\/\H TTE .TQLJ:'PA¢ T \TSFTRGVY\PDRVFP SEVLHSTODLFLPFFSNVIWFHATHYS B.1.351
IDNPVLPENDGVYFASTEE IF QSLLIVNNA South
O}: CNDPELGVYYHENNKSWMESEFR 3 SAN TEEYVEQPFLMDLEGROGNFKNLREEY A‘Ll(‘an

PININVRDLPQGFSALEPLVDLPIGINITRFOTLLALBRSYLTPGD variant
vQP RIFLLKYNENGTITDAVDCALDPLSETKCTLKIIFIVERKGIY SARS- C" V-2
NITNLCPFGEVENATRIASVYAWNRERISNCVADYSVLYNSAS spike
SPT J,J_( FINVYADSEVIRGDEVROIARPGOTGNIADYNYRLPDDETGCV protein
{LOSEV ’JG&X\IX YRLEREKSNLEPFERDISTEIYQAGSTPINGVKGENCYEPLY ectodomain
Y RV 7LSFLLLHAPA‘“\/\‘(~ KKSTNLVENEKCVNENENGLIGTGVLT without

YGV GYQE

TPCSEGGVEY

TPGT NQVAVLYQ signal
pti

TRAGCLIGAEHVNNSYECDIPIGAGCICAS peptide,
lgl' JINSPRRAA LG/—\_& NSVAYSNNSIAIPTNFTISVITEILPVEMIK 51/82 furin
TSVDCTMYICGDSTECSND LJ_;\,_ KGCE CTOLNRALTGIAVEQDENTIQEVFAQVKOIYKTEP cleavage
IKD F‘t:FF\TT'SQTTP DLLENKEVILADAGE IKQYGDCLGDIAARDLICAQ site 1 and
KENGLIVLPPLLID TITSGWIFGAGAALQIPE AL\’QIV_AYRFN’ IGVIQ proline

TANQED ASALGKLODVVNONAQALNTIVEQL S% NEGATL utant

) gECV {68ER>E83A,
*\/lV\’PAQLKN“' TTA Dl—&l'«_ff*)(‘l\_/-\_t‘]: PREG GREK/987V->8
ITEVSGNCDVVIGIVNNTIVYDPLOPELDSEFREELD 86R/ 9878}

}:(YFV PDVDL ] N. S V1 TQI’Z_LJ_'RI_ EVAKNLNESLIDLOELGKYED
40 Q’“‘ i RGVYYRPDRVEFRSSVILHSTODLELPFFSNVIWEHATHVEGT PLL
STEKSNIIRGWIFGCTTLDSKTOSLLIVNNATNVVIRVCER Brazilisn

92
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SEQ ID NO. SEQUENCE DESCRIPTION

OFCNYPFLGVYYHENNKSWMESEFRVYSSANNCTFEYVEQRFLMDLEGKOG

raviant

a
ARS-CoV-2

o

FENIDGYFKIYSEKH /RDLPQGEFSALEPLVDLEFIGINITRFQT] 3
SSSGWTAGAAAY YVEYLOPRIFLLKYNENGTITDAVDC ]-\LDL—‘LShTKCILKCF’“VEW’TIV spike
QTENE R\/QP TESIVREFPNITNLCRPEGEVENATREAS YAWNFRR.{SNC VADYSVLYNSAS erotelin
B ‘STFKC X SP TRLNDLCEFTINVYADSEVIRGDEVROIAPGOTGTIADYNYKLPDDETX ectodomain
[AWNS] (v’QY\IYhY}\gI‘}\KS\d KPFERDIS _[.._LYQAC 31p CL\G\/KU’:‘I\‘L-E‘ Lo without
CGPRESTNLVKNEKCVNENEFNGLT LT signal
TLEILDITPCSFGGVSVITPG LYQ | peptide
PIWRVYS loSE VEQTRAGCLLGAEYVNNSYE AS
|1 TK

GAENSVAYSNNSIAIFPT
JVLNRALTGIZ

LADAL
LL

T‘:fx")k TMY I
IKDEGGENE

KENGLTVLEY TDEMIA QY*QA.J.J-\CJ_LL-U\;D’T
NVLY GRIODSLISTASALGKLQDVVY \\"l‘\l
'1 ITGRLOSLOTYVIQQLIRAZ
SAPHGVVELRVIYVPAQEKNE
ITTDNTEFVSGNCDVVIGIVNN

5
B

VVNI QK IDRLNEVAKNLNEST

u.\
-

Y C
<

V'V lK\/CLl* Br

i43 LGVVYHV(\LNR AiMP‘SF :(\/‘_(SSAN'\TCIT ’Y'\/RQP"
GYFI\T YSKHT SVRDLE(Q ,)\:L \LEFPLVD
\GAARYYVGYLQPRY ENGTI '_[‘DA\/“CA.J SP L&

ISNFRVOPTES IVREPNITNLCPEFGEVENATRFASVY AWNRE
FSTFRCYGVSPTEKLNDLCEF TNVYA] VIRGDEVR TB\PG\ TG

”L

TAWNSNNLDSKVGENYNY LYRLFRKENLKPFERDISTE IYQAGSTRPCNGS KC-;}: CYL"P‘ o with
SYGEFQPTYGVGEY "PYP‘ VVLSFELLHARPATVC GPV aTIY_xVKNK CVNENENGLTGIGVLT sign
I UA\/’RDPQTJ_‘E [ LDITPCSFGGVEVITPGINTSNOVAVLYQ pept:
ONVFQLRAC'ULDJAL YVNNSYECDIPIGAGICAS 81/8
CAENSVAYSNNSIAIPINFTISVITEILPVSMIE cle:s
GIAVEQDENTQEVFAQVKQIYKIPR site
LADAGEFI X\QY’JDC GDIAARDLICAQ mutant
..... PEFAMOMAYRENGIGVTO {G8B5R~>€85A)
0 R \S 7 ] ‘A,)ALNT /K SNE(
DRLITGRLOSLOT l’\/’TQQLIRPAE RAS
1GVVELEVIYVPAQERNETT I PREG
NTEVIGNCDVVIGIVNNT KEELD
NIQREIDRLNEVAKNL
42 QCVNEINRIQLPSAYT YYPDRVFEFRSSVLHSTODLFLPFFSNVIWEHATHVSGT P.1
NGTERE ‘DI\P‘\/LEFNDGVYEAS TEKSNIIRGWIFGITLDSKIOSLLIVNNATNVVIRKVCER Brazilian
QF C"\TYPP LGVYY HKN\K\"WMESLE RVYSSANNCTFEYVSQREFLMDLEGRQGNFKNLSEEY variant
FEKNID PIGINITRFQTLLALHRSYLIPGD SARS-CoV-2
SJU\;WlnL:]-\AnYV VGYL OP*?‘T I J_K ITDAVECALDPLSETRCTLKSETIVEKRKGIY spike
QUENFRVQPTESIVREFPNITNLCRPEGEVENAT SVYZ—\E’\?NFRR.LN\T("V ADYSVLYNSAS protein
FESTFRKCYGVSPTKLNDLCETINY )an° FVIRG ) TIADYNYKLPDDETGEC ectodomain
IAWNSNE\AD \K ;(vNY\IYJ_Y}\ FRESNLEPFERDISTEIYD Xf NN JZ\G\/KGEI\JL-E‘ LY without
FELLHAPATVCGPRKESTNLVKNKCVNENENGLIGTGVLT signal
I _[PCQE GGVSVITPG] SNOQVAVLY O peptide,
WRVYS lo.b VEQTRAGCLLGAEYVN I AS rroline
> uLu\T.N\VAYSI\T\.~ TATIPINETIE mutant
_LNR 1A TQEVEFAQVEQIYKTE (986K/987V>
3 JYGDCLGE ARDLICAQ S86P/987P)

TVLPPL

Q IPRFA "Q'\/"A RENGIGVTIQ
NONAQALNTLVEQLSSNIFGAL
: _,RA_QHLle\’ LIR}‘Q—\_EIRASAL\_AA:KMQLC"

L-.;:Q‘;KR\u FCCRGYHLMEFPOSARHGYVVELRVIYVPAQERKNE TTARPATICHDCKAHFPREG

VEVSN FVIQRNEYEPQIITTONTFVSGNCDVVIGIVINTVYDPLOPELDSFREELD
KYFENUTISEDVDL ASVVNIQKEIDRLNEVAKNLNESLIDLQELGEYEQ

s
[y

QCVNETNRIQLE SAYT 'JSL"_[E CVYYPDEVERSSVLHSTODLY LPFEFSNVIWFHATHVSGT

o]
ped
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SEQ ID NO.

SEQUENCE

DESCRIPTION

NGTRRFDNPYVLPENDGVYFASTEKSNIIRGWIFGTTLDSKTOSLLIVNNATNVVIEVCER

QFCNYPFLGVYYHKNNESWMESEFRVYSSAN \.JCTFE VSQPFLMDLEGKOGNFENLIEEY
FENIDGYFERIYSKE HRSYLTPGD

HIPINLVRDLPQGESALERPLVDLPIGINITREQTL
SSEGWTAGAAAY YVEYLOPRIFLLKYNENGTITDAVDCALDP LEETKCTLKSFTVERGTIY
QT"SNF' VOFTESIVREPNI T’\LCPFGCVFNATRFA,_»VY WNREKRISNCVADYSVLYNSAS
b YEVEPTKLNDLCEINVYADSEVIRGDEVRQIAPGOTCTIADYNYKLPRDETGCV
DSKVGENYNYLYRLEREKSNLEPFERDISTEIYOAGSTPCEN ’f‘vKL-FbL YEPLQ
(GVGEYQRYRVVVLSFELLAAPATVCGPRKEKSTNLVEKNKCVN LIGTGVLT

=<

i

=z
=

]
g
rj
=
@

yR

/{L'ii[J;"{\/R,JPQTLEl;‘“' LTPCEEPGGVEVITPGINT SLIQ\/A LYQ
PTWRVYSTGSNVE LT '\L- CLIGAEYVNNSYECDIPIGAGICAS
S_TTA"Tlv’a LGAENSVAYSNNSIAIPINFTISVITRILPVSMIK
SNLLLOYGSFCTQLNRALTGIAVEQDRNTIQEVFAQVEQIYKTIPP

PERPSKRSF LEDLLENKVTLADAGE IKQYG JIAARDL

-
D=
ol
=N i
r-« Ll o

JTOQLIRAREIRA SAL‘Q' "“K :LCV
PAQFANFT, APAICH ‘J("VAH REG
IC)\/V_[G”\/D‘N L Q!
NEVAKNLNESL

‘-& !'<
,_;

U
=
=
<
[N
(D]

2

Qii

5.17¢J;an

veptide,
31/82 furin
cleavage
site 1 and
proline
mutant
685R-P685A,
9BEK/987V>9
86F/987P)

SpPD ’_).Jﬁvjl CINASVVNI
RIQLPPAYTINSFTRGVYIYPDEVERS
P }\DG\/YFAQTFKSI\ i .LEG" IFG

xd
=
t’
L—j
o}
\I" [

SVLASTODLELPFESNVIWE 11AlSL§'P’\f
T TLDERTOSLLIVNNATNVVIEVCER QY
TEEYVIQPFLMDLEGKOGNEFKNLREFVEERK
VRD _JPQGL' SALEPLVDLPIGINITRFQUILLALHRSYLTPGDS
LEKYNENGTITDAVRCALRPLESETKCTLKSFIVERG IYQ T

IV ’\U’“‘-Wf‘ EVENATRFASVYAWNRKRISNCVADYSVLYNIASES
TEKC "1( V SPTKLNDLCEINVYADSEVIRGDEVROIAPGOTGK IADYNYKLPDDETGCVIA
W1 \TS\L\J_J. SP\\ C GNYNYLYRLFRESNLEPFERDISTEIY \G NGVEGEN Y“PLQS‘.{

Y HAPATVCGPRESTY GVLTE

RVVVLSEFEL]
DTTDAVRDPQILEILDITPCSEGEY
TWRVYSTGSNVEQTRAGCL ¢L~1\F11‘v

ENSVAY

YCT CL’:D IAARDL T’”Z\‘QKF’
LYENQKLIA ALN lq\’Yqugl\l ng
VLNDILSRLDEVEAEVQIDE " IRABANLAATRMSECVLG
QOSKRVDFCGKGYHLMSFEJSARH HVITYVPAQERNETTAFPAICHDGKAHFPREGVE
JONGTHWIVIQRNEYEPQIITTI D"IE’VSGNCDVV' GIVNNTVY

FRNHTSPOVDLGDISGINASVVNT QKET.JRL‘\T AKNLNESL]

) )J

PLOPELDSIFEEELDKY

IS
w

‘D
DLQELGEYEQ
PEESNVTY

I '-+ l~

OCVNLITRIQLEPPAYTINSEFTRGVYYPDKVYI SJVLUSIQ DLE

TEREDNPVLPENDGVYFASTERK SN LIRGWIFGTTLDSKIQSLLIVNNATNVVIRKVCEFQR
FLGVYYHENNKSWMESEE '{\’I.Jo_/—\_ W\IC THE 1\/5 OPFLMDLEGROGNFKNLREFVEK
SYFKIYSKHTP INLVRDL Pg_GF‘S TREQTLLALHRSYLTIPGDSS

SGWITAGCAAAYYVEYLQPRIFLLKYNE LESETRCTLESEFTVEKGLYQT

SNERVOPTESIVREPNITNLCPEFGREVENATRIA AWNRERISNCVADYSVLYNSASES

TERCYGVEPTELNDLCE TNVYADSEVIRGDEVROIAP (-‘QlGK_LAL;Y\IYKLP SDETC (‘Vi]-\

WNSNNLD? K'\/C TYNYLYRLEFRKSNLKPEFERDISTE LY Q! P ( NGVEGENCYEFRPLQS

NKKE Lr*l* g_"i‘f QL;J.AJT'_I \“J]:\JPQ LEILDY lPCS‘ﬁ L;"\/a\/_lP GINTENQ
”"lh‘”ﬂ‘\// TH"DQLlETA‘RVY TGENVEOIRACGCLIGAREHV 19‘.{ECDI_PTGA ¢ ASY"‘
Tf :TW:H o] *TAYTMS‘ GAENSVAYSNNISIALR '\TFTISVTTE‘T P”” TI\TS
) 'QJ\‘ELAAI\:ln\/b QVK
DLLE x*LADAGFLK\k\C I AQKE
GTIT AGAALQ iy MAYREN VTOWNV
S LSSTASALGKLODVVNQNAQAL 58
ID*J_.I'ICRD)SL YTY JIL JLIRAALIRAS VLG
TAPAL GVE

NGTHWEVTIQORN
FENHTSPDVDLGRISGINASVVNIQEE IDRLNE

B.1.1.7 UK
variant
SARS-CoV-2
spike
protein
ectodomain
without

L

Ul
b

T Qo
&
=

peptide,
31/82 furin
cleavage
site 1

ma t ant

S5R-E85A)

94
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SEQ ID NO.

SEQUENCE

DESCRIPTION

46

OCVNLITTRIQLPPAYTNSFTRGVYYPDRVEFRSSVLHSTODLELPFEFSNVIWEFHATLSGING
TEREDNEPVLPEFNDGVYFASTEKSNLIRGWIFGTTLDSKTIQ LIVNNATNVVIEVCERQE
C NDPELGVYYHENNKSWMESEFRVY SSANNCTREYVSQPF LMD LEGRKQGNFKNLREFVEK
NJ_\/RDTPQGE‘S[\“ EPLVRLPIGINITRFOILLALERSYLTPGDSS
S. I ¥ TDAVDCALDPLSETECTLESEFIVERGIYQT
SNE R‘\/QP TESIVREPNITNLCRPFGEVENATREASVYAWNRERISNCVADYSVLYNSASES
TEECYGVEPTELNDLCEF INVYADSEVIRGDEVROIAPGOTGKIADYNYKLPDDETGCVIA
WNSNNLDSKVGGNYNYLYRLEFRKSNLKPFERDISTEIYQAGSTROD YFPLQSY
GEOPTYGVGYQP YRVVVLSFELLHAPATVCGPKKST
NEKKFLPEFQOFGRDIADTTIDAVRDRPOILEILDITPCSYE
BEVPVA: DOLTETWRVYSTESNVEFQTRAGCLIG £ )
TOTINSHRRARSVASQSITAYTMSLGAER l\o\/AYSW S_[AI TTELIL ‘v’SD"i‘IKTS
VDCTMYICGD SlLCf;’\_JLA_OYGQl* CITQLNRALTG l.r"VE.QJK’V FQEVEAQVKQIYKIPPIK
DFGG ] DAGE CYGDCLGDIAARDLICAQKE
NGLT PEFAMOMAYREFNGIGVIQNY
LYENQKLL LVKQLSSNFGALSS
VLNDILSE ] LAATEMSECVLG
QSKRVDFCGEGY [CHDGRAHFPREGVE
VENGTHWE VlQ NE'Y DV IGIVNNTV ;APLL SFKEELDKY
FENHISPDVDL ARNLNESLIDLOEL

P

pl

oy A
GTGVLTES

'.JV&I\JK"\II\JL QF“\IG‘ )
SGVEVE IPG INTSI '\TQ\/]\V

SKPSKRSFIEL

B.1.1.7 UK

varilant

[N
~J

LC\/\ILT'ITTQ.JPI AYTNSEFTRG '\/V\P"RVF SSVLHSTQDLE
TEREDNPVLPENDGVYFASTERKSNI I T LAJDKTOSI :
CNDPELGVYYRRNNKSWMESEFRVY SSANNCTEFEYVEQPEF LMD LEGKQGNE
NIDGYFREIYSEHIRPINLVRDLEPQGESALEPLVDLP IGINITRFQTLLALHRIYLTPGRSS
SCGWTAGAAAYYVGY OPJ\' FLLKYNENGTITDAVDCALDPLSETRCTLESFIVE Y
SNERVOPTESIVREPNITNLCPEFGEVENATRFASVYAWNRKRISNCVADY SVILYNE
TFKCYGVSPTKL \‘DLC FINVYADSEVIRGDEVRQIAPGOTGKIARYNYKLPDDEFTGCVIA
WNSNNLDSRKV GINYN RLERKSNLEPFERDISTEIYQAGSTPCNGVEGENCYRFPLOSY
CEFOPTYGVGYQPYRVVVLSFELLHAPATVCGPEKS TNLVENKCVNENENGLTGIGVLTES
NEKE FI.PFQ\,FC“PI ADTTIDAVRDPQTLELLDITRPCSFGGYVIVITRGINTENQVAVLYQGY
CTEVEV PTWRVYSTGSNVEQTRAGCLIGAR HVNNSY:: CI SAGICASYQD
'_[gl\bhl RAA S\/_/—\_S'\,‘S7 IAY: "MSL ARNSVAYSNNSIA ‘NETIS JONS LE'\’QLAIKI.J

Dr wGF‘\F :T

"\T'JL‘L\/AP_PLLM ¥ _LA':;‘EL A SALLnun I
LYENQKI ;IANQ,.‘NbAIGKTQL SLESTASALGKLODV
VLNDIL DR BRLOSLOTYVTIQOQLI

QSKRVDE CGKGYHLMSE VVELHVITYVE L\ggz\ NE

VENGTHWEVTORN ASIE) JC’UJV I-’%I'\/ NNT

A.\U.A.b\/l’ NV

.ch II‘G\iSS

TSGWTE uA'

i

e ‘{:\_ 5

g
E YUPLQDELD SFEEELDKY
iDn o]

SARS-CoV-2

(92t /

RN HT:PﬁW’)hGD I } LIDLQELGE :
QCVNLITRT Q LPPAYTNSETR ‘vV‘.{YPUKVFR‘; SV H\l\,D LELPFFSNV I‘AlfH:aI HVSEGT
NGTKREDN NVVIRVCEF

QFCNDEPE L(\'\/YYE‘l(\L\‘K WMESEFR VYS SAN .QC,*L' LY\"‘QP MDLEGKL GNEFENLREFV
NIDGYFRIYSKHETPINLVRDI .JPQ\M SALEPLVDLPIGINITRFQTLLALHRSYLTRPGD
WIAGAAAYYV GY IGTITDAVDCALDPLSETKCTLKSFTIV.
NERVOPTESIVREPNITNLCPE 32.\/"‘NA*BEAS(\ YAWNRKRISNCVADYSVL
f“\/'%P IKLI\TDLC FTNV YADST“\/ IRGDEVROIAPGOTGKIADYNYKLEPDDE Tu”?"
I LKPFERDISTRIYOAGSTE
Ju, /C;Y"‘ YRVVVLS ELLJ_(HAPAIV";JPEK TNLVENKCVNE
31TUZ‘{\/RUP' Y ITLELLDITRCSFGGVSVITRPCINTS

\,:\ AVLYQ
A\:T\. P\S
JTSMTHE

STECSNL '_.L\NY\;SF oT )_7 NRALTG IA\/’EQD NTQE"FA\,VK LYKIFPR
DPSKPSERSEFIE FNEKVTLAD P\ut I
VI GAGAZ

ASALGKLODVVN

LIANQENS AI\;MTQ. 3
LDRVEAEVQID ISLOTYVIOQL
LGOSKRVDICCGKGYHLMSFPOSAF HVTYV }:'L\Q]L'\

VEVSNGTHWEVTORNE VL*PQHT'IDN FVSGNCDVV IGIVN]

D614G
variant
‘AJ:\ ~-CoV-2

eczto\‘c T

main
+
T

withot
signal

peptide
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SEQ ID NO.

SEQUENCE

DESCRIPTION

SPDOVDLGDISGINASVVNIOREIDRLNEVAKNLNE

459

NEVLPENDGVYFA

(EK
GAAAYY
P

RVVVLSFELLHAPA "VCCP KKS

r"uEI\LA\/Y TSALLAGTITSGWIFGAGAAL

:‘m»_

NVL3 CENSALGKIQDSELSS _LASALJGKLQD\/VNQL
a‘%‘,ﬁ_ TDTJ_xSF.LDK JEABVOIDRLITGRLOSLOTYVIQOLIRAAE
Q‘: ) YHI.M: SFPQSAPHGVVESD

RTQLPPAYTNSFTRG VVYPWK/EQSSVLHSlgDL
KTQSLLIV
L’VVYUKNRKSWMLQthVIE NNC¢?EYVuQPF MDLEGKQGNFE
1y QKHIP*MgthuPLG“SAAAPLVE;Ll S INITREQTLL

N SETKCTLESET
ISHOVADYSVLYNS
ADYNYKLEDOFTGCV
VECFRFVﬁPMV

PLE QN\I”_[ WEHA THY
INNATN \JVTF\]\’“'T.F

LHERSYLTPGD

TE S
GVEP lRL\IuJ_C,}:"_[’Q\/Y]-\,Jar‘Vl}\(vJﬁ VR QlAPGQl““
DSK RLEFRKSNLKPFERDISTEIYQAGST

CADTTDAVRDPOTILELILDY lPCQl* GG
LTET ’P”YST\"SN‘/’T‘O TRAGCLIGAEHVNNG

LGAENSVAYSNNSIAIPT
FCTOLNRALTGIAVED
DESKP\KRsFlbDlL FPNKVILADAGE IK

JK’\ _LQEVF AQVKQIYKTE

: FAE\QQL IAYRENGI
Q]-\L‘\I'_[‘LVKQL 35
SAN .J\A.LK!‘/’CF
LEVTYVPAQEKNE TTAPATI"BD(_ KAH
Y EPQIITTDNTEVSGNCDVVIGIVNNTV
SCINABVVN QP\T.J_L‘RI NEVARNLNES

oG

s
[ }
o

LIKYNENGTITDAVDCALDP

TNL C]:’ C&vENA”?FAH\’X WNRKRI
SDEVRY _[/XPGQ

SEVIRG
YNYLYRL *‘RKS.\FKI FERDISTEIYO
APATV
TLE

VE

ADTT J;"{\/RJP Q

L
E Q
”.S_Ll"‘ilV GA NS
N
N

NVLYEN ”"Q_IALJQELI‘ ’

SSVLNDILSRLDEPPE?

LGOSKRVDICGKGYH LH ’I _\_”\/P;L\_Q]Lz\.f\x
VEVSNGTHWEVTQORN \/SC;NCDVVIG_LVN
KYEFRNET DLGD EIDRLNEVAKNLNE

TSNVIWEHALRVS

RSSVLHSTODLE
T LIVNNATNVVIK 7CC

$ RGWIFGTILDSKTO
KSV\IEJlLb" PRV ’Yg ANNCTE LX\/QQ]:EJ_MLLE.CL\Q
I NLVRDLPQGESALERPLVDLPLIGINT PRE;‘L_““_.A}\

i

L LADYNYKLPDL WE T ;LV

CGPEESTNLVE
LEBITPCSFGGY
JTRAGCLIGAERVN

{2

VAYSNNSIATI
NLLLOYGBFCTQLNRALTGIAVEQDKN
'*PSKRCFIFULIP KVTLADAGE TKC

ITSGWTE uAu_/—\_AQQ

WT
GKLQW"\/V NONA
YVTOQLIRAAE
lAﬁnlCUqCKn
PL"‘"LLJD}."K

L"’

D6L4G
variant

peptide,
rroline
mutant

&
s

QUVNLTT PAY
NGTERFDNEPVLEEND
QFCNLJPFLGVE YHEN NYS\’ML.QLL* RV XSS

.'T(
=
z
o
J
9]
i<
I
=x
—
i<
wn
=
put
'-i
}-<

o
Uy
AR ]

]

[@}

N

et

(9]
b3

XQT S IAYTMSLGAENSVAYSNNS

s NLLLOYGSECT Q_JMRA_J'_[ S IAV

IK SKPSKRSFIEDLLEFNKVILADAGEIK

KL IAQYTSALLAGTITSGWIFGAGAAL
NVL IGKIQDSLSSTASALGKLODVVNONAQ
58V WVOIDRLITGRLQSLOTYVIQOLIRAA
LGQSKERVDEFCGKGYHLMSEFPQSAPHGVVELHVIYVPAQERNETT

TSNVITWEHATHVSGT

NLVRDLP QCE‘ SAJ_ EPLVDLEIG I_IN i 'IFFQ CLLAL
2 ALDPL

SETEKCTLESEIVE (GTV
LSNCVADYSVL V\u.)_
IADYNYRKLEPDDE™
\/]“.("FI\F"’—'PJ_‘V

*—'R«S‘T‘ «P”ER?TCTCTY”
\3\/\, I’,}P YRVVVLSFELLHAPATVIGPKKST \’K KC
: DTTDAVRDPOTLEILDITPCSEGGY
P TWRVYSTGENVEQTRAGCLIGAE!

AVQnVAV>?£1N” ”G‘ "I”
LVKQLSSNFGATL
RASAN .J}f\ ATK! ‘/.'C ECV

protein

ectodomain

without

signal

peptide,

S1/82 furin
29
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SEQ ID NO.

SEQUENCE

DESCRIPTION

VEVSNGTHWEVTORNEFYEPQLITIDNTEVSGNCDVVIGIVNNTIVYDPLOPELDSFREELD
VVVI NHETSPDVDLGDIS INASVV)IQFCTDPLAEVAAhuNmSLTDLQELUKVEQ
52 ‘LDh’TTFDDVQAPNfTQHTSSM GVYYPDEIFRSDTLYLTODLELPFYSNVIGEFHTIN
1 "KSNJVRG’VECSIﬂhVKSQQVl CINNSTRNVVIRACNFELC
FONAFNCTIFEY ISDAFSLOVEEKSGNEKRLREFVEENKDGE
"NTLEPIFRKLPLGINITNFRAILTAFLPAQDTWGTSAAAYE 1t odc
LK TDAVDCSQONPLAELKCSVESFEIDKGIYQTSNERVVE SRDV withoqL
VREPKILJLFPJGEVENA*AEPMVYAWLRK L ISNCVADYSVLYNSTEREFSTRRKCYGVSATK signal
LNDLCE SN SEVVRKGDDVRQIAPGOTGVIADYNYKLPDDEFMGCVLAWNTRNIDATST peptide
CGNYNYKYE 3 REPFERDISNVPESPDGRPCTEFPALNCYWPLNDYGEYTTTGIGYQP
YRVVVLSE LNAPATVCGPKLSTDLIKNQCVNENENGLTGTGVLIPSSKREQPEFQQFGR
DVSDETDSVRDE SrLLJTSPCSF}G JTSVITEGTINASSEVAVLYQDVNCTDVSTATHAD
QL lPAﬂhlVSlGNVV~g1”A CLIGABHVDTSYECDIPIGAGICASYHTIVSLLRSTEQKS
IVAYTMSLGADSSIAYSNNTIAIPTNESISITTEVMPVSMAKTSVDCNMY ICGDSTECAN
LLLV{,SDCTVLIRAL G¢AAEQIANTRMV?AQVKQthlPTLK*W"GF‘FSQTLPWPMK
LENKV FCLGDINARDLICAQRKENGLIVLPPLLTDDMIA
AVIAAjdelA‘A§WTl ;GAA‘“iP‘&MAMAYRPMG GVTIQONV. YENQK”LANWF’KA-
SQIQESLTITSTALGKLODVVNONAQALNTLVEQLSSNFGATISSVIND ILSRLDEVEALY
Q1L ITGRLRS Q“YWTwOLTRA. KMSECVLGRSKRVDFCGKGY!
FPOAAPHGVVELAVIYVP 5QERNE" FRPREGVEVEN SWELTORNEFES
D“I”TTDNTTV%G CE‘V'TfiuhT”YFYLQPW DSFREELDEKYFENEISPDVDLGDISG
3 0
53 MEIFLLEFLTLTSG SARS-CaV-1
spike
rrotein
signal
Lept de
54 MEVFLVLLPLVSS Pr
3
3
»
5h MEVFLVLLPLVSSOCRQL “TRTQ PAVIV~ElthYYPJKVE.SSVLUSI DL : vy
GTN BN DC”YFA%TEKSRlLECV' KT SARS-CoV-2
NNAT VVIKVCEFQFCMQPT"”VVYHKKVKVNMLS“ER"Y°°A full-length
GKQGNEENLREFVERKNIDGYFREIYSKHIPINLVRDLPQGE'S spike
LLALE DS SSGWTAGAAAYYVGYLOPRTF LLKYNE X DCAJL protein,
CTLRSEFITVEKGIYQTSNEFRV PI&SIVRtPHL1NLy2fGEVFQL;REA%VVANMRKQ SN 1273 aa
CVADYSVLY aASEblEK"YG‘SPTK*NDLCETMVYAL“”VlRGDwVRQLAPbQIGK;AD

INYKLEPDDETGCVIAWNENNLD @RV SGRNYNYLYRLEREKSNLERPFERDISTEIYQAGSTRC
NGVEGENCYFPLOSYGEFQOPTINGVGYQPYRVVVLSFELLHAPATVCGPKESTNLVKNKCVN

FNFNGTTJ*bVLiLQ\KuELPEQ CRDIADTIDAVEOPQILELILDITRCSEGEVSVITR
CINTENQVAVLYCDVNCTEVPVAIEADQLTP IWRVY STGSNVEQTRAGCLIGAERVNNSY
ECDIPIGAGILCASYOTIQTNSPRRARSV, nSITAYﬁMﬁLGAEJSV?V\V\STALFTNFT*
SVITEILPVSMIRTISVDCIMYICGDS NLLLQYGSFCTQLNRALTGIAVEQDKNTOR
JEAQ ITYKIPRIKDEGGENFSQILPDPSEPSKRSFLEDLLENKVTLADAGE IKQYGDC
L] C]—* R‘(FI\QI.TV‘ PPLLIDEMIAQYTSALLAGTITSGWIFGAGAALOIPFAM

VLY ”WOKL ANQENSAIGRIQDELESTS aAgJKL"“VVW“YAQALB

,iSCJUNUI RLDEVEAEVQIDRLITGRLOSLOTYVTOQLIRAAEIRA
LwOSKRV?F“ K\YHLMDFrwSA?HGVVWTHV VVPAQPRP» TTAPA

CGVEVSNGTHWEVTOQRNEYEPQILITTDNTEVSGNCDVVIGIVNN
LOPELDSEFREELDKYFRNHTSPOVDLGDISGINASVVNIOKE IDRLNEVARNLNES
QELGKYEQYIKWPWY IWLGF IAGLIATIVMVTIMLCCOMI SCCSCLEGOCSCGECCKEDE
SEPVLEGVKLHAYT

(831
ay

MEVELVLLPLVSSQCVNLTTRIQLPPAYTNSFTRGVYYPDRVERSSVLHSTODLFLPFES
NVIWEFHALHVSGINGTKRIDNPVLEPENDGVYFASTEKSNIIRGWIFGTITLDSKIQSLLIV
NNATNVVIEVCEFQFCNDPEFLGVYYHENNKSWMESEFRVY S ANNCTEE{VSVP?FMDME
GROGNFENLREFVEFENIDGYFRIYSKHTP INLVRDLPQGESALE DLPIGINITIRFQT
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SEQ ID NO.

SEQUENCE

LLALHRSYLIRPGRSSSGWTAGAAAY YVGYLOPRTEFLLK NGLITDAVDCALDPLSETE
CTLRKSFIVERGIYQISNEFRVOPTES IVRFENLTNLCPEFGEVENATRFASVYAWNRKRISN
CVADYSVLYNSASEFSTFKC 1’“ SPTKLNDLCEFINVYADSEVIRGDEVROIAPGOTGKIAD
INYKLEPDDETGCVIAWNENNLRSEVGGNYNY LYRLFRESNLEPFERDISTEIYQAGSTRC
NGVEGENCYFPLOSYGEFQOPTINGVGYQPYRVVVLSFELLHAPATVCGPKESTNLVKNKCVN

1iTp

FNFNGLIGIGVLIESNKEFLPFQQEGRDIAD ii[JA\/*?,JPg,_ TLETLDITPCSEGGVSV
TNTENQVAVLYQODVNCTEVPVAIHADG STGSNVEQTRAGCLIGAEHVNNSY
IE GB\GT CASYQTQTNSPRRARIV, I_GAE ISVAYSNNSIAIPTINFTI
lKlS‘ JC,*M\ "‘G,Ja"' QLNRALTGIAVEQDKNTQOE

F\KV”" LADAGE *K“Yu;) C

P >
NQKLIA [GKIQDS %
SVLNDILSRLOKVEAEVOLDRLITGRLOS
CVLGQOSKRVDEF CGRGYHLMSFEQSAF] AG\/vF;_.H”T"\/PAQFI\NFTTA A
EGVFVSNGTHWFVIQRNFYEP QI ITTDNTFVSGNCDVVIGIVNNTVYDE

KYFENHISPDVDLGDISGINA EIDRLNEVARNLNESLIDL

6

]
C

DESCRIPTION

peptide

57 YINSEFTRCGVYYPDEVERSEVLH ) PEFSNVIWEFHATHVSGING Prototypoic
PG"\FAS TERKSNIIRGW ] SKIQSLLIVNNATNVVIKVCEEQE SARS-CaV-2
HENNKSWMESEFRVYSSAN .J§4 SLEGROGNEFRNLREEFVEK soike
J,AjQC‘vE‘S[\‘. [TREQILLALEREYLTPGDSES protein NTID
KYNE PLSETKCTLES without
signal
peptide,
290 aa
58 z Prototypic
L \/‘_fADSF"”?uw L“\’PQ SARS~CoV-2
V LERKSNLKPEE
FRLLEAY

(&3]
(¥}

38 SEFIEDLLEFNEVTLADAGE Prototypoic
SARS-CoV-2
spike
rrotein
fusion
peptide
(FP})
sequence

62 GIGVTONVLYENQKLIANQFNSALICGRKIQDSLSSTASALGKLODVVNONAQALNTLVEQLS Prototypic

SNEGAISSVILNDILSRLD SARS-CoV~—2
spike
protein
heptad
repeat 1
{HR1L}
63 KVEAEVQIDRLITGRLOSLOTYVIQQOLIRAARTRASANLAATKMSECVLG ot" "‘oic:

R

wm o
Rl
o
m

QV-2

@
¢}
poe
-
]
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SEQ ID NO. SEQUENCE DESCRIPTION

O”OTP]]’l

54 TTAPAICHDGRAHFPREGVEVSNGTHWEVIQRNEFYEPQIITTD CDVVIGIVNN
TVYDPL
65 EELDKYFRNETSPDVDLGDISGINASVVN DRLNEVARKNLNESLIDLQELGEYEQ
repeat 2
(HRZ)
€6 WPWY IWLGE TAGLIATVMVT IML Prototypic
SARS-CoV-2
spike
P
ne
i
87 ANVVRDRDLEVDTTLKSLSQOIENIRSPEGSRENPARTCRDLKMCHSDWKSGEYWIDENQ T
CGCNLDATKVECNMETGETCVYRTOP SVAQRNWY I SKNPKDERHVWEGESMIDGE QR EYGG on
RLMSTEASONITYHCKNISVAYMDOQTG KALLLQG n L (T
NERE lY“\i’VLCUISiuCAWuF TVIEYRKTTKISRLP IIDVAPLDVGAPDQREE Q
68 NGLPGP LIGPPGPRGRIGDAGPVGPPGPPGRPPGPPGPPSAGE DY SFLP QPP QERAHDGGRY Trimerizati

YRANDANVVEDRDLEVDTT LKSJ_QQ’JENTR\ PEGSRKNPARTICRDLEMCHSDWESGEYW on peptide
IDPNOGUNLDAIRVECNMETGETCVYPTQP SVAQKNWY ISKNPKDKREVWEGESMTDGED (Type I},
FEYGCQGEDPADVAIQLIF LRLMSTEASON ITYHCENSVAYMDOOTGNLEKALLL QGSNE with
TEIRARGNSRETYEVIVDGCTSHTGAWGKIVIEYETTKTSRLP T IDVAPLDVGAPDQERG gl d
oFI

FDVGREVCEL

69 NGI

g
D
g
b
%
3
i
A
&
N

PPGPRCGRTGDAGPVGPPGPPGPPGPPGPE S
RDLEVDTTLESLSQOIEN
AIEKVICNMETGETCVYPR
SSDPADVAIQLTIFLRLMSTEASON I TYHCRKNSVAYMDQQOTGNLE >
IRFTYSVIVDGCTSHTGAWGKTVIEYKTTKTSRLE ITIDVAPLDVG ArDQEFG glycine-X-Y
repeats and
AN
mutation at
BMP-1 3
QT version

70 QQNQ LEGP IGPPGPRGRTGDAGE GP GEDFSFLFPOPFPOEKAHDGG Trimerizati
RYYRANDANVVRDRDLEVDTTLESLEQ0Y ARTCRDLEMCHSDWKSGE on peptide
YWIDENQGON LD]\IKVFC NMEIGETCVYPR ENPEDKREVWEFGESMTDG {(Type I),

AYMDQOTGNLKKALLLOGS with
SRLPIIDVAPLDVGAPDQRE glycine—-X-Y
repeats and

D3N

FOrE {GG

NEIEIRAE Q’NSRFT X S\/_[V‘.Jm, TSHTGAWG
\ L

mutatiocn at
BMP-1 site,
QT version
71 GSNGLEPGPIGPPGPRGR AGPVGPPGPPGRPPGPPGRPPSAGEDFSFLPQPEREKAHDGE Trimerizati

9%
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SEQ ID NO. SEQUENCE DESCRIPTION
RYYRANDANVVRDRDLEVDTTLKSLSQQIENIRSPEGSRED MCHBDWKSGE on peptide
(WIDPNQGCNLDAIRKVECNMETGETCVYPTQOP SVAQKNWY IWEGESMIDG (Type I},
FOFEYGGQGSDPADVATIQLIFLRIMSTEASQN ITYHCKN SVAVMD; TENLKKALLLOGS with
NEIEIRAEGNSRFTYSVIVDGCTSHIGAWGKTIVIEYKTTKTISRLPLIDVARLDVGAPDQE glycine—-X-Y
FGEDVGPVCEL repeats and
D=2N
mutation at
BMP-1 site,
QT version
72 IDPNQ Trimerizati
3 thVGs on peptide
ST "ASQ"\"iTl SVAYMDOOTGNLKEALLLKGSNE TEIRA {(Tyoe 1),
FANGETVIEYKTTKSSRLP IIDVAP LDVGARPDQERGEDVGE K& version
73 sPRGRTGDAGPVGPPGPPGFPGREGPE ‘AGFUF SFL PQP”QF‘I\A DGGRY Trimerizati
RDRDLEVDTTLESLSQUIENIRSPEGIRE TCRDLE KSGEYW on peptide
LOATEVE C’QML"_[ GETIC \/V‘—"PQPSVAQE‘{NWYLSKNP:(D;&RHVWEJL SMTDGEQ {(ITyeoe I)
LTE LR.uMb TEASONITTYHCKNSVAYMDQQ T LKKALLLKGSNE with
k TESSRLEPIIDVAPLDVGAPDQED'G glycine-X-Y
repeats and
DN
mutation at
BMP-1 site,
K3 versiocn
74 NGLEPGPIGPPGPRCGRTIGDAGPVGPPGCPPGPPGPPGPPSAGEFDF SIFLPQPPQERAHDGGRY Trimerizati
YRNDDANVVRDRDLEVDTTLKSLSQQUIENIRSPEGSREKNFPARTCRDLKMCHSDWKSGEYW on peptide
TDPNQGCNLDAIK VFLNPJIETLJET\ VYPTOPSVAQKNWY ISKNPKDKREHVWEGESMIDGEQ (Type I)
FRYGGQGSDE? FATOLTELRIMSTEASQNT HCRNSVAYMDQOTGNLKRKALLLKGSNE with
IEIRAEGN SRFIYVVl\/ SGCISHIGAWGKTIVIEYKTTKSSRLP LIDVAPLDVGAPDQERG glycine—-X-Y
EDVGPVCEL repeats and
APN
mutation at
BMP-1 site,
KS version
75 RSENGLPGP IGPPGPRGRTGDAGEFVGPPGP] Trimerizati
R RDLEVDTTLKSLSQOIENIRSER e ? on peptide
) )AIKVFC“@ME‘L GETCVYPTQF SVAQKENWY iSKNP;(DKE 1 \/D F"l"T Q]_\’C[.I.JG (Type I)
ADVAIQLTFLRILMSTEASONITYHCKNSVAYMDOOTGNLKKALLLKGS with
REFTYSVIVDGCTSHTGAWGKTVIEYKTTKSSRLPIIDVAPLDVGAPDQR G ]
repeats and
D-IN
utation at
BMP-1 site,
KS wversion
76 GENGLPGP IC RGRTIGDAGPVGPPGPPGPPGFPPGPP SAGFDFSFLPQPPQERKAHDGG Trimerizati
RYYRANDANVVRDRDLEVD .JLQQ’ JIENIRSPREG {PARTCRDLKMCHSDWKSGE on peptide
YWIDPNQGCNLE VECNMETGETCVYPTQOP SVAQKENT SKNPKDEREVWFGESMIDG (Tyoe I}
FQFEYGGQGSD}?AJ WAILQLTFLRLME TFACOWT YHC*(I\‘S‘VK YMDOQTGNLEKRALLLKGS with
NEIEIRATLGNSRFTYSVIVDGCTSHTGAWGKTVIEYKTITKSSRLP IIDVAPLDVGAPDQE glycine-X-Y
FGEDVGEPVCEL >
77 DEIMISLEKSVNGQIESLISPDGESRENPARNCRDLKECHPE KSL:EYW\/J'—‘\IQ(:\ KLDATK
VECNMETCGETCISANP LNVPREKHWWTD S SAEKKHVWEGESMDGGEQESYGNRPELPEDVLD
VOLAVLRLLSSRASONITYHCKNSTAYMD C\N[’KB\T.KLMGSITFGEFKAE"‘ ISKETYT
VLEDGCTEKHTGEWSKIVFEYRTREAVRLPIVDIAPYDIGGEDQEFGVLVGPVLIE
78 EPMDFKINTDEIMTSLKSVNG SLISPDGSRENFARNCRDLKFCHPELRKSGEYWVDEN Trimerizati
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SEQ

ID NO.

SEQUENCE

DESCRIPTION

QGUKLDAIRVECNMETG
PELPEDVLDVOLAE
i u\ SEETYTVLEDGCTRHT

LNVPRKHWWTDSSARKKHVWE GESMDGGEFQF SYGN
ITYHCKNSIAYMDQOASGNVKE KLMGINEGEFKA
TVEEYRTRKAVRLE i\/L LIAPYDIGGPDQEFGVDVGE

on peptide
(Type III)

VCE
79 SER DJ_[TSLRSVN’:Q_LLSJJ_LSP.A;QRK“\IDA]:\V"RDLKF CHRHPELESGEYWVDR Trimerizati
NQGT TGETCISANP LNVPREHWWIDSSAERKKEVWEG ESMT‘@\:—'OF on Oer)l ide

NPELPEDVLDV ’QA_AL' PLASSl\‘ASQNl TYHCENSIAYMDQASGNVEKALKLMG
SNSKETYTVLERDGCTKHIGEWSKIVEEYRTRKAVRLE lVJiAPYJlu(vP.JQE ‘o VDVG

b
<3 =
Hio &
&
[

( KECHPELKSGEYWVD
EREKHVWE GESMDGGEQF

o
i

@
‘Z. I

CPMOEFKINTDEIMISLK avl\ﬁ\,IF
: ATLRVECNME j

= 7
P

) Kf)
[}
&
w
<

LNV E
NPELPEDVLDVOLA NITYE JASGNVKKALKLMGSNEGEF
KAEGNSKETYTVLEDGCTE EY VD IAPYDIGGPDOEFGVDV
GEVCFL
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CLAIMS

i A method for analyzing a sample, comprising:

contacting a sample with an antigen comprising a plurality of recombinant polypeptides,
each recombinant polypeptide comprising a surface spike protein of a coronavirus hinked to a C-
terminal propeptide of collagen, wheremm the C-termunal propeptides form mter-polypeptide
disulfide bonds, and

wherein the sample contains or 1s suspected of contairung an analyte capable of specific
binding to the spike protein of the coronavirus, and a binding between the antigen and the analyte is
detected.

2. The method of claim 1, wherein the analyte 15 an antibody, a receptor, a cell
recognizing the antigen, and/or the sample is a body flud, including but not himited to sera or
plasma, which contain the analyte.

3. The method of claim 1 or 2, wheremn the binding indicates the presence of the analyte
n the sample, and/or an infection by the coronavirus in a subject from which the sample 1s derived.

4. The method of any of claims 1-3, wherein the method 15 a lateral flow method.

5. The method of any of claims 4, wherein the antigen 18 labeled with colloidal gold
particles and dried within a conjugate pad on a test strip.

6. The method of claim 4 or 5, wherem a secondary antibody specific to the analyte 1s
immobilized within a test zone of a chromatographic membrane on a test strip.

7. The method of claim 6, wherein the test strip further comprises a control zone
wherein an antibody specific to a C-terminal propeptide of collagen is immobilized.

8. The method of any of claims 5-7, wherein the test strip further comprises a sample
pad to which an analyte is loaded for analysis on one end of the test strip, and an absorbent pad on
the opposite end which 1s in captllary communication with the sample pad.

9. The method of any of claims 4-8, wherein any successful retention of antigen-labeled
colloidal gold particles at test zone, upon an analyte loading on to the sample pad as it migrates on
the chromatographic membrane towards the absorbent pad via capillary force, indicates positive
detection of an analvte, whereas retention of any antigen-labeled colloidal gold particles only at

control zone indicates negative readout of the analyte.
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10. The method of any of claims 1-9, wherein the analvte 1s an antibody against the
surface antigen of a coronavirus.

It The method of any of claims 1-10, wherein the analyte 15 a neutralizing antibody
against the surface antigen of a coronavirus.

12. The method of any of claims 1-10, wherein the analyte s an IgG antibody.

13. The method of any of claims 1-10, wherein the analyte 1s an fgM antibody.
14. The method of any of claims 1-12, wherein the analyte is a human antibody.
15. The method of any of claims [-14, wheremn the analyte is derived from a subject

mfected with the coronavirus.

o, The method of any of claims 1-14, wherein the analyte 15 serum from a subject
mfected with the coronavirus and has recovered.

17 The method of any of claims 1-14, wherem the analyte 15 derived from a subject
mmunized with a coronavirus vaccing,

8. The method of any of claims 1-17, wherein a receptor for the surface antigen of an
coronavirus, optionally the recepior is a receptor-Fe¢, such as ACE2-Fc, i1s immobilized within a
second test zone of a chromatographic membrane on a test strip.

19 The method of claim 18, wherem any reduction in retention of antigen-labeled
colloidal gold particles at the second test zone upon loading an analyte, compared to vehicle control
without analyte, indicates positive detection of neutralizing antibody or antibodies that is capable
blocking the interaction between the receptor and the surface antigen of a coronavirus.

20. The method of any of claims 1-19, wherein the coronavirus is a Severe Acute
Respiratory Syndrome (SARS)-coronaviras (SARS-CoV}, a SARS-coronavirus 2 (SARS-CoV-2), a
SARS-like coronavirus, a Middle East Respiratory Syndrome (MERS)-coronavirus {(MERS-CoV), a
MERS-like coronavirus, NL63-CoV, 229E-CoV, OC43-CoV, HKUI-CoV, WIV1-CoV, MHVY,
HKUS-CoV, PEDV-CoV, or SDCV.

21 The method of any of claims 1-19, wherein the antigen comprises a coronavirus
spike (8) protein or a fragment or epitope thereof, wherein the epitope is optionally a linear epitope
or a conformational epitope, and wherein the antigen comprises three recombinant antigen

polypeptides linked by C-terminal propeptide of collagen.
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22, The method of claim 21, wherein the antigen comprises a signal peptide, an Sl
subunit peptide or S2 subunit peptide, or any combination thereof.

23. The method of claim 21, wherein the antigen comprises a signal peptide, a receptor
binding domain (RBD) peptide, a receptor binding motif (RBM) peptide, a fusion peptide (FP), a
heptad repeat 1 (HR1) peptide, or a heptad repeat 2 (HR2) peptide, or any combination thereof.

24, The method of any of claims 21, wherein the antigen comprises a receptor binding
domain {RBD) of the S protein.

25. The method of any of claims 21, wherein the antigen comprises an S1 subunit and
an S2 subunit of the S proten.

20. The method of any of claims 21-25, wherein the antigen does not comprise a
transmembrane {(TM) domam peptide and/or a cytoplasm (CP) domain peptide.

27. The method of any of claims 21-25, wherein the antigen comprises a protease
cleavage site, wherein the protease 13 optionally furin, trypsin, factor Xa, thrombin or cathepsin L.

28. The method of any of claims 21-25, wherem the antigen does not comprise any
protease cleavage site.

29. The method of any of clamns 1-28, wherein the antigen 1s soluble or does not
directly bind to a lipid bilayer, e.g., a membrane or viral envelope.

30. The method of any of claims 1-29, wherein the antigens are the same or different
among the recombinant polypeptides of the protein.

31 The method of any of claims 1-30, wherein the antigen is directly fused to the C-
terminal propeptide, or is linked to the C-terminal propeptide via a linker, such as a linker
comprising glycine-X-Y repeats, wherein X and Y and independently any amino acid and

optionally prolime or hydroxyproline.

32 The method of any of claims 1-31, wherein the C-terminal propeptide 1s of human
collagen.
33 The method of any of claims 1-32, wherein the C-terminal propeptide comprises a C-

termunal polypeptide of proal(l}, prool(ll), proal(Iil}, proal{V}, proal(X1), proa(l), proa(V},

proa2(X1), or proa3{X1}, or a fragment thereof.
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34 The method of any of claims 1-33, wherein the C-terminal propeptide comprises any
of SEG ID NQOs: 67-80 or an amino acid sequence at least 90% identical thereto capable of forming
inter~polypeptide disulfide bonds and trimerizing the recombinant polypeptides.

35. The method of any of claims 1-34, wherein the antigen in each recombinant
polypeptide 1s i a prefusion conformation or a postfusion conformation,

36, The method of any of claims 1-35, wherein the antigen in each recombinant
polypeptide comprises any of SEQ ID NOs: 27-66 or an amino acid sequence at least 80% identical
thereto.

37 The method of any of claims 1-36, wherem the recombinant polypeptide comprises
any of SEQ 1D NOs: 1-26 or an amino acid sequence at least 80% identical thereto.

38 A method for analyzing a sample, comprising:

coating a substrate with an antigen comprising a plurality of recombinant polypeptides, each
recombinant polypeptide comprising a surface spike protein of a coronavirus hinked to a C-terminal
propeptide of collagen, wherein the C-terminal propeptides form inter-polypeptide disulfide bonds;

contacting the coated substrate with a sample, wherein the sample contains or 1s suspected of
contaiming an analyvte capable of specific binding to the spike protein of the coronavirus;

contacting a complex formed between the antigen and the analyte with a detection agent that
specifically binds to the analyte,

wherein a signal 1s detected of the detection agent, indicating the presence/absence, amount,
or activity of the analyte 1 the sample.

39 The method of claim 38, wherein the analvte is an antibody, a receptor, a cell
recognizing the antigen, and/or the sample 15 a body fld, including but not hmited to sera or
plasma, which contain the analyte.

40, The method of claim 38 or 39, wherein the signal indicates an infection by the
coronavirus in a subject from which the sample is derived.

41 The method of any of claims 38-40, wherein the method 1s an ELISA assay.

42. The method of any of claims 38-41, wherein the detection agent comprises a moiety
capable of emitting chemiluminescence, fluorescence, or a combination thereof, e g, an enzyme

such as HRE.
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43 The method of any of claims 38-42, wherein the analyte is a neutralizing antibody
against the surface antigen of a coronavirus.

44, The method of any of claims 38-43, wherein the analyte 1s an IgG antibody and the
detection agent comprises an anti-IgG antibody.

45, The method of any of claims 38-44, wherein the analyte is an IgM antibody and the
detection agent comprises an anti-IgM antibody.

46. The method of any of claims 38-45, wherein the analyte is derived from a subject
infected with the coronavirus, a subject infected with the coronavirus and has recovered, or a
subject immunized with a coronavirus vaccine.

47. The method of any of claims 38-46, wherein one or both of the contacting steps m
performed in the presence of a receptor for the surface antigen of an coronavirus, optionally the
receptor 18 a receptor-Fe, such as ACE2-F¢.

48, The method of claim 47, wherem the analyte and the receptor competes for binding
to the spike protein of the coronavirus.

49. The method of any of claims 38-48, wherein the C-termunal propeptide comprises
any of SEQ ID NOs: 67-80 or an amino acid sequence at least 90% identical thereto capable of
forming inter-polypeptide disulfide bonds and trimerizing the recombinant polypeptides.

50. The method of any of claims 38-49, wherein the antigen in each recombinant
polypeptide 15 in a prefusion conformation or a postfusion conformation.

51 The method of any of claims 38-50, wherein the antigen in each recombinant
polypeptide comprises any of SE(Q ID NQOs: 27-66 or an amino acid sequence at least 80% identical
thereto.

S2. The method of any of claims 38-51, wherein the recombinant polypeptide comprises

any of SEQ D NOs: 1-26 or an amino acid sequence at least 80% identical thereto.
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